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ABSTRACf 

Acoustic modes guided by thin-film metal superlattices have been investigated using 

Brillouin spectroscopy. Samples were grown on both single-crystal sapphire and fllsed 

silica substrates by alternately sputtering two different metals to yield a total thickness in 

the range 0.3 - 0.5 p.m. Structural and chemical characterization of the polycrystalline 

films was performed using x-ray diffraction. Rutherford backscattering and optical 

interferometry. Thermally excited acoustic waves in the metal film create a surface 

ripple which weakly interacts with light incident from a single mode argon laser. A 

tandem Fabry-Perot consisting of two synchronized 3-pass cavities is used to measure 

the frequency shift of light which is inelastically scattered from acoustic waves. The 

contrast ratio of this interferometer exceeds 1010 and provides sufficient stray light 

rejection to detect the surface Rayleigh wave and as many as 13 higher order acoustic 

modes. The elastic stiffness constants of the anisotropic superlattices were estimated by 

fitting the measured acoustic mode velocities to a parameterized acoustic model. A 

comparison is made between these elastic constants and those predicted from the 

properties of the separate bulk constituents. 

The dependence of bilayer wavelength on the elastic properties of both Cu/Nb 

o 
and Morfa superlattices over the range of roughly 10 to 200 A was determined. The 

unexpected softening of Cu/Nb superlattices within a range of bilayer wavelengths near 

o 
20 A which was reported previously is qualitatively similar to the measurements 

reported here. It is shown that the elastic stiffness coefficient with the largest variation 

is C4~. The stiffness variations determined for the MolTa samples are much smaller than 

for Cu/Nb. It is suggested that this is due to either structural differences (Cu/Nb is fcc-

x 



xi 

bee and Morra is bee-bee) or the smaller interfacial lattice mismatch for Morra. 

Interfacial strain is found to be strongly correlated with the stiffness variations of the 

Morra samples. However. the underlying cause of these variations in stiffness remains 

anomalous. 

This dissertation also reports the first observations of Love waves and Stoneley 

waves by Brillouin scattering. The purely transverse Love waves guided by Cu/Nb 

films were detected by elasto-optic scattering from the evanescent acoustic strain in the 

sapphire substrate. The stiffness coefficient C12 of the hexagonally symmetric metal film 

can not be determined by the other guided acoustic waves which ripple the surface. 

Molybdenum in contact with fused silica is predicted to support a Stoneley wave which 

is guided by the interface. The lowest order Sezawa mode guided by a molybdenum 

film was found to evolve to the Stoneley wave as the film becomes thicker. These 

measurements together with measurements of the surface Rayleigh wave show that the 

stiffness of the sputtered metal films is quite homogeneous and independent of film 

thickness. 

xi 



CHAPTER I 

INTRODUCTION 

Super lattices. consisting of two separate crystalline materials which are artificially 

grown to form a coherently layered structure. can exhibit properties quite unlike those 

of either constituent. The motivation for studying this large class of materials stems 

from the desire to understand the basic physics responsible for the widely variable 

properties. and in some cases. to produce an optimal material for a specific task. Appli

cations of metallic superlattices (for example: x-ray mirrors - Barbee 1985. Falco et at. 

1987; and magneto-optical data storage - Noboru 1986) are not yet as numerous as for 

semiconductor superlatlices used in the field of electronics. and most studies of metals to 

date have emphasized the fundamental properties. Examples are studies of superconduc

tivity (Lowe et at. 1981). the temperature coefficient of electrical conductivity (Werner et 

al. 1982; Falco and Schuller 1985; Bennett 1985). interdiffusion (Philofsky and Hilliard 

I %8; Greer and Spaepen 1985). magnetic spin waves (Grimsditch et at. 1983; Rupp et 

at. 1985; Hillebrands et at. 1986). thermoelectricity (Baral and Hilliard 1982) and 

elasticity (reviewed by Schuller 1985). The research presented in this disserlation is 

primarily an extension of previous studies of the elastic properties of metal superlallices. 

Acoustic waves which are guided by a thin film can be an effective probe of the 

elastic stiffness of small-volume superlattice samples. Rayleigh (1887) first recognized 

the existence of acoustic excitations which propagate along a surface. Besides this 

"Rayleigh" wave. there are acoustic modes which are guided by films (Lamb 1904; Love 

1911; Sezawa 1935) and interfaces (Stoneley 1924). By measuring the velocities of these 

different acoustic waves using a selected set of wavevectors. the coefficients of the 
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stiffness tensor of the guiding medium can in principle be determiI1€d. Such measure

ments depend on methods for separately exciting. detecting and identifying these guided 

waves. One approach is to use the advanced techniques of ultrasonics to generate and 

detect surface waves via interdigital transducers. Danner et al. (1986) used this method 

to study superiattices of Ni/V. Because of the relatively low frequency used. for those 

measurements (176 MHz). the surface wave velocity was determined mainly by the 

substrate as opposed to the superlattice film. and the high precision normally associaled 

with ultrasonic methods was not achieved. An alternate approach. which is adopted for 

the present study. relies on a combination of the slight thermal excitation of the entire 

acoustic spectrum and inelastic light scattering as a means of detection. 

Brillouin scattering. (after Brillouin 1922). generally refers to inelastic light 

scattering from thermally excited acoustic waves. In this interaction. light which scatters 

from a moving sound wave is Doppler shifted. and the magnitude of this frequency shift 

is directly related to the speed of sound in the medium and to the scattering geometry. 

This analytical technique requires a highly monochromatic light source and a high

resolution spectrometer because the frequency shifts are typically ~ 10-5 of the incident 

frequency. The requirement of a monochromatic light source was satisfied with the in

troduction of the laser. and since then many fields have benefitted from Brillouin 

scattering. Included are investigations of hypersonic shear relaxation in molecular 

liquids (Gornall et al. 1966; Stegeman and Stoicheff 1968; Fabelinskii 1968). of many 

varieties of phase transitions (Peticolas. Stegeman and Stoicheff 1967; Aeury and Lyons 

1981; Cummins 1983) and recently. of ultra-high pressure phenomena within diamond 

anvils (polian and Grimsditch 1984; Shimizu et al. 1981). These studies all involve 

scattering from within a bulk transparent medium. where the coupling of the electromag

netic and strain fields is a consequence of the elasto-optic effect. 
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The detection of thermally excited acoustic modes becomes increasingly difficult 

as the sample volume is made smaller. This is especially true in the case of scattering 

from surfaces or interfaces because the elastically scattered light may be orders of 

magnitude more intense than the Brillouin scattered light. Typically, a Fabry-Perot in

terferometer is used to frequency-analyze the scattered light. Recent advances in the 

design of such instruments involve passing the scattered light through one interferometer 

multiple times or even using two synchronized interferometers (Sandercock 1971; 

Lindsay, Anderson and Sandercock 1981). The resulting high contrast has lead to the 

observation of Brillouin scattering from localized excitations in free standing films 

(Sandercock 1972a), opaque surfaces. (Sandercock I 972b; Bortolani et al. 1979; 

Sandercock 1982), optical waveguides (Rowell and Stegeman 1978a; Rowell 1978; Rowell 

et al. 1982; Zanoni et al. 1982), liquid-solid interfaces (Dil and Hijningen 19RO), 

Langmuir-Blodgett films (Zanoni et al. 1986) and surface magnons (Grunberg and 

Metawe 1977; Carnley and Grimsditch 1980). 

Elastic stiffness is an intrinsic property of a solid which depends on the detailed 

properties of the interaction potentials between the separate atoms. Thus. measurements 

of the macroscopic elastic properties can give some insight to the microscopic details of a 

material. The first measurements of the elastic properties of materials related to super

lattices did not involve Brillouin scattering. The initial materials were compositionally 

modulated thin films grown by evaporation. The biaxial Young's modulus (Y) of Cu/Ni 

modulated films was determined by Berry and Pritchet (1976) by measuring the resonant 

frequency of the thin. supporting fused-silica reed substrates. More extensive studies 

were carried out by Hilliard and his coworkers using a wide range of modulated films 

(Au/Ni and Cu/Pd: Yang. Tsakalakos and Hilliard 1977; Ag/Pd and Cu/Au: Henein and 

Hilliard 1982; and Cu/Ni: Tsakalakos and Hilliard 1982, Baral. Ketterson and Hilliard 



1984). These experiments involved stripping the thin films from the substrates and 

measuring the planar stress-strain relationship with a bulge tester. They observed a 

pronounced increase in Y over that of the homogeneous alloy for each of these material 

o 
combinations when the modulation wavelength was in the vicinity of 20 A. In some 

cases the reported increase in Y was more than twofold. 

Kueny et al. (1982) introduced the use of Brillouin scattering to study metal sup-

erlattices. Metals are generally very opaque. and therefore. light scattering t:an only 

occur near surfaces. Acoustic excitations produce moving corrugations on a surface or 

interface. and this introduces a second scattering mechanism (the "ripple" effect) which 

often dominates over the elasto-optic effect. An advantage of Brillouin scattering over 

4 

the bulge-tester is that the film can remain on the substrate and need not risk damage or 

alteration by the peeling procedure. In contrast to the hardening reported for the 

previously mentioned materials. Kueny et al. (1982) reported a decreased Rayleigh wave 

velocity on CujNb superlattices for a similar range of modulation wavelengths. This 

effect was interpretted as a ::!: 35% softening of the superlattice elastic stiffness. Similar 

behavior was observed in a subsequent experiment with Mo/Ni superlattices (Khan et al. 

1983). and prompted Kueny et al. (1984) to suggest that this is a universal property of 

metallic superlattices. Subsequently. the same type of experiment was performed using 

NijV (Danner et al. 1986) and FejPd (Baumgart et al. 1986). The stiffness of the NijV 

system was found to behave much the same as CujNb, but FejPd was markedly 

different with a Rayleigh wave velocity insensitive to the bilayer wavelength. 

Theoretical work in the acoustics of stratified media was initiated by Rytov 

(1956) and long preceded interest in the elasticity of superlattices. In this treatment, and 

in extensions to related systems made since Rytov's work (Kueny and Grimsditch 1982; 

Djafari-Rouhani et al. 1983; Carnley et al. 1983; Dobrzynski, Djafari-Rouhani and 



Hardouin Duparc 1984; Babiker. Tilley and Albuquerque 1985; Babiker et al. 1985; 

Grimsditch 1985). the effective elastic properties of a superlattice were predicted to be 

. independent of the modulation (or bilayer) wavelength. An assumption in these theories 

5 

is that the acoustic wavelength is much larger than the individual layer thicknesses of 

the superlattice. This condition was satisfied for the studies of surface waves mentioned 

above and also for the bulge tests which were nearly static measurements. The discre

pancies between the elastic theory and the existing measurements are still not resolved. 

This explains the interest in the studies mentioned above and the incentive to perform 

further experiments to determine the underlying cause of these anomalies. 

The emphasis of this dissertation concerns measurements of the elastic properties 

of two different metal superlattice systems. The first material is Morra which has been 

well characterized by Bennett (1985). The point-group crystal structure of the two 

components in this case are both bec. This property makes this system unique since all 

previous reports examined materials of either bec-fcc or fcc-fcc composition. The other 

material studied here is Cu/Nb. and is done partly to test the reproducibility of the 

experiment by Kueny et al. (1982). In both of these cases. the Brillouin spectra were 

obtained using a two-cavity Fabry-Perot interferometer. and as many as 14 guided 

acoustic modes were detected simultaneously from a single sample. Methods of analysis 

are developed to use these data to determine the individual elements of the elastic 

stiffness tensor. This is a significant advance over most of the previous studies which 

only observed changes in the Rayleigh wave velocity. from which the investigators could 

only speculate on the associated variation in the stiffness coefficients. 

Additionally. experiments are discussed in which Brillouin scattering was used to 

detect two types of guided acoustic waves for the first time. First. the Stoneley wave 

(Stoneley 1924) which is guided by the contacting interface between two solids was 
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observed together with the Rayleigh surface wave in molybdenum films on fused silica. 

These measurements were used to study the homogeneity and film-thickness dependence 

of the film stiffness. Second. transverse Love waves (Love 1911) were detected in 

Cu/Nb superlattices in order to estimate the value of the one elastic constant which is 

completely undetermined from measurements of the other types of guided waves. 

The topics of this dissertation are organized as follows. Chapter 2 discusses the 

theory of guided acoustic waves as applied to a supported. homogeneous film. and 

considers the elasto-optic and ripple effects which give rise to Brillouin scattering from 

surfaces. The design requirements and construction details of the instrument used to 

detect the faint surface Brillouin scattering are the subjects of chapter 3. Chapter 4 

describes the techniques used in preparing and characterizing the metal super lattices and 

also predicts the elastic stiffnesses of these materials based on the bulk material 

properties. The results of several preliminary experiments which test for possible 

systematic errors in the measurements of guided wave velocities and in the assumptions 

built into the acoustic theory are presented in chapter 5. Measurements of the stiffness 

of MolTa and Cu/Nb superlattices and the associated dependence on bilayer wavelength 

is the primary subject of chapter 6. This chapter also attempts to interpret the observed 

stiffness variations. Chapter 7 summarizes the important conclusions of this study and 

comments on the implications of the results. The appendix contains a detailed 

description of the technique used to calculate the polycrystalline elastic stiffness tensor 

given the single crystal stiffness constants. 



CHAPTER 2 

THEORY OF BRILLOUIN SCATTERING FROM METAL FILMS 

Brillouin scattering traditionally refers to the inelastic scattering of light in 

transparent media by thermally excited acoustic waves (Brillouin 1922). The mechanism 

for this process is the elasto-optic effect in which the acoustic strain induces dielectric 

inhomogeneities. In the presence of a surface or interface. acoustic waves can also 

produce moving corrugations. This introduces a second scattering mechanism. referred 

to as the ripple-effect (Mishra and Bray 1977). which can be significant even for highly 

opaque materials such as the metal films studied in this project. With sufficiently 

sensitive detection methods. this 5,'altered light can be used to measure the phase velocity 

of acoustic waves propagating along a surface (Sandercock 1978). Provided the physical 

basis of the acoustic modes is understood. such velocity measurements can be used to 

determine the elastic properties of the material. 

The first sections of this chapter are concerned with describing the various 

acoustic modes probed by this scattering process in terms of the material properties of 

the film and substrate. Since the wavelength of the interacting phonons is typically 10:1 

larger than the interatomic spacing. a treatment based on the mechanics of continuous 

solid media is appropriate. Acoustic waves propagating in an infinite medium are 

considered first. followed by a survey of the various waves guided by surfaces. films 

and interfaces. Discussion is limited to the hexagonal and isotropic symmetries which 

are relevant to this project. The remainder of this chapter provides an overview of the 

theoretical aspects of the scattering cross section from a supported metal film. 

7 
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Acoustics of Infinite Media 

The subject of acoustics in solids refers to elastic vibrational excitations which 

extend beyond a single primitive cell. and are therefore distinguished from optical modes 

(Kittel 1986). Analogous to the theory of electromagnetic wav~. an acoustic wave 

equation which embodies the fundamental conservation relations must be solved to obtain 

the allowed excitations. Before discussing the wave equation. some basic properties of 

elastic. continuous solids must be introduced. 

Considering only homogeneous. non-piezoelectric materials with no external 

forces. the acoustic equations of motion take the form 

(2-1) 

where p is the mass density. u '" (u),U2,U3) is the displacement field and T is the stress 

tensor (Auld I 973a. chap. 4). Also. there is an implied summation over paired 

subscripts ranging over the three cartesian coordinates. The displacement u(R.t) is a 

measure of the shift away from the rest position for material at location R = (X1.X2.X3) 

and time t. The stress component T Q{J is the internal elastic force per unit area parallel 

to xa: acting in the plane normal to x{3' For small excitations. and in the absence of 

damping. Hooke's law is valid. and the stress is proportional to the deformation or strain 

of the material 

(2-2) 

where c is the elastic stiffness tensor. The linearized strain is related to the vector 

gradient of the displacement field u. but must not depend on rigid rotation since this 

creates no local stretching. This is the property of the symmetric gradient operator and 

leads to 
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(2-3) 

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

motion can be discussed. Upon combining equations 2-1. 2-2 and 2-3. eliminating T and 

S. one obtains an undriven wave equation in the displacement field 

(2-4) 

The unbounded solutions to this equation are plane waves. with 

U = ~ ue ei(Q'R - rlt) + C.C. • (2-5) 

where Q is the frequency and the solutions for the displacement eigenvector ue and 

wavevector magnitude Q depend on the propagation direction f:: QJQ and the 

properties of the stiffness tensor c. Upon substituting equation 2-5 into 2-4. one obtains 

the Christoffel equations 

(2-6) 

where V is the acoustic phase velocity Q/Q. Rather than continuing with a general 

treatment. these equations are solved for the particular material properties appropriate to 

the samples studied in this project. 

Hexagonally Symmetric Media 

The application of the equations presented above is greatly simplified by taking 

advantage of the inherent symmetries of any real material. and introducing abbreviated 

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

stress and strr.in tensors by 6-element column matrices with the two subscripts reducing 

to one according to: i I -+ I. 22 -+ 2. 33 -+ 3. 23 and 32 -+ 4. 13 and 31 -+ 5. and 12 and 

21 -+ 6. The fourth-rank stiffness tensor can also be abbreviated with each pair of 
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indices reducing to one to form a 6 x 6-matrix This resulting matrix is symmetric. 

and the 8.1 components of the original tensor are represented by at most 21 independent 

matrix elements in the case of triclinic materials. Materials having higher symmetry 

require fewer independent stiffness constants with the most symmetric case being 

isotropic media which requires only two such constants. 

There are five independent stiffness constants in the case of hexagonal symmetry. 

and when the 6-fold symmetric "c-axis" is parallel with X3• the matrix representation is 

cll Cl2 Cl3 

C l2 Cll Cl3 0 

Chex = 
Cl3 Cl3 C33 

C44 

0 C44 (2-7) 
C66 

with C66 = (cll - cd/2 (Auld 1973a. pg. 362). The eventual results of applying equation 

2-6 to this hexagonal matrix are the three equations 

(clln + C66~~ + C44m Ul + (C12 + c66) ~1~2U2 + (cl3 + C44) tlt3U3 = pf/'lu l 

(C12 + C66) tlt2Ul + (c66n + Cllt~ + C44m U2 + (C13 + C44) t2t3U3 = pf/'lu2 

(C13 + C44) tlt3Ul + (C13 + C44) t2~3U2 + (C44n + c4l~ + C33m U3 = pf/'lu3 • (2-8) 

which can clearly be cast in the form of an homogeneous matrix equation. Nontrivial 

eigenvectors ue require the determinant of the associated 3 x 3-matrix. which is a cubic 

equation in f/'l. to be zero. A general property of the hexagonal stiffness tensor is 

"transverse isotropy." which means invariance to rotations about the c-axis (Musgrave 

1970. pg. 44). Therefore. no loss of generality results from limiting Q to lie in the 

Xl' x3-plane. with t2 .. O. This causes one root of the cubic equation to factor 

immediately giving 
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(2-9) 

with the corresponding eigenvector being Us = (0.1.0). Since us·Q = 0 for any direction. 

this solution is referred to as a "pure-shear" wave. The two remaining roots are 

obtained from the quadratic equation 

]

1/2 

(2-10) 

Upon substitution of these velocities into the first of equations 2-8. the ratio of the 

eigenvector components is obtained 

(2-11 ) 

These displacement solutions lie in the "sagittal" Xl' x3-plane. and in general are neither 

parallel nor perpendicular to Q. The faster wave. V+. is referred to as a "quasilongitu-

dinal" wave and the slower one as a "quasishear" wave. Figure 2-1 shows the 

directional dependence of the three plane-wave velocities for a specific hexagonal 

stiffness matrix developed in chapler 4. 

The isotropic case can be regarded as a special case of hexagonal symmetry wilh 

Cll = C33• C44 = C66• and Cl2 = ('1:1 = Cll - 2C44• since the plane wave solutions are 

independent of propagation direction with these constraints. Also. the quasilongiludinal 

and quasishear waves become pure-longitudinal and pure-shear waves wilh the two 

shear waves being degenerate. The longitudinal and shear phase velocities V~ and Vs 

are given by much simpler expressions than in the hexagonal case with 

V Wll 
1 = -. p W44 V.,. -

s p' (2-12) 
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The elastic constants used are Cll = 42.3, Cl2 = 17.5, Cll = 18.1. C33 = 41.8 and C44 = 12.9 
x 1010 N/m2, and the density is p = 10210 kg/m3. This corresponds to the predicted 
properties of polycrystalline molybdenum as described in chapter 4. The angle 
e = COS-I~3 and is the separation of the propagation direction from the c-axis. 
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Acoustic Waves in Supported Films. 

The plane waves of the previous section are proper solutions only for infinite 

media. The metal film samples which have been investigated have a thickness 

comparable to the acoustic wavelength. and can hardly be regarded as infinitely thick. 

The film surface and the film-substrate interface impose boundary conditions which 

modify the plane wave results of the previous section. As shown in figure 2-2. the 

plane defined by X3 = -/z is treated as the free surface of the film. and the film is 

adhered to a semi-infinite substrate at X3 = O. The air-film surface is approximately 

stress free since the density of air is much less than that of the metal film. Also. the 

intimate contact between the film and substrate necessitates continuity of the surface 

stress and the displacement field components across the interface. 

13 

As first pointed out by Rayleigh (1887). acoustic waves exist which decay 

rapidly toward zero amplitude within a few wavelengths of a free surface. The 

"Rayleigh-wave" solution exists for any solid surface; an example of seismological 

importance being the surface of the earth. Geophysics also provided the original 

motivation for the study of acoustic modes in stratified media and aided in the discovery 

of Lamb waves (Lamb 1904). Love waves (Love 1911). and Sezawa waves (Sezawa 

1935). These waves are all guided by a layer of solid material. Additionally. the 

Stoneley wave (Stoneley 1924) is guided by the interface between two appropriately 

matched semi-infinite media. 

In isotropic media. the guided waves of a supported film separate into two 

decoupled polarizations. This feature only depends on transverse isotropy. and is 

preserved in the case of hexagonal symmetry when the c-axis is normal to the surface. 

The partial waves which combine to form these separate cases are shown in figure 2-3. 

Love waves are polarized normal to the sagittal plane. and the generalized Lamb waves 
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Figure 2-2. Film adhered to supporting substrate. 

The cartesian coordinates are selected with X3 normal to the surface with the origin at the 
film-substrate interface. The free surface of the film is taken as the plane X3 = -Iz. 
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Figure 2-3. Love waves and generalized Lamb waves in supported film. 

Love waves (a) are polarized normal to the sagittal plane. and generalized Lamb waves 
(b) are a combination of longitudinal and shear waves polarized in the sagittal plane. 
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(Auld I 973b. pg. 100) are polarized parallel to this plane. Love waves are the less 

complicated of the two cases. and are treated first in the following discussion. The 

generalized Lamb waves include the Rayleigh surface wave and the Sezawa waves. 

The features of these modes which are relevant to this project are outlined in the 

remainder of this section. 

Love Waves 

The boundary conditions described above can be satisfied on· the film surfaces 

by a superposition of plane waves polarized normal to the sagittal plane. If the shear 

velocity within the film is slower than in the substrate. solutions exist which are 

propagating in the film and evanescent in the substrate. Such guided modes are 

referred to as Love waves. 

In order for the boundary conditions to match at all locations and times. both the 

surface projected wavevector Qp and the frequency Q must be the same for each partial 

wave component. Following the analysis of Rowell and Stegeman (1982) for isotropic 

media. an upward and downward propagating wave exists in both the film and 

substrate. The solution is localized within the film only when the normal component of 

the wavevector for the substrate field is imaginary with Q3 = io.. This causes one of the 

substrate waves to decay exponentially from the surface. while the other grows exponen-

tially from the surface and must be set to zero amplitude. The two waves in the film 

combine to form an oscillatory standing wave. The boundary conditions are completely 

satisfied by accounting for the surface reflection coefficients (Auld 1973b. pg. 22). which 

couple the complex amplitudes of the three nonzero partial waves. This approach leads 

to a dispersion relation for the Love waves given by 

, o.p~ 
tan (Q3 II) = Q' , V'2 

3 P s 
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(2-13) 

where p is the density. Vs is the shear phase velocity. and primed and non-primed 

quantities distinguish between the film and substrate respectively. The phase velocity 

within the isotropic substrate is constant as given by equation 2-12. Within the 

hexagonal film. however. V~ depends on direction. and modifying equation 2-9 gives 

V' = s p' ~ + c~ - CSs 
(2-14) 

where Vp = Q/Qp is the phase velocity along the surface. :\Iso. the magnitudes of the 

acoustic wavevectors in the film and substrate are related Lo their parallel and normal 

components in the usual way 

JL = JQ2 + Q'2 V' p 3 
S 

(2-15) 

Numerical solutions to the set of equations 2-13. 2-14 and 2-15 lead to dispersion curves 

for the individual Love modes as shown in figure 2-4. For a specific material 

combination. the surface velocity of each mode depends only on the dimensionless 

quantity Q ph. and approaches a common asymptotic limit of V~ as Q ph -. 00. 

The displacement field is easily obtained once the dispersion relation is solved 

(Farnell and Adler 1972). For the lowest order Love mode. the displacement has no 

node in the film. and becomes more confined to the film as Q/l increases. For a fixed 

value of Qplt. each higher order of mode has one more node in the film. and carries 

relatively more energy in the evanescent field. 
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Figure 2-4. Dispersion of Love waves. 

The density and stiffness constants for the film used in this calculation are p' =: 8720 
kg/ml

, C44 .. 4.19, and C~6 .. 4.13 X 1010 N/m2, and for the substrate p = 3986 kg/mJ :ind 
C44 = 16.0 X 1010 N/m2. This material combination corresponds to a copper/niobiulll 
superlattice on sapphire as discussed in chapter 4. 
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Rayleigh and Sezawa Waves 

Longitudinal and shear waves propagating in the sagittal plane are coupled by 

the reflections at the surfaces of the film (Auld 1973b). Therefore. a partial wave 

analysis must include both longitudinal and shear waves in the film and substrate 

propagating upward and downward. (i.e. 8 waves). As in the Love wave discussion 

above. Qp and n must be the same for each component wave. Also. by considering 

only guided wave solutions with surface velocity Vp < Vs' the two waves which grow 

exponentially in the substrate must be excluded. Therefore. guided mode solutions for 

Rayleigh and Sezawa waves consist of six complex amplitudes to represent the four 

partial waves in the film and the two in the substrate. 

The general treatment of guided modes in an anisotropic supported film by 

Farnell and Adler (1972) is applied now to the specific case of a hexagonal film on an 

isotropic substrate. The displacement field within the film and substrate can be written 

as 

4 
(2-16) 

L An eiQn.]~ + c.c. ; -/z < X3 < 0 

n-I 

where n labels the quasishear and quasilongitudinal waves as shown in figure 2-3b. In 

the substrate. the partial waves are purely shear and longitudinal with 

(2-17) 

with the definitions 

QF "V =.2d.. "--L - I 
IS - Q - ~ • 

p s 
(2-18) 
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and V s and V 1 are given by equations (2-12). As in the previous section. V p is the 

surface phase velocity Q/Qp • The displacement vectors for the-component waves in the 

film are 

; n .. I. 2. 3. 4 (2-19) 

where VI = V2 .. V~ • and V3 ... V4 .. Vi are respectively the quasishear and quasilongitu-

dinal velocities from equations 2-10. The expressions in parentheses in equation 2-19 

are unit eigen-vectors for the component planP- waves. Equation 2-11 specifies the 

directional dependence of these unit vectors leading to 

0:1 ~ (ci3 + c~J "Y~ 
{3t ... - {32 :a Cit + c«"Y;Z - p'~ 

0:3 0:4 (ci3 + c~J "YI 
{33 .. - {34 ... cit + C~4"Y;Z - p'~ (2-20) 

where "Y~ and "Yi are completely analogous to "Y. and "Yl from equations 2-18. 

The next step is to apply the sagittal boundary conditions. Using the notation 

from above. the explicit displacement field components in the substrate are 

(2-21) 

and in the film they are 

(2-22) 
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By applying the strain definition from equation 2-3. the abbreviated nonzero strain coef-

ficients are given by 

(2-23) 

with analogous expressions for the strains in the film: Sit S; and S;. The sagittal 

surface stress components in the film are obtained from equations 2-2 and 2-7 giving 

(2-24) 

and in the isotropic substrate they are 

(2-25) 

Restating the boundary conditions. there must be no surface stress on the free surface of 

the film 

(2-26) 

and the displacement and stress fields must both be continuous across the film-substrate 

interface 

(2-27) 

(2-28) 

Applying this set of six conditions to the displacement field given in equations 2-21 and 

2-22 eventually leads to the matrix equation 
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1'/CI 
I S -1'/lcs 1'/3C;1 1'/3cl 0 0 AIV~ 

~ C 1 
I S ~lCS ~3C;1 -~3cl 0 0 A:r~ 

1'/1 -1'/1 1'/3 l1s l1s 1'/6 A3Vi 
0 

~1 ~1 ~3 -~3 ~S ~ A4Vi 

a:1 -a:1 a:3 a:3 -"YS -I BsVs 

{31 {31 {33 -{33 -I "Yi, Bi,Vi, (2-29) 

with the definitions: 

, 3i3' , 1'/1 - C3 t"Y s - C 13a:l 

'3i3' , 113 - C3 3"Yl - C 13a:3 

1'/5 - -"Y S (Cll - C1:J 

(2-30) 

Guided wave solutions exist only when the determinant of the 6 x 6 matrix above is 

zero. This problem can not be solved analytically. and solutions must be searched for 

numerically. Figure 2-5 shows the surface velocities of the guided waves obtained by 

this procedure for the case of a molybdenum-tantalum superiattice film on sapphire. 

Upon comparing these dispersion curves with those of the Love waves in figure 2-4. the 

dispersion curves for the two polarizations of guided waves are seen to be quite similar 

in character. 

The Rayleigh wave corresponds to the mode with the lowest velocity in figure 

2-5. and exists even in the absence of a film (Le. Iz .. 0). The analysis of Rayleigh 

waves on a semi-infinite homogeneous medium is much less complicated than for the 

generalized Lamb waves outlined above. In the case of isotropic symmetry. the 
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These curves are based on a film with a density p' ... 13161 kg/ml. and stiffness 
constants cil .. 37.8. cil .. 15.0. Cll ... 33.2 and C44 .. 7.86 X 1010 N/m2• This corresponds 
to the measured properties of a molybdenum/tantalum superlattice from chapter 6. The 
film is supported by a sapphire substrate with p ... 3986 kg/ml, Cll = 46.2 and C44 = 16.0 
X 1010 N/m2. 



Rayleigh wave velocity can be easily obtained using the Victorov equation (Victorov 

196 7). This result has recently been extended to symmetries other than isotropic 

(Maradudin and Stegeman 1985). and for the case of hexagonal media with the c-axis 

normal to the surface. the Rayleigh velocity is the smallest root for V R in 
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(2-31) 

This equation provides a useful check of the numerical solution for the Rayleigh wave 

on a supported film in the asymptotic limits of It ... 0 and It ... 00. 

The remaining sagittal modes of the supported film are referred to as Sezawa 

waves. Such modes are present only if the film has a slower shear velocity than the 

substrate. Analogous to the Love waves. the surface velocity of a given Sezawa mode 

begins at Vs' the lower limit of bulk substrate waves. and asymptotically approaches 

some slower velocity as Qph increases. In contrast to Love waves. this limit is not 

necessarily V~. 

Once a solution is obtained for the velocity of a Rayleigh or Sezawa wave. the 

displacement field can also be obtained numerically. This is done by inverting the 

matrix equation 2-30. and solving for the partial wave amplitudes. Actually. one of the 

six equations must be eliminated before doing the inversion since the full delerminant is 

zero. This is simply a result of the overall amplitude of the guided wave being 

unspecified. The Xl and X3 components of displacemenl are then given by equations 

2-21 and 2-22. Displacement fields corresponding to the Rayleigh wave and several 

Sezawa modes are plotted in figure 2-6. The amplitudes are scaled such that the 

maximum displacement is an arbitrary constant. The solid curves correspond to 113 and 

are phase shifted by 90° from the broken curves which correspond to Ul' 
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The displacements of the Rayleigh wave and several Sezawa waves are plotted. The u,\ 

component is phase shifted from the u\ component by rr/2. All of these fields are 
obtained from the same material combination used in figure 2-5. and with Q/l = .. hr. 
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Consider now the case of two semi-infinite solid media in contact along a plane. 

For a narrow range of material parameters. a Stoneley wave can be guided along this 

interface zone (Stoneley 1924). As shown in figure 2-7. only when the shear velocities 

of the two media are comparable will such a solution exist. The velocity of this mode is 

less than the shear velocity in either medium. Based on figure 2-7. a Stoneley wave is 

expected for the combination of polycrystalline molybdenum and fused silica. Upon 

applying the analysis of this section to the case of a molybdenum film on fused silica. 

the displacement fields shown in figure 2-8 are obtained. As the product Q ph increases. 

the lowest order Sezawa mode is found to become increasingly localized near the 

interface region. and evolves to a Stone ley wave. Simultaneously. the Rayleigh wave 

becomes localized to the free surface of the film. Therefore. the Rayleigh and first

Sezawa waves probe opposite sides of the film. This is the basis of one of the 

experiments described in chapter 5. 

A final comment concerning the transition from guided modes to bulk modes is 

appropriate. This transition is not as sudden as illustrated in figures 2-4 and 2-5. 

Rather. the guided modes become "leaky modes" when the surface velocity is greater 

than the shear velocity in the substrate (Auld 1 973b). These modes retain a relatively 

large amplitude within the film or interface region. but radiate power into propagating 

bulk waves. Similarly. "mixed modes" are combinations of propagating shear waves and 

evanescent longitudinal waves which are coupled by a free surface (Marvin. Borlolani 

and Nizzoli 1980). These modes generally give rise to small scalteri ng cross sections and 

less distinct frequencies than for guided modes. 
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Figure 2-7. Range of existence of Stoneley waves. 

The shaded region shows where a guided interface wave exists in the case of isotropic 
media (after Scholte 1946). The primed quantities refer to the denser of the two 
contacting materials. Several points are indicated, and correspond to different 
polycrystalline metals in contact with fused silica. 
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Figure 2-8. Rayleigh and Sezawa fields in molybdenum film on fused silica. 
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The displacement field for the Rayleigh wave and first Sezawa wave are plotted for 
several values of Qph. As Qph increases, these two modes become increasingly localized 
at opposite sides of the film. 
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Surface Brillouin Scattering 

Brillouin scattering is unique among ultrasonic measurements in that the 

excitation source is simply thermal noise. Some advantages of this are that no 

transducer is required. and that the phonon states are uniformly excited. This makes 

for a much simpler system to analyze than occurs with a contacting transducer which 

typically has a complicated and limited frequency dependence. The difficulty of 

obtaining Brillouin scattering measurements is based on the low level of the thermal 

excitations. and is especially serious in the case of scattering from small volumes or 

surfaces. Extremely sensitive detection systems are required in order to observe the 

light scattered by these fluctuations. and this is the topic of the next chapter. 

~9 

Several approaches to the analysis of surface Brillouin scattering have been 

developed. Initially. Bennett. Maradudin and Swanson (1972) neglected to account for 

the ripple-effect for scattering from metal surfaces. With the subsequent experimental 

evidence of a strong ripple-effect (Mishra and Bray 1977). the existing theory was shown 

to be deficient. The diffraction effects of surface corrugation are equally evident from 

earlier work carried out separately by Mayer. Lamers and Auth (1967). Lean and Powell 

(1970). and Alippi et al. (1971). Loudon (1978) first calculated the Brillouin ripple cross

section by extending an analysis of scattering from static surface corrugations (Agarwal 

(977). and obtained good agreement with the measured spectra from an aluminum 

surface (Sandercock 1978). In general. the elasto-optic effect and the ripple-effect must 

be coherently combined to form the total Brillouin scattering cross section from surfaces. 

Both of these mechanisms have been included using a Green's function approach 

(Subhaswamy and Maradudin 1978) and by direct application of the electromagnetic 

boundary conditions (Rowell and Stegeman 1978). Marvin et at. (1980) have also used 

the boundary matching approach in providing a less constrained treatment which allows 
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an arbitrary scattering geometry and anisotropic media. The analysis is complicated 

further when describing the scattering from thin films since two surfaces then contribute 

separate ripple-components to the cross-section (Rowell and Stegeman 1982; 8ortolani et 

al. 1982; Bortolani et al. 1983). The metal films which are studied in this project are 

thick compared to the skin-depth. and the scattering from the surface opposite to the 

incident light can be n.eglected. 

The following discussion briefly outlines the basic features of surface Brillouin 

scattering. The emphasis is directed toward the ripple-effect which is the dominant 

scattering mechanism for most of the experiments of this project. The frequencies and 

excitations of the acoustic modes discussed earlier in this chapter determine the power 

spectrum of the surface ripple and must be included in the calculation of the Brillouin 

cross section. 

General Considerations 

The scattering geometry which is considered now is shown in figure 2-9. and the 

incident and scattered wavevectors and the surface normal are all chosen to lie in the 

sagittal plane. Details which arise from scattering geometries not confined to a plane are 

cumbersome and provide little added insight to the problem at hand. The incident light 

has frequency Wi and wavevector ki and the scattered light has frequency Ws and 

wavevector k s' 

The elasto-optic effect in an infinite homogeneous medium is expressed formally 

as a fluctuation of the static dielectric tensor Eo 

ECI./3 (R,t) = EO.CI./3 + O€CI./3 (R,t) 

OECI./3 (R,t) = kCl./3"(O S,,(o (R,t) (2-32) 

where k is the elasto-optic tensor. S is the strain tensor and Rand t are the position and 

time (Bennett et al. 1972). The presence of a surface at x I = 0 can be treated as a step 
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Figure 2-9. Sagittal scattering geometry. 

The incident light has waevector ki and frequency wi' and the scattered light has 
wavevector ks and frequency ws' 
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in the dielectric function from the vacuum value of unity to the value of 

: Xs < Us (r.O.t) 

: Xs > Us (r.O.t) 
(2-33) 

where r .. (xt,xz) is the position on the surface and Us is the acoustic displacement normal 

to the surface. 

Dielectric fluctuations resulting from phonons with wavevector Q and frequency 

n can be written as 

(2-34) 

where the p-subscript indicates the vector component parallel to the surface and the 

dielectric constant-is treated now as a scalar for simplicity. Using Maxwell's equation 

for the curl of the magnetic field 

v x B_1 ~€E) _ 411 J + ~ aE 
cat' c eFt' (2-35) 

the effective current within the material is seen to be 

(2-36) 

and is zero in the space above. The consequence of this current term is an induced 

field (i.e. the scattered field) with frequency Ws ... Wi ± n and surface wavevector 

ks,p ... ki,p + Qp• Equivalently. energy and transverse momentum are conserved in this 

scattering process. The phonon frequencies typically satisfy n « Wi' allowing the 

approximation I ksl 2! I kil· This leads to an approximate relation for the phase velocity 

of the acoustic wave along the surface in terms of the frequency shift of the scattered 

light and the scattering geometry 

(2-37) 

The non-conservation of momentum normal to the surface causes the scattering from 
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bulk acoustic waves reflecting from the surface to be spectrally broad. This is not the 

case for the surface and guided modes discussed earlier in this chapter since they occur 

at discrete frequencies for a fixed value of Qp • 

Ripple Scattering Cross Section 

Light scattering via the ripple-effect is accounted for by including the normal 

surface displacement in the dielectric fluctuation as in equation 2-33. Neglecting the 

elasto-optic effect. the general expression for the differential cross section to first order 

in the displacement takes the form 

(2-38) 

where (J is the total cross section. nA is the solid angle and f is a function of the electric 

polarization e and angle of incidence e of the incident and scattered fields and the 

material permitivity (Loudon 1978). The thermal mean of the squared displacement 

component normal to the surface is evaluated in this expression for the surface 

wavevector Qp and frequency n = wcws' For scattering geometries confined (II a plane. 

incident light polarized normal to the plane or "S-polarized" produces S-polarized 

scattering. Similarly. light polarized in the sagittal plane or "P-polarized" leads to 

P-polarized scattering. For the P ... Sand S ... P cases f = O. 

Scattering from a metal surface is approximated by setting € to a large negative 

value. Considering this case with a backscattering geometry (ei = e). the P ... P cross 

section is considerably larger than for S ... S. and in the case of aluminum is a 

maximum near ei = 70° (Loudon and Sandercock 1980). This is an important point when 

the scattered light is only marginally detectable. Another important property of inelastic 

light scattering from metal surfaces is the minor elasto-optic contribution to the total 

cross section. This is a result of the optical field being limited to within the surface 
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o 
"skin-depth" (Jackson 1975), which is usually < 100 A for most metals at visible 

wavelengths. Gold is one exception to this rule, and significant interference between the 

ripple and elasto-optic components has been reported for this case (Bortolani et al. 1980; 

Bassoli, Nizzoli and Sandercock 1986). 

Calculating the excitation of the entire spectrum of acoustic modes in thermal 

equilibrium is required to obtain the frequency dependence of the differential cross 

section. Therefore, this analysis must consider the bulk acoustic modes which reflect 

from the surface as well as the various guided waves discussed earlier in this chapter. 

Representing the total displacement field as u, the equipartition of kinetic and potential 

energy requires 

I lid 12 '2 Etotat ... E k.inetic ... '2 p f cfR ( dt u(R,t) ). (2-39) 

Also, each acoustic state has a thermal excitati9n energy of kaT where ka is BoItzman's 

constant and T is the temperature. The details of the density of states for the various 

guided acoustic modes (Rowell and Stegeman 1982; Bortolani et al. 1983) can be applied 

to equation (2-39) in order to calculate the absoluLe ripple cross section. Results of this 

classical analysis are generally in good agreement with the existing experimental results 

to within a relative scale factor. The differential scattering cross section per unit area 

from the Rayleigh wave in the case of nickel is calculated to have a maximum value of 

order 10-12 per steradian at room temperature (Loudon and Sandercock 1980). This 

small number is typical of surface Brillouin scattering and certainly emphasizes the 

weakness of this process. The experimental and theoretical absolute cross sections in 

one typical case (Rowell and Stegeman 1978b; Sandercock 1978) are different by roughly 

a factor of 2. This is probably a consequence of the experimental difficulty in 

measuring the absolute cross section rather than a fundamental error in the analysis. 
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A quantum mechanical treatment which accounts for the thermal average over 

phonon states has also been used to calculate the scattered Poynting vector (Marvin et at. 

1980). This result is only slightly different from the classical approach. Namely. the 

Stokes scattering which corresponds to phonon creation has a larger cross section than 

the anti-Stokes process. This asymmetry of the Brillouin spectrum is only significant for 

temperatures far below room temperature. and is negligible for the experiments in this 

project. 

A computer program which was developed by Prof. Fabrizzio Nizzoli calculates 

the total cross section accounting for thermally excited sagittal acoustic modes present in 

a thin supported film. This program is based on the analyses by Marvin et at (1980) 

and Bortolani et al. (1983). It has also been recently extended to treat a film with 

hexagonal symmetry on isotropic substrates. 

Summary 

The main point of this chapter has been to develop the theory required to link 

the light scattering measurements presented in chapters 5 and 6 to the elastic properties 

of metal films. It is shown in chapter 6 that the ripple-scattering theory is in good 

agreement with measured surface spectra from supported metal films. For the purpose 

of determining the stiffness of a metal film. however. the most important features of the 

surface Brillouin spectra are shown to be the frequency shifts produced by the separate 

phonon modes. Therefore. the most essential part of this chapter is the calculation of 

the surface velocities of guided modes (Rayleigh. Sezawa. and Love) in a supported film 

given the material properties. The data analysis performed in chapter 6 relies on 

inv~rting this procedure in order to determine the elastic properties from the measured 

b'llided wave velocities. 



CHAPTER 3 

BRILLOUIN SPECfROSCOPY INSTRUMENTATION 

In order to observe Brillouin scattered light, two essential conditions must be met 

by a selected spectroscopic technique. First, the instrumental spectral broadening must 

be small compared to the frequency shift of the scattered light. Since some spectral 

features for this project are shifted by only:!! 30Hz, accurate phonon velocity measure

ments require an instrumental broadening of less than ~ 300 MHz (or equivalently 

0.01 em-I). The second consideration is the level of rejection of stray light from 

neighboring frequencies. This is a severe constraint in surface Brillouin scattering 

because the intensity ratio of the elastically scattered light to the Brillouin scattered light 

is typically from 105 to 1010• In addition to these hasic requirements, any practical 

instrument must have a large light collection efficiency and remain in alignment for 

many hours in order to acquire a significant signal from the small scattering cross 

sections involved (see chapter 2). 

This set of conditions rules out many of the conventional spectroscopy methods. 

The minimum resolving power needed for the experiments in this work is roughly 

2 x 106 which follows from the use of visible light and the 300 MHz hroadening 

condition mentioned above. While some of the largest echelette gratings approach this 

value, within a factor of 2 (Born and Wolf 1980), such instruments have inadequate 

contrast. Grating spectrometers can be multi passed in order to increase the stray light 

rejection to roughly 109, however this number does not apply when the stray light is 

concentrated in a spectral region only 0.1 cm-1 shifted from the signal. Fourier 

transform spectroscopy is well known for its efficiency compared to grating 
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spectrometers (Jacquinot 1%0. pg 298). however. it is not practical since the resolution 

requirement dictates varying the path length of one of the interferometer legs by at least 

100 cm in increments small compared to a wavelength. Optical heterodyne detection is 

also quite efficient and is a well accepte~ ~ethod of observing forward scattering from 

capillary waves op liquid surfaces and liquid/liquid interfaces (Loudon 1984). and from 

guided acoustic modes in optical fibers (Shelby. Levenson and Bayer 1985). The 

frequency shifts measured in surface Brillouin scattering are larger by typically 103
• and 

although detectors are becoming available with 30 GHz bandwidths. the minimum 

detectable power (Yariv 1976) is much larger than typical surface Brillouin signals. 

On first inspection. the use of a Fabry-Perot interferometer would also fail to 

pass the basic requirements since typical contrast ratios are less than 103• Also. there is 

the serious complication of overlapping orders when trying to identify spectral 

components. In the following two sections it is shown that by using two separate 

Fabry-Perot cavities. each mUlti-passed. these problems can be largely eliminated and 

both of the conditions mentioned earlier can be met. Important aspects of the design 

and construction of such an interferometer are then described in detail. The last 

sections of this chapter briefly describe the associated equipment: drive electronics. laser. 

detector. and computer control of the integrated system. 

Fabry-Perot Interferometer 

A quick review of the characteristics of a Fabry-Perot interferometer is given in 

this section. As shown in figure 3-la. a single cavity Fabry-Perot consists of two high 

quality parallel mirrors separated by the optical path length L. This is the standard 

example of a multi-beam interferumeter. and a thorough treatment is provided by most 

general optics texts (see for example Born and Wolf 1980). The essential aspect of a 

Fabry-Perot is that a transmission maximum occurs when light of wavelength X. incident 



>
I-

'" Z 
UJ 
I
Z 

--...... _-'--,-_ .. --------..... -_ .. 
FABRY-PEROT SPATIAL FILTER 

(a) 

N~ 
2 

FWHM 

(b) 

fj• FSR 
messe = FWH M 

(N+I )~ 

Figure 3-1. Fabry-Perot interferometer. 
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A single cavity Fabry-Perot with a spatial filter is shown schematically in (a). The 
transmission of monochromatic light through the interferometer (b) is a periodic function 
of the mirror spacing. 
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along the normal of the mirrors. satisfies the round-trip resonance condition. nA = 2L. 

where n is an integer. A tunable band-pass filter can be made since changing the 

mirror spacing L shifts the resonance wavelengths. The finesse F of such an instrument 

is defined as the ratio of the separation of adjacent transmission peaks (Le. for nand 

n+ I) to the peak width at half maximum. In terms of these parameters. the idealized 

transmission T for a fixed wavelength Ao is 

(3-1 ) 

The finesse depends on the mirror reflectivity and the departure of the mirror 

surfaces from ideal planes. By considering these effects separately. we obtain a reflec-

tivity finesse F, and a surface finesse F s 

TT../R 
F,= --I-R 

(3-2) 

(3-3) 

where R is the reflectivity of each mirror and the r.m.s. variation of the mirror surfaces 

from planar is Ao/m. Any real spectrometer must allow a finite solid angle over which 

light can be collected. This will' be an added source of broadening since L in equation 

3-1 must then be replaced by Leose where e is the angle of incidence. For a pinhole of 

diameter d at the focus of a collimating lens of focal length /. the pinhole finesse term 

(3-4) 

These separate broadening sources. each considered independent. yield a combined 

finesse F given by 
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(3-5) 

Consideration of the absorption Q of each mirror surface reduces the maximum 

transmission of unity expected from equation 3-1 to 

T = [I - .-!L.J2 
a I - R 

(3-6) 

Surface roughness further reduces the throughput by a factor Ts which approaches unity 

as F approaches Fr' Therefore. a larger transmission maximum can be achieved if Fs 

and Fp are made much greater than Fr' 

In spectroscopic applications. the mirror spacing L is usually a large number of 

wavelengths. and one of the mirrors is scanned over several orders. The transmission of 

monochromatic light versus the mirror spacing is sketched in figure 3-lb. and periodic 

peaks are separated by "11./2 (or one order). The free spectral range of a Fabry-Perot 

refers to the separation between these adjacent orders which in units of frequency is 

twfsr = 2~ . (3-7) 

This periodic behavior gives rise to two limitations when performing spectroscopic 

measurements: 

I) if two spectral components are present. with wavelengths Ao and "11.\ = Ao + .6.A • 

two sets of transmission peaks will result. An unambiguous measurement of .6."11. is 

possible only when the integer n1 - no is known for a specific pair of peaks. where ni is 

the order number for Ai' Unique determination of .6."11. may be possible if multiple 

spectra are obtained using different mirror spacings. However. this approach does not 

put the problem to rest in cases where there are many spectral lines. Besides being very 
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laborious. the task of correlating several complicated and noisy specl ra obtained with 

different values of L can be intractable. 

2) When several spectral features are present. a faint peak may easily go 

undetected in the wings of the other more intense peaks (which may lie in different 

orders). This is especially serious when there is a large uncertainty in the wavelength 

of the weak feature. In such situations. several spectra taken with different mirror 

separations may again be required before the desired peak is uncovered. 

Tandem Fabry-Perot Interferometer 

None of the complications associated with overlapping orders would be present if 

the interferometer passed light only at one specific order nl' This ideal situation can be 

nearly realized by using a second cavity with a different mirror spacing in series with 

the first. Light will be transmitted through the pair only when both resonance 

conditions are satisfied 

(3-8) 

where ni is the order and Li is the mirror spacing in cavity-i. The transmission 

function of one cavity is sketched in figure 3-2a. and the transmission of a second cavity 

with a smaller mirror separation is sketched in figure 3-2b. Figure 3-2c shows the 

product of a and b. representing the series transmission. To obtain sensible spectra with 

such a system. equation 3-8 must be accurately satisfied while scanning the mirror 

spacings. Therefore. if LI is shifted by t:J..L1• 4 must be shifted by 

(3-9) 

Several methods have been used to synchronize the scanning of two cavities 

according to equation 3-9. A pressure scanning system will automatically be synchron-

ized when both cavities are in one pressure vessel (Cannell and 8enedeck 1970). Such 
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(A) 

(8) 

(C) 

WAVELENGTH 

Series transmission of two Fabry-Perot's. 

The wavelength dependence of transmission is sketched for a single cavity (a) and a 
similar cavity with a smaller mirror separation (b). A transmission peak from (a) can be 
made to coincide with a peak of (b) by adjusting the mirror spacing for one of the 
cavities. The series transmission through the pair of cavities is sketched in (c). 

--~------------.--------------- ... --- .... -
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an instrument is difficult to stabilize for long periods of time. Also. small mirror 

separations require an unwieldy pressure range for scanning over several orders due to 

the small pressure coefficient of the refractive index for most gasses. Another approach 

(demonstrated by Dil et at. 1981). relies on piezoelectric driving of each cavity individu-

ally and accurately adjusting the individual scan rates to satisfy equation 3-9. A much 

less complicated design was introduced by Sandercock (Sandercock 1980; Lindsey. 

Anderson and Sandercock 1981; Mock. Hillebrands and Sandercock 1986) in which the 

cavities are synchronized mechanically. 

The design for the "tandem" Fabry-Perot interferometer (TFPI) which we have 

constructed follows that of Sandercock to a large extent. The coupling of the two 

cavities is done by simply mounting one mirror from each cavity on a common translat-

able stage. Mechanical support of the stage is provided by two pairs of parallel leaf 

springs which constrain the llIotion along a line and largely prevents rotation (Jones and 

Young 1956). The axis of the first cavity is roughly colinear with the scan axis while 

the axis of the second cavity is tilted by an angle <P as shown schematically in figure 

3-3. The optic axes of the two cavities are made coincident with a turning mirror. For 

equation 3-9 to be satisfied with this arrangement. we require 

(3-10) 

Provided this alignment condition is met. a single piezoelectric transducer can scan the 

stage. and the synchronization of the cavities is automatic. 

Another consequence of passing light through multiple cavities in series relates 

back to the problem of stray light rejection. From equation 3-1 the ratio of maximum to 

minimum transmission (contrast) for a Fabry-Perot is 

(3-11 ) 
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Figure 3-3. Top view of scanning stage for tandem Fabry-Perot. 
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The two cavities are coupled mechanically. A piezoelectric transducer moves the scan 
table to vary the cavity spacings. The fixed mirrors for each cavity can be adjusted 
manually with the micrometer screws. 
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For realistic mirrors. the surface finesse Fs is limited to :!!: 100. and if this is the most 

significant term in equation 3-5 an upper limit of order 104 is imposed on the contrast. 

The throughput for a cavity wit,h such a large contrast is quite low since. from equation 

3-2. R > 0.995 and the associated large absorption implies 1a «1. For the tandem con-

figuration with Ll :!!: L,.. the product of the separate transmission functions provides a 

total contrast of :!!: C2. Similarly. a single cavity can have light passed consecutively 

through separated portions of the full aperture with the use of retroreflectors (Dufour 

1951; Sandercock 1970). From equations 3-11 and 3-2 an upper limit for the combined 

contrast for N similar cavities is 

[ 
4R IN CN < (l_R)2 . (3-12) 

Neither the multipassed cavity nor the tandem configurations described above 

meet the desired specifications outlined at the beginning of this chapter. The maximum 

contrast of a simple tandem is only :!!: 107 • An iodine absorption filter has been used to 

increase the effective contrast (Lyons and Fleury 1976). However. the interpretation of 

spectra obtained using this method is complicated by the many iodine absorption lines. 

Although a 5-pass cavity can have an adequate contrast for the measurements we wish 

to perform. the inherent problems of a single cavity instrument are still present. By 

combining these two ideas and multipassing each cavity of a TFPI. a contrast exceeding 

1010 is obtainable and the problems associated with overlapping orders are nearly 

eliminated. 
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Interferometer Design and Construction 

The important aspects of the optical and mechanical design for our TFPI are 

presented in this section. Some details of the construction. testing and alignment of this 

instrument are also discussed. A schematic of the entire optical configuration (with the 

exception of components used only for alignment) is shown in figure 3-4. 

Selection of Mirrors and Cavity Configuration 

The two mirror pairs of the TFPI are the most critical components of the 

instrument. Since the surface finesse sets an upper limit on the total finesse as well as 

the throughput. mirrors of the highest quality available are desired. Two 60-mm 

diameter matched pairs of fused silica flats were obtained from "Icas" with surfaces 

o 
polished flat to V200 (or 2S A) over the central SO-mm region. To keep absorption 

losses to a minimum and to prevent the alignment tolerances from being impractically 

small. we require Fs »Fr. However. according to equation 3-12. the number of passes 

required for a certain contrast ratio increases as R decreases. In weighing these 

conditions. a modest value of 0.91S was chosen for the reflectivity. corresponding to 

Fr = 3S. The thin-film dielectric stack making up the reflective coating combines layers 

of MgFz and ZnS such that this value of reflectivity occurs at the two strongest argon 

laser lines at SI4.S and 488.0 nm. The back surface of each mirror is antireflection 

coated to minimize transmission losses. and a slight wedge of £'! 10 arc-minutes prevents 

the residual reflections from interfering with the transmitted light. 

It remains to specify the ratio 4.1 Ll and the number of passes through each 

cavity. Nl and Nz• From equation 3-10. the ratio L/ Ll is determined by <1>. the tilt of 

the second cavity. The tradeoff in selecting <I> is that a larger value leads to better 

suppression of the overlapping orders (or "ghost" peaks) while a smaller value produces 
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Figure 3-4. Layout of tandem Fabry-Perot and associated optics. 

An argon ion laser illuminates a sample and scattered light is collected along a specifil: 
axis. The scattered light is frequency analyzed with a scanning tandem Fabry-Perot 
interferometer consisting of two 3-passed cavities. An Amici dispersing prism provides 
additional filtering before detection with a photon counting photomultiplier tube. The 
entire system is controlled with a micro-computer. 
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a wider "effective free spectral range." !:we/sr' Here AVe/sr refers to the frequency shift 

between "near" solutions of the double resonance condition (equation 3-8). By choosing 

<P e!! 21°. ghost peaks are well blocked over a range of roughly ± 20 orders. By making 

N1 = N2• the largest ghost-peak suppression for a fixed value of N = N1+N2 is obtained. 

We selected N = 6 since this gives more than adequate contrast for our needs and 

provides a measured first-order ghost attenuation of e!! 103
• which is also acceptable. 

Besides producing a large contrast. the passage through six similar cavities also increases 

the reflectivity finesse from Fr{N=l) = 35 to F r {N=6) = 101. The measured peak 

transmission is e!! 0.35 and considering the complexity of this system. such a high 

throughput is quite impressive. Figure 3-5 compares the idealized transmission function 

for a single cavity with that of a tandem Fabry-Perot using these selected parameters. 

The entire scan table can be translated in order to change the cavity spacings. A 

limit stop is mounted on the base plate to prevent L1 from becoming less than e!! 0.1 mm 

(if L1 = O. the mirrors would be ruined). Once positioned. the carriage for the table is 

firmly clamped to a precision ground meehanite dove-tail rail. This rail is nearly 

colinear with the scan axis and the spacings for both cavities change in the correct ratio 

(equation 3-10). A dial indicator is used to measure L1 with a precision of ± 5 p.m. 

The indicator is initially calibrated by measuring L1 directly with a traveling 

microscope. Upon translating the table. the mirrors of the second cavity become laterally 

separated. Although the rail is long enough to set L1 from 0 to 100 mm. the data 

obtained during this project used the reduced range of 2 to 25 mm with a corresponding 

lateral shift in the second cavity of ± 4 mm. The apertures for the three passes through 

the second cavity are not obscured by this shift. and the fixed mirror does not need to 

be moved. However. the fixed retroreflector of the second cavity must be laterally 

translated to match the shift of the apertures. 
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Both cavities are at a transmission maximum for the first cavity spacing of Ll = XO. 
This idealized calculation. which assumes no loss and perfectly flat mirrors. uses 
3-passes through each cavity, mirror reflectivies of 0.915 and <P .. 21°. The transmission 
through a single cavity provides insufficient contrast for our experiments. 
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Mirror Support, Testing and Alignment 

Careful design of the mirror support is essential since deformations of the 

surfaces caused by mounting stresses must be well below 'A/200. At the same time. the 

support must be rigid to limit vibrations. The stability of the interferometer also 

depends on minimizing the effects of air currents and thermal drifts. Changes in the 

surface figure and the cavity spacing of each mirror pair are tested with a technique 

o 
sensitive to :!!: 5 A variations in cavity spacing. Figure 3-6 illustrates the importance of 

stability by plotting the transmission of the primary peak and first ghost peak for a 

o 
range of misalignments of the second cavity spacing. Errors in 4. of only lOA are seen 

to significantly impair the performance. 

The full perimeter of each mirror is uniformly supported by a cork strip which 

is treated with wax to prevent humidity dependent stresses. The cork-flat combinations 

are supported by adjustable invar ring clamps. The clamps are tightened the bare 

minimum required to hold the mirror in place and each clamp is carefully bolted to an 

invar bearing plate. The backs of these plates are supported kinematically by three 

sapphire balls contacting a cone, grove and plane, each 1200 separated. On the front 

surface of the plate, springs push firmly against the kinematic contacts. Invar 

micrometer screws, with a 200-JLm pitch·, translate the contact points of the two fixed 

mirrors and serve as a course adjustment for the cavities. The contact points of the 

mirrors on the moving scan table can be finely adjusted within a I-JLm range with 

piezoelectric transducers (PZT's). 

Testing the surface figure of the mirrors is accomplished by observing the dark 

fringe on reflection from the aligned Fabry-Perot (Lindsey et al. 1981). A beam-

expanded laser, covering the full aperture of the mirrors, is aligned normal to one of the 

cavities. The cavity is then aligned to a transmission maximum and a beam splitter in 
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Figure 3-6. Sensitivity of tandem alignment. 

The transmission of the primary peak. (a) and the first order ghost peak (b) are plotted 
for perfect alignment as well as several misalignments of the cavity-2 spacing. The 
parameters used are those of the chosen design and the wavelength is 0.5 p.m. 
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front of the cavity directs the reflected beam to a screen. Regions on the screen which 

are slightly lighted. correspond to positions on one of the mirrors being out of flat 

relative to the other mirror. The surface figure of a mirror pair can be measured by 

translating the PZT supported mirror just enough to turn the lighted region dark. This 

o 
technique is extremely sensitive and makes £:! 5 A irregularities visible. The dominant 

distortion for both mirror pairs was seen to be roughly spherical with the outer annulus 

o 0 
of the aperture being about 20 A shifted from the center. A 50 A bump exists within a 

small region of the first cavity and was largely avoided when choosing the positions of 

the apertures in the three-pass configuration. The majority of the used area of the 

o 
cavity apertures is within 'A/500 (or lOA) of flat. 

The stability of the cavities is determined in the same manner that the surface 

figure is tested. Moving air between the mirrors. vibrations. and thermal drifts are the 

three basic destabilizing mechanisms which must be minimized. Unstable air between 

the mirrors varies the optical path length of the cavity with the effect becoming more 

significant for larger mirror separations. A black plexiglass box encloses the entire 

interferometer and largely damps the motion of air and also shields some of the stray 

light. For the experiments in this project. LI < 25 mm and no additional stabilization of 

the air was required. Thermal expansion of the components which support the mirrors 

is minimized by the use of low-expansion invar steel where possible. The scan period 

is typically one second. and the residual thermal drift is negligible on this time scale. 

By monitoring changes in the transmission profile from one scan to the next. we are able 

to actively compensate for thermal drift (this is discussed in a later section). Vibrations 

were the most serious obstacle encountered during the construction of the interferometer. 

Thorough damping of vibration frequencies below £:! 50 Hz. is provided by the 

combination of an air supported vibration isolation table (from Newport Research Corp.) 
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and a capacitive servo system (described in next section). Several mechanical resonances 

of the scan table occur at higher frequencies. By making the leaf-spring support of the 

table successively more rigid and more heavily preloaded, the vibration amplitude was 

brought down to an acceptable level. Using the surface figure test described above, the 

° maximum intensity fluctuations correspond to roughly lOA peak to peak mirror 

vibrations. The combination of these three destabilizing effects leads to ~ 10% variations 

in the transmission of the TFPI. Since the spectra measured with this system are 

typically several hour integrations, these variations are averaged and are perfectly 

acceptable. 

Equation 3-9 must be precisely maintained throughout the scanning range of the 

TFPI. The spacing of the second cavity (L,) is adjusted with a differential micrometer 

which translates the fixed mirror mount. Initial adjustment of 4 is done by measuring 

L1 and 4 with a traveling microscope and using equation 3-10 with <P = 21°. A more· 

accurate setting of 4 is then made by balancing the Stokes and anti-Stokes Brillouin 

ghost peaks for the longitudinal bulk modes in glass. This procedure reduces the 

maximum misalignment of 4 to ~ 5 p.m. The associated variation of transmission for a 

l-p.m scan amplitude ( ~ 4 orders) with L1 = 10 mm is calculated to be ~ 1.5%. 

Associated Optics 

Light is routed through each cavity three times using retroreflector prisms with a 

1.5-inch diameter. High quality antireflection coatings (R = 0.005) on the entrance face 

of each prism limits the transmission loss in passing through one such prism to ~ 2%. 

and the net loss due to the four prisms is minor. The edges of these "corner-cubes" are 

unchamfered, allowing a clean 12-mm diameter aperture. We obtained surface figures 

of only ~ Aj2 for these elements in order that the cavities formed between the separale 

passes would have very low finesse. So long as the light first entering one of the 
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cavities is aligned normal to the mirrors. the retroreflectors constrain the next two passes 

to be in adequate alignment. 

Asymmetric transmission profiles can result from the optic axes of the two 

cavities not being parallel. These axes are aligned by tilting a turning mirror mounted 

on the scan table. Proper alignment is achieved by adjusting the fringe pattern scattered 

from this mirror. The fringes are a consequence of the intermediate cavity formed 

between cavity-l and cavity-2. and are made visible when a collimated alignment beam 

passes through the TFPI. By tilting the mirror until :!! 2 fringes are observed 

(corresponding to a ~ 5 arc-second misalignment). the finesse of this cavity is made low 

thus avoiding associated variations in transmission. 

Two spatial filters plac.,d before and after the TFPI define the solid angle of 

light passing through the instrument. The diameter of the pinholes. located at the focus 

of each filter. determines the value of F p from equation 3-4. For an ideal system. two 

spatial filters would be redundant. However. anomalous asymmetric features in the light 

scattering spectra are observed when one of the pinholes is removed. This is probably 

associated with small angle scattering from defects or dust on the mirror surfaces. By 

using both spatial filters. these irregularities are corrected. The pinholes can easily be 

changed when modifying the cavity spacing. and they are typically selected such that F p 

:!! 200. The reflectivity finesse Fr is much less than this (even when accounting for the 

passage through six cavities) and the total finesse F is only slightly less than Fr. 

Rejection of the bright elastically-scattered light is accomplished to a large extent 

via the high contrast of the TFPI. However. some light scatters from the imperfect 

optical surfaces and effectively bypasses some of the cavities to arrive at the detector. 

Adequate shielding of this light is accomplished by placing a baffle between the cavities 

and placing many blackened apertures in the path of the light. The apertures within the 
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3-passed cavities were made by etching II-mm diameter holes in phosphor-bronze shim 

stock and three such masks are installed in each cavity. Including the aperture stops 

before and after the TFPI. there are a total of 22 anti-scatter apertures the light must 

pass through before being detected. 

The effective free spectral range of the TFPI is very narrow compared to the 

detector response. This leads to significant background noise from several sources of 

light outside of this spectral range. including discharge lines from the plasma tube. 

Raman scattering and fluorescence from the optics and sample. and ambient "room

light" . An Amici dispersing prism is used as a bandpass filter to suppress these 

background sources. Transmission losses for this element are negligible (~ 1%) when 

compared with diffraction gratings and interference filters. The prism is placed just 

ahead of the second spatial filter (refer to figure 3-4) and the pinhole passes light 

dispersed within a course spectral window. The width of this window is ~ 2.4 nm for 

the typical case of a 400-JLm diameter pinhole and a 390-mm focal length lens. 

In summary of this section. table 3-1 lists measured and calculated values of the 

most relevant properties of this instrument. 
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Table 3-1. Summary of tandem Fabry-Perot characteristics. 

The important specifications of the TFPI are listed. In some cases, idealized calculated 
values are included for comparison. The measurements were made using a laser 
wavelength of 514.5 nm. 

Property Measured Calculated 

Mirror pairs 

Reflectivity 0.915 -
Relative flatness 2.5 nm -
Clear aperture 50 mm -

Single cavity 

Finesse (reflective) - 35 
Finesse (total) 31 < 35 
Peak transmission 0.86 1.0 
Contrast 470 510 

6-Pass tandem 

Finesse (reflective) - 101 
Finesse (total) 78 < 101 
Peak transmission 0.35 1.0 
Contrast > 2 x 1010 < 1.6 X 1016 

Ghost peak transmission :!! 3 x 10-4 7.5 X 10-5 

Clear aperture 11 mm --

Cavity configuration 

Cavity-I spacing 0.1 - 100 mm -
Scan amplitude 0- 5 p.m -
Ratio of cavity spacings 0.93 -
Stability < 1.0 nm -
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Scan Electronics and Mirror Transducers 

Obtaining high resolution spectra depends on the scan table being translated in a 

well controlled manner. A piezoelectric transducer (pZn is used for this purpose. The 

PZT pushes against the center of the scan table (to minimize the applied torque) and 

flexes the supporting leaf springs. To prevent the table from vibrating significantly. 

very stiff springs were used (1.4 pounds per micron of translation) together with a large 

preload of 200 pounds. The PZT was ohtained from "Physik Instrumente" and has a 

I O-jlm extension range and a 250 pound maximum load. 

The length of the PZT is not linearly related to the applied voltage and a 

capacitive servo system is used to linearize the scan motion. Referring to figure 3-7. a 

capacitor is formed with one fixed steel plate and a matching plate on the scan table. 

The plates are adjusted to be parallel with a nominal separation of 20 jlm. Neglecting 

slight edge effects. the capacitance is inversely proportional to the extension of the PZT. 

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

reference capacitor. A "Princeton Applied Research" lock-in amplifier converts the 

signal from the bridge to a d.c. voltage which serves as the error signal for the servo 

loop. This output is amplified to drive the PZT. Scanning is performed by varying the 

amplitude of the the a.c. voltage across the variable capacitor. In addition to linearizing 

the scan motion. this servo loop also reduces the amplitude of vibrations for frequencies 

below ~ 50 Hz. The maximum frequency response is set to ~ 100 Hz to prevent 

oscillation of the scan table resonances. There is a position error proportional to velocity 

for this type of servo system. and for this reason. data is collected only while scanning 

in one direction. Roughly 10% of the scan period is spent waiting for the scan retrace. 

There is a residual ~ I % nonlinearity which is accurately described by a quadratic term 
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Figure 3-7. Schematic of capacitance servo system. 

The capacitance between a fixed metal plate and a matching plate on the scan table is 
used to monitor the table position. A servo loop drives the table to a selected position 
by actively controlling the drive voltage to the piezoelectric transducer (PZll. 
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.in the table motion over a 5-JLm scan amplitude. This systematic error is corrected 

when analyzing the spectra. 

59 

Fine adjustments of the mirror positions are made with six additional PZT's 

which support the mirrors on the scan table. These PZT's were obtained from 

"Burleigh" along with high voltage amplifier drivers. The voltages across these devices 

(0 to 500 volts) are adjusted manually during initial alignment and automatically while 

acquiring data. The automatic adjustments serve the separate functions of compensating 

for thermal drift and correcting for slight rotation of the scan table. This rotation 

results from imperfect mounting of the two pairs of parallel leaf springs which support 

the scan table. This rotation was measured to vary linearly with table translation at the 

rate of 5 x 10-3 arc-seconds per micron. The six PZT's supporting the mirrors are 

translated during the scan such that this rotation is accurately compensated. 

Laser and Detector 

Although some progress in the study of Brillouin scattering was made before the 

invention of the laser (reviewed by Rank 1971), the introduction of such a purely mono

chromatic and intense light source led to many new results. Even with such an ideal 

illuminating source. the signal intensity can remain quite low. Some features in the 

spectra measured for this study have peak intensities of E'!: I photon per second. A 

photomultiplier tube is the only type of detector capable of sensing such faint light. 

An argon ion laser is the light source used for the experiments in this project. 

Two such lasers with similar characteristics have been used at various stages. One is a 

"Spectra-Physics" model 165 and the other is a "Coherent Innova" model 90-4. Both 

lasers select a specific spectral line by adjusting the tilt of an intra-cavity dispersing 

prism. The wavelength chosen for our experiments is 514.5 nm since this is the most 

intense line available from an Argon ion laser. The frequency separation of the 
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longitudinal modes of the laser cavity is sufficient to broaden the narrow peaks observed 

by Brillouin scattering.. To prevent such broadening. an intra-cavity etalon is installed 

which allows lasing of only one longitudinal mode (when properly adjusted). The axis 

of the etaIon is slightly tipped to the laser axis. and all modes which do not match an 

etalon transmission peak have significant reflective loss from the cavity and are below 

the gain threshold for oscillation. The emission is frequency stabilized by placing the 

etalon in a regulated oven. When tuning the laser and etaIon. a confocal Fabry-Perot 

spectrum analyzer is used to monitor the intensity of the individual longitudinal modes. 

The plasma discharge current is regulated by the power supply to maintain a constant 

output intensity. The maximum intensity for single longitudinal mode operation at 

A = 514.5 nm is E!! 1.2 Watts for the "Coherent" laser. and about half as much for the 

"Spectra Physics" laser. 

The detector is an "ITT" model FWl30 photomultiplier tube (PMT) with an S-20 

photocathode which has a quantum efficiency of E!! 10% at A = 500 nm. This PMT is 

well suited for a low dark count rate since the photocathode diameter is only 2.5 mm 

and the thermionic emission from this surface is small. With the tube enclosed in a 

Peltier cooler. the temperature is held E!! 40° C below ambient. and the dark count rate is 

less than 0.5 sec-I. The gain of this lube is E!! 2 x 106• at the operating voltage of 

1.6 KY. allowing standard photon counting techniques. An "EGG" model 1120 discrim

inator/preamp is strapped to the detector housing. and an anode current rising above a 

noise threshold triggers the generation of a IO-ns ECL "photon" pulse. To help prevent 

exposure to bright light (which could damage the PMT). a solenoid driven shutter blocks 

the light path when not taking data. 

The light which scatters elastically is typically bright enough to saturate the PMT 

response as well as heat the photocathode and increase the dark current. These effects 
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are avoided by attenuating the incident laser beam with an "Intra Action" acousto-optic 

modulator (AOM) while scanning through the bright regions of the spectrum. A 

10 MHz driving voltage is used to generate a traveling acoustic wave in the glass AOM. 

By modulating the amplitude of the drive voltage. the first order diffraction efficiency 

for the AOM is variable between 0.1% and 91%. 

Data Acquisition and Computer Control -

The entire system described so far functions automatically for many hours at a 

time with active control by an "IBM-PC" microcomputer. The functions performed by 

the computer include recording the photon counts. scanning the TFPI. stabilizing the two 

cavities and displaying "real-time" spectra. This section shall briefly describe these 

aspects of the control program and the associated interface electronics. 

The period for each step of the scan is set by a programmable counter driven by 

a quartz-crystal oscillator. Typically. this period is I ms. and the full scan consists of 

1024 such steps. At the beginning of each step. the digital to analog converter which 

drives the capacitance servo is incremented. Also. the function of two other programm

able counters is switched. and one idly waits Lo be read by the computer while the other 

begins to count photon pulses. These functions are "hard-wired" to prevent noise from 

occurring due to variations in the step period. An interrupt pulse is also generated at 

the beginning of each step. and triggers the computer to add the photon counts to an 

accumulating spectrum in memory. This section of the program also manages the scan 

retrace. the attenuation of the laser with the AOM. and the derotation of the scan table 

as discussed earlier. 

Another essential task of the computer is the compensation of the two cavities for 

thermal drifts. An algorithm for this purpose was written based on existing stabilization 

methods (Sandercock 1970; Mclaren and Stegeman 1973; May et al. 1978). The bright 

-------------------------- --- --
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peak from the elastically scattered light is used to monitor changes in the cavity 

alignment. Drift of the average cavity separation is proportional to the shift of this peak 

from the center of the spectrum. Upon measuring this shift after each scan. the program 

calculates the correction voltage for the scan bias and stabilizes this parameter. The 

remaining five coordinates of the mirror positions affect the maximum transmission of 

the TFPI. The transmission is optimized by slightly modulating each of these five 

parameters successively. making adjustments based on the change in intensity of the 

center peak. This method keeps the six coordinates of the mirrors in alignment to 

o 
within 10 A. 

The remaining functions of the computer are associated with managing the data 

and providing information to the operator. Since some of the measurements in this 

project required integration periods of several days. it was important to see the spectrum 

while it accumulates. This is done by plotting the spectrum on the monitor screen after 

each scan. Many of the parameters affecting the instrument control can be monitored 

and modified by the operator. Included here is a remote switch box which is used to 

manually set the PZT voltages during alignment of the TFPI. Lastly. the computer can 

record results on floppy-disks for subsequent plotting and analysis. 
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Summary 

Currently. the only known instrument capable of performing the light scattering 

measurements which are the basis of this dissertation is a tandem Fabry-Perot interfer

ometer. There was no commercial supplier for such an instrument when this project 

was started. and the design and construction of a "tandem" was essential. This chapter 

has described in detail the important characteristics of this interferometer and all of the 

associated equipment. This entire system has been in operation for several thousand 

hours over the course of roughly one year. During this period. the only serious faults 

have been associated with the lasers. In the following chapters. examples of spectra 

obtained with this instrumentation are presented. 



CHAPTER 4 

METAL SUPER LA TIICE GROWTH AND CHARACfERIZA TION 

By alternately depositing thin films of two different metals in a well l:ontrolled 

manner, superlattices with a high degree of structural perfection can be produced (Falco 

1985). The coherence of the atomic planes from one layer to the next, which is the 

characteristic property of a superlattice, does not necessarily depend on lattice matching 

(or epitaxy) of the different layers (Schuller 1980), and a large class of material combina

tions exists. The samples studied in this dissertation were prepared by Wayne Bennett 

and John Makous using the facilities of Prof. Charles Falco. Two material combinations 

have been examined in detail. Morra was the first system studied, and was chosen 

because of the extensive characterization studies previously performed (Bennett 1985) and 

because the elastic properties for a combination of two bcc metals had not been 

previously studied. The second system was CujNb which was selected in order to 

extend the original work of Kueny et al. (1982), and to test the reproducibility of the 

anomalous softening of this material. 

The first sections of this chapter describe the sample preparation technique and 

the analytical methods used to determine the elemental content, crystal structure, 

thickness and density of the films. The final section discusses the calculation of the 

effective stiffness of single component and multilayer films based on the bulk elasticity 

of the individual metals and the structural properties of the films. 

64 
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Sputter Deposition System 

The samples used in this project are thin metal films grown by argon sputtering 

in a diffusion-pumped vacuum chamber. The apparatus used for this purpose is shown 

schematically in figure 4-1. Two separate d.c. triode sputtering guns can be operated 

simultaneously, and parameters affecting the sputter rate of each gun are actively 

stabilized. Included are a voltage controller with feedback derived from the sputter 

voltage and current, and a mass flow controller for the argon gas inlet. Substrates are 

mounted on a platform which can be rotated between the two nonoverlapping beams 

from the gUn targets. By using different target metals in the two guns, the film 

composition can be periodically modulated. 

Superlattices with long range order along the growth axis are deposited by 

combining the steady sputtering rate discussed above with precise control of the 

substrate position. The rotation rate of the substrate platform is programmable. thus 

allowing independent exposures to the separate beams. While passing through each of 

the beams the velocity is held constant to ± 0.05% so that the substrate deposition is 

uniform with respect to the rotation coordinate. Extensive tests have been done to 

determine the stability of this system (Bennett 1985). The results show that the 

deposition rate is constant to ± 0.3% during the growth of multilayer films, independent 

of the individual layer thickness. Once the sputter parameters are calibrated for a 

specific target, films can be made for several weeks with thickness uncertainties of 

2!: 1%. 

In addition to the uniform rate of growth demonstrated by this system. sputtering 

has several advantages over other deposition methods, e.g. evaporation. The sputtered 

material loses energy by collisions within the plasma and does not appreciably damage 
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Figure 4-1. Vacuum chamber for sputter deposition of metal superiattices. 
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the growing film. Also. sputtering does not produce large agglomerate particles from the 

target. and the resulting depositions are very homogeneous. 

Impurities and Elemental Composition 

The main factors which determine the purity of a sputtered metal film are the 

cleanliness of the substrate. the quality of the vacuum during deposition. the target 

purity. and the subsequent exposure of the film to air. For reasons discussed in chapter 

5. the substrates chosen for this work are fused silica and 90° single crystal sapphire. 

They were cleaned using a solution of "Liquinox" soap and thoroughly rinsed with 

doubly deionized water. Some samples were also deposited on carbon substrates which 

were factory packed in plastic bags and these were not cleaned. After the substrate is 

mounted. the vacuum chamber is pumped down for several hours unlil a base press lire 

of < 10-6 Torr is obtained. A residual gas analyzer consisting of a quadrupole mass 

spectrometer and CRT display. was used before and after sputtering to monitor the 

various components of the background vacuum. It could not be used while sputtering 

because the argon pressure of several milli-Torr has too short of a mean free path to 

allow scatter-free collection of the ionized residual gas. The purity of the metal targets 

was at least 99.99%. and a few minutes of sputtering before moving the substrate into 

the beam served to remove surface contaminants. The extent of the surface oxidation 

which occurs upon exposure of the sample to air is discussed later in this section. 

Rutherford backscattering spectroscopy (RBS) is a well-suited method for 

measuring the elemental content of the multilayer films and the depth profile of the 

separate components. Measurements using this technique and the associated analyses 

were generously performed by Prof. John Leavitt using the University of Arizona 6 MV 

van de Graaff accelerator. The accelerator produces a beam of ionized helium (4He+) 

with a narrow energy distribution (±l keY) which strikes the surface of the material to 
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be analyzed. 4He+ particles which are backscattered through 1700 are detected. energy 

resolved and recorded with a multi-channel analyzer. Prov:ded nuclear interactions are 

purely electrostatic (i.e. purely Rutherford), the energy loss of a backscattered 4He+ 

particle is determined by the mass of the scattering nucleus. the thickness and elemental 

content of any traversed material and the scattering angle. The energy lost by inelastic 

recoil becomes larger as the nuclear mass decreases, and by this means the elemental 

content of the scattering material can be determined. There is also a gradual loss of 

energy as the incident 4He+ ions go through more material. and this allows the elemental 

analysis to be depth resolved. 

The effects described above together with the Rutherford cross-section for 

common isotopes are well characterized and tabulated (Chu, Mayer and Nicolet 1978). 

An estimate of the areal atomic density for element-i (Nt)i within a thin film is given in 

the surface energy approximation (Chu et al. 1978) by 

(4-1) 

where Ai is the integrated peak count in the RBS spectrum. Q is the number of incident 

4He+ ions. n is the detection solid angle, and (Ji is the Rutherford cross-section for 

element-i. This estimate can then be improved by the mean energy approximation 

which accounts for the mean energy loss in crossing the film. 

o 
The RBS spectrum obtained from a 3060 A-thick Cu/Nb superlattice on sapphire 

using a 4.7 MeV beam is shown in figure 4-2a. The low energy scattering is primarily 

due to the sapphire substrate (AI 203)' The two broad peaks at higher energy are the 

resolved contributions from Cu and Nb. The depth resolution for this beam energy 

o 0 
(~ 200 A) is not sufficient to resolve the individual layers (A = 20 A for this sample). 

However. the level intensity within each of these peaks shows that the atomic fractions 
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of Nb and eu are nearly constant throughout the film. The areal atomic densities of eu 

and Nb determined from the analysis outlined above are 1.00 and 1.04 x 1018 atoms/cm2 

respectively. and the uncertainties are 4%. 

In order to estimate the impurities within the sputtered films. an RBS spectrum 

was obtained from a sample on a carbon substrate which was grown at the same time as 

the one described above. Because of the low mass of carbon. the substrate scattering 

from this sample occurs at a low enough energy to analyze the oxygen content of the 

film. Referring to figure 4-2b. oxygen is seen to be the principal impurity. There is 

also some carbon on the film surface which is probably from diffusion pump oil. The 

depth profile of the oxygen shows a concentration at the front and back surface of the 

film and a lower. constant level within the film. The thicknesses of these regions are 

o 
not resolved and must be < 200 A. Non-Rutherford processes increase the scattering 

cross section of oxygen by a factor of 4.5 for an incident 4He+ energy of 4.7 MeV 

(Leavitt et al. 1986). Accounting for this effect. the atomic fraction of oxygen in the 

film interior is 1.8 ± 0.5%. The trace features on the low energy side of the eu peak in 

figure 4-2a must be caused by other non-Rutherford interactions which occur in the 

sapphire substrate since there are no similar features from the film on the carbon 

substrate. 

Structure 

Structural characterization of the samples was accomplished using standard 

eu Ka: x-ray diffraction equipment. Referring to studies by Bennett (1985). some 

properties of Mo/Ta superlattices and single metal films of pure Mo and pure Ta 

prepared with the sputtering system described earlier are pertinent. Analysis of Mo 

x-ray Laue exposures shows that both molybdenum and tantalum grow with the (110) 

plane nearly parallel to the substrate surface. Wide-film Debye-Scherrer "Read" camera 



I 
I 
I 
! 

cj 
01 
ul 
Ni 

o 

ci 
oi 
UI 
:rl 
I" 

51 
1 

Carbon 
substrate 

Cu 

• 

Cu. Nb 

.1-Surface Carbon 

.' ... . 
~. 

..... 
:. 

Oxygen in film 

: .... Surface 
Oxygen 

., 
. .:, . 

A 

B 

70 

~ JOO 
! 
~ :!70 

r- 240 

~ 210 

:30 
i 

L 150 

120 

1 90 
I , 
_ ·50 

'-- JO 
• ~ .... • :: •. /~· : ... r'--!i" 

111;~~' _______________ .~~~~·-~--·-·~~~·~~r~ .. ~ .. ·~, .• --a~~~.~~¥~i~~·~·~~-A~·~~~~' __ _,------··T·~~~~:~·~._.~_ 0 
~ I! ! I i 

100 200 lOO ~OO 500 600 700 300 900 1000 

CHANNEL :IUMBER 

Energy It 

Figure 4-2. Rutherford backscattering from Cu/Nb superlattices. 

The separate constituents of a film and substrate are determined from the energy loss of 
backscattered 4He+. In (a). the film is a Cu/Nb superlattice with A = 2.0 nm and a total 
thickness of 0.306 /Lm deposited on sapphire (AI20 1). Using an identical film on a 
carbon substrate (b). the oxygen in the film can be measured (note that the vertical scale 
in (b) is increased a factor of 10). 
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photographs reveal that the films are polycrystalline with the crystallites oriented 

randomly and uniformly about the axis normal to the surface. The lateral coherence 

length was determined from the angular width of the diffracted x-rays and is typically a 

few hundred angstroms. Similar results have been reported for sputter deposited Cu/Nb 

superlattices (Kueny et al. 1982). The main difference here is that copper is an fcc 

metal and grows with the (Ill) plane parallel to the substrate. 

A scanning e-2e diffractometer was used to study the vertical structure of the 

metal films. Throughout the scan of this instrument. x-rays are detected only if the 

incident x-rays are Bragg diffracted with wavevector transfer perpendicular to· the 

sample surface (i.e. e = eincidelll = edi//racted where e is measured from the sample 

surface). Both the vertical lattice spacing of the crystallites and the superlattice bilayer 

wavelength A produce periodic variations in the x-ray reflectivity. A peak in a e-2e 

scan corresponds to an angle which satisfies a Bragg condition for one such periodicity, 

Diffraction scans have been obtained from single metal films of Mo. Ta. Cu. and Nil, 

For each sample. a single peak was observed within I % of the first order Bragg 

condition for the bulk interplanar spacing along the [110] direction ([III] direction in the 

case of copper). 

The diffraction is more complicated for superlattices because the bilayer 

modulation produces satellite peaks in the vicinity of the primary peaks for the separate 

components (Schuller 1980). The bilayer wavelength A is determined by the angular 

positions of two adjacent peaks. ei and ei+/. and the Bragg condition. giving 

h 
A = 2 (sinei+/ - sinei ) • 

(4-2) 

o 
where h is the wavelength of the eu Ka: x-rays (1.542 A), Figure 4-3 shows a set of 

e-2e scans for Cu/Nb samples with different values of A. The superlattice structure is 

----------------------------------------------
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o 
very slight for the sample with A. = 171 A and the two main peaks correspond to the 

(110) planes of niobium and the (Ill) planes of copper as indicated. The satellite peaks 

become more pronounced and wider separated for smaller A.. 

There is a A. dependent structural transition in Cu/Nb and Mo/Ni super lattices 

with small values of A. (Khan et al. 1983). For the Cu/Nb samples this transition occurs 

o 
for A. in the range of Il.l to 17.6 A. The principal diffraction peak observed for the 

o 
sample with A. = 17.6 A corresponds to the mean interplanar spacing of the copper and 

o 
niobium layers. This peak is much broader for the sample with A. = 11.1 A indicating a 

transition to a structure with much less vertical coherence. In contrast to the bcc-fcc 

superlattices mentioned above. it has been ,recently shown (Makous and Falco 1987) that 

o 
Morra samples (bcc-bcc) remain coherent for A. as small as 4.6 A. corresponding to a 

single monolayer of each metal. 

Thickness and Density 

The accuracy of the metal film elastic constants which are determined from 

velocity measurements is limited by uncertainties in the film thickness and density (see 

chapter 2). The parameters which determine the sputter rate for the different target 

materials were initially calibrated to a precision of 0.3% by Wayne Bennett and John 

Makous using an optical interferometer to measure the thickness of single metal test 
o 

coatings. For superlattice samples with A. in the range of E!! 20 to 100 A. the thickness 

can be determined directly from the number of bilayers deposited and the separation of 

the satellite peaks in 8-20 x-ray scans. These values are in agreement with the 

thicknesses calculated from the calibrated sputter deposition rates within a 4% 

uncertainty. Analysis using RBS measures the areal density of the various elements in a 

film and does not provide a direct measurement of thickness. However. such measure-

ments can be converted to thickness if the volume density is known. By assuming the 



densities of the metal films are equal to the bulk densities. the RBS-based thicknesses 

were within 4% of the direct thickness measurements. 
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The spatial variation of the sputtered beam flux causes a nonuniform deposition 

along the radial coordinate of the substrate platform. This is a well characterized effect 

(Bennett 1985) and was taken into account when determining the film thickness from the 

calibrated deposition parameters. Most of the films used in this project were grown at 

the center of the beams in a 12 mm square region and lateral thickness variations were 

negligible «I %). Some of the substrates were 50 mm x 25 mm fused silica slides which 

were placed to one side of the flux maximum. In these cases the thickness varies by 

e:: 3% per cm along the length of the slides. and the position at which measurements 

were made had to be taken into account. The surface Brillouin measurements typically 

probe a 20 /lm diameter region of a sample and are unaffected by this gradual thickness 

taper. 

Effective Elastic Stiffness 

The elasticity of a polycrystalline metal film can be predicted from the micros

tructure of the film together with the bulk properties of the corresponding single crystal. 

The extension to the case of a superlattice can then be made by appropriately weighting 

the elastic constants for each component of a multilayer film. This section separately 

considers these two analytical steps. The results rest on two basic assumptions. namely. 

that the elasticity of the individual crystallites is equal to that of a bulk single crystal. 

and that the acoustic wavelength is large compared to both A and the crystallite 

dimensions. The second assumption is well justified for the range of acoustic 

wavelengths studied in the light scattering experiments. 

There are several methods of calculating the effective elastic constants of a poly

crystalline material from the single crystal elasticity. The Voigt and Reuss elasticities 
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are respectively defined by averaging over the single crystal stiffness and compliance 

tensors using a specified orientational distribution of the crystallites (Musgrave 1970). 

The Voigt estimate provides an upper limit of the elastic stiffness coefficients and the 

Reuss estimate gives a lower limit. The cases analyzed here consist of cubic crystallites 

with either the (110) or the (Ill) planes parallel to the substrate. In both cases there is 

no preferred azimuthal orientation of the crystallites. This property ensures transverse 

isotropy. and the polycrystalline stiffness must therefore be hexagonal with the "c-axis" 

aligned with the surface normal (see chapter 2). Detailed derivations of these stiffness 

estimates are presented in the appendix. 

Consider now the effective elastic stiffness of a laminated medium. This 

problem has been solved for isotropic media with arbitrary acoustic wavelengths (Rytov 

1956). Recently. the analysis has been generalized to treat layers of orthorhombic 

symmetry (Grimsditch 1985). This latter treatment. unlike that of Rytov. relies on the 

acoustic wavelength being large compared to A (Kueny and Grimsditch 1982). Since this 

is not a serious limitation for the cases studied in this work. the results of Grimsditch 

are applicable. 

In Grimsditch's analysis (1985). the laminate (or superlattice) consists of 

alternating layers of material-I and material-2. The volume fraction of each material is 

Ii = Di(DI+D2tl where Di is the layer thickness of material-i ang A = D, + D2. The 

elastic stiffnesses are ci,jlr. for material-i where the z-axis is aligned with the stacking 

direction (note that the abbreviated Voigt notation is again being used). The tensor 

components of the effective stress and strain are T J and Sj respectively. The 

components of stress and strain within material-i are represented by Ti,j and Si.j' The 

central idea in calculating effective elastic constants for a superlattice is that the normal 

compressive stress is uniform. T3 = T ,,3 = T2,3 • while the transverse stress is a weighted 
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strain is a weighted mean and the transverse strains are uniform. The shear components 

of strain and stress (Le. S4' Ss. S6' T4• Ts and T6). have analogous conditions which must 

be satisfied. By applying Hook's law. Tj = Cjj Sj. the effective elastic stiffness of a 

superlattice can then be found. 

Grimsditch's results are slightly simplified when applied to media of hexagonal 

symmetry. Since the multilayer stacking does not cause transverse anisotropy. the 

effective elastic stiffness remains hexagonal. These stiffness components are given as 

follows: 

]

-1 
/2 

C2,33 

J
-1 

/2 
C2,44 

where 

/ICI,13 1(1 ) /2C2,13 1(1 ) a: = -- I}J - C1 13 + -- I}J - C2 13 
C1,33 ' C2,33 ' 

(4-3) 

The final problem in calculating upper and lower bounds for the polycrystalline 

superlattices is combining the two steps of this analysis. In general. the results depend 

on whether the superlattice average is performed before or after the integration over 

crystallite orientations. This question actually addresses the growth properties of the 
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film. For example. if the dimensions of the crystallites are large compared to the super

lattice modulation wavelength and material-l matches to the lattice of material-2 (Le. the 

materials grow epitaxially). then the superlattice average should be made first. In the 

particular case of Morra multilayers. the difference between the two approaches causes 

a shift in the effective elastic constants of < 0.5%. Therefore. this point is not critical. 

and the superlattice average is performed last since this is much simpler. 

The single crystal stiffness constants for Mo. Ta. Nb and eu are listed in table 

4-1. and the calculated stiffness elements of the various metallic films prepared for this 

project are listed in table 4-2. The calculated values are averages of the Voigt and 

Reuss estimates. and the uncertainties indicate the span between these two limits. 

Experiments in the following chapters compare these predictions with the measured 

stiffness of the single component films and the superlattices. 
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Table 4-1. Single crystal elastic constants of Mo. Ta. Nb and Cu. 

The bulk single crystal structure of these metals is cubic with Mo. Ta. and Nb being bce 
and Cu fcc. The density and the three independent elastic stiffness components are 
reported in the cited references based on measurements performed near 20° C. 

Stiffness (l01O N/m2) 

Metal (Ref.) Cll C12 C44 Density (Kg/m3
) 

Mo - bec (a) 46.37 15.78 10.92 10213 

Ta - bec (b) 25.99 15.43 8.23 ]662] 

Nb - bec (c) 24.6 ]3.4 2.87 8580 

Cu - fcc (d) 16.84 ]2.14 7.54 8930 

a. Dickinson and Armstrong ] % 7; Bolef and Klerk ] 962 
b. Featherston and Neighbors ] %3; Bolef ] 961; Soga ] %6 
c. Bolef 1961 
d. Overton and Gaffney 1955 
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Table 4-2. Calculated hexagonal elastic stiffness constants of sputtered films. 

The listed stiffnesses are averages of the Voigt and Reuss estimates. and the 
uncertainties of the least significant digit indicate the span between these estimates. The 
effective stiffness of the superlattices is a weighted average of the separate stiffnesses of 
the layers. The volume percentage of one of the superlattice components is listed and 
corresponds to the values measured in the actual samples. Densities are assumed to be 
equal to the bulk-based values. 

Stiffness (1010 N/m2) 

Material Cll C l2 C l3 C33 C44 Density (Kg/m3
) 

Pure metals 

Mo 42.3(2) 17.5(1) 18.0(1) 41.8(2) 12.9(2) 10213 

Ta 28.4(2) 14.4(1) 14.1(1) 28.8(2) 6.6(2) 16621 

Nb 21.9(2) 14.6(2) 14.8(1) 21.7(2) 4.0(2) 8580 

Cu 20.2(9) 10.6(5) 10.3(5) 20.5(9) 4.5(7) 8930 

Super lattices 

Cu/Nb (60% Cu) 20.7(7) 12.0(4) 12.1(3) 20.9(7) 4.3(5) 8790 

MolTa (50% Mo) 35.2(2) 15.9(1) 15.7(1) 34.1(2) 8.7(2) 13417 

MolTa (54% Mo) 35.8(2) 16.0(1) 15.8(1) 34.6(2) 8.9(2) 13161 



CHAPTER 5 

PRELIMINARY LIGHT seA TIERING MEASUREMENTS 

Ultimately. the intent of this study is to determine the elastic properties of the 

various metal superlattices which were prepared. and to interpret any results which 

depart from those predicted in chapter 4. However. such a departure could arise from 

any of the following three basic categories: (I) a neglected systematic error. (2) an invalid 

assumption within the acoustic theory from chapter 2. or lastly (3) a physical property of 

the superlattices which has not been properly taken into account. The various 

experiments presented in this chapter address categories (I) and (2). and do not lead to 

any new insights concerning the properties of metal superlattices. Instead. they substan

tiate the conclusions for the primary results presented in chapter 6. 

The first sections which follow discuss spectral features observed by Brillouin 

scattering from supported metal films. and the determination of the surface phase 

velocities of the acoustic modes which produce these features. The statistical and 

systematic errors encountered in this process are described. Basic tests of 

reproducibility. of the isotropic substrate approximation and of laser heating effects are 

also presented. Measurements from single component metal films. which are unaffected 

by any property specific to superlattices. are compared with the corresponding bulk

based predictions. The final section of this chapter is concerned with the assumption of 

homogeneity throughout the film. The analysis of the guided acoustic waves described 

in chapter 2 rests on this assumption. and it is important to justify this claim experimen

tally. 
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General Features of Ripple Scattering Spectra 

Although a variety of materials are examined in this project. the surface 

Brillouin spectra are found to have some basic properties which do not change from one 

sample to another. An e~ample of such a spectrum is shown in figure 5-la. IL is a 15 

o 
hour integration from the front surface of a 3 I lOA-thick Cu/Nb superlattice with a 

o 
44.5 A bilayer wavelength (1\) which was deposited on a sapphire substrate. The details 

of the scattering geometry used for this spectrum are given in figure 5-1 b. The incident 

light is P-polarized and the scattered light is not analyzed. The scan range is roughly 

2.5 free spectral ranges which is large enough to include the first order ghost peak·; near 

the upper and lower limits of the spectrum. Several weIl defined peaks are observed at 

frequencies shifted to either side of the bright elastically scattered light. Both the 

number and position of the shifted peaks depend on the scattering geometry and the 

sample properties. However. the peak with the smallest shift is always the most intense. 

and has a width comparable to the instrumental resolution. Also. the reflection 

symmetry of the amplitude and position of each Brillouin peak about the elastically 

scattered peak is common to all of the spectra. 

From the discussion in chapter 2. these peaks must correspond to the sagittal 

guided modes. SpecificaIly. the peak with the smallest frequency shift is due to the 

Rayleigh wave and the peaks with larger shifts arise from the Sezawa waves. The 

relative intensity of the peaks is also qualitatively consistent with the normal displace-

ment fields shown in figure 2-6. The Rayleigh wave has a maximum displacement at 

the surface while the Sezawa modes have a maximum amplitude somewhere within the 

film and produce a smaller surface ripple for a fixed thermal excitation energy. Love 

waves are not detected by scattering from the free metal surface since they produce no 

surface ripple and the elasto-optic scattering from the metal film is insignificant. 
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Figure 5-1. Surface Brillouin spectrum from Cu/Nb superlattice. 
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(0 ) 

(b) 

Typical surface spectrum from a 3110-tt thick Cu/Nb superlattice with A = 44.5 r'\ 
deposited on sapphire (a). The bright elastic scattering causes the central peak and the 
ghost peaks, and they are shown at reduced scale as indicated. The remaining peaks 
result from acoustic guided modes in the sample. The scattering geometry used to obtain 
this spectrum is shown in (b). 
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The narrow width of the Rayleigh wave and most of the Sezawa waves shows 

that the surface phonon lifetimes are much longer than their periods'. This is an 

indication of the surface roughness being much smaller than the acoustic wavelength 

(Maradudin and Mills 1976). Also. phonon ~cattering from grain boundaries must be a 

small effect (Vacher. Sussner and Schmidt 1980). thus suggesting that the crystallite size 

is small compared to an acoustic wavelength. This lends further support to the use of a 

mean polycrystalline stiffness as calculated in the appendix. 

Phase Velocity of Surface Acoustic Waves 

The phase velocity of each acoustic mode detected by Brillouin scattering is 

directly related to the frequency shift and the scattering geometry via equation 2-37. 

The effects which are of primary interest in chapter 6 depend on very accurate velocity 

measurements. and a careful analysis of the associated errors is essential. 

Measurement of Frequency Shift 

The frequency shift of each spectral feature is found by matching the instrumen

tal transfer function to the intensity measurements with a nonlinear least-squares fitting 

technique. Referring to equation 3-1. the transfer function for a Fabry Perot of high 

finesse is approximately a Lorentzian. Provided the natural broadening is small 

compared to the instrumental broadening. the appropriate transfer function for the 

Brillouin peaks is also a Lorentzian. Since the tandem Fabry Perot is effectively six in

terferometers in series. the single transfer function must be raised to the sixth power. In 

some of the spectra. Brillouin peaks are affected by a sloping background or by 

neighboring peaks and good fits are obtained only when simultaneously accounting for 

multiple peaks. The Brillouin peaks and the bright unshifted peak are generally well 

characterized by a function of the form 
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(5-1) 

where x is proportional to the mirror spacing. N is the number of peaks and the 3N+2 

values for ai are left as free parameters. The least squares fit is based on minimizing 

the quantity 

m 

X2 = L [Si - I(Xi)]2 • (5-2) 

i=n 

where xi is the position corresponding to channel-i. and Si is the sequence of intensity 

measurements. The selected fitting technique rapidly converges to a minimum value of 

X2 by linearizing the fitting function and iteratively applying a linear least squares fit 

(adapted from Bevington 1969. pg. 237). 

Referring again to figure 5-1. the first order ghost peaks closely resemble the 

calculated peaks from figure 3-6. A specialized transfer function must be used for 

these peaks since they do not arise from mutual alignment of the two cavities. 

Therefore. the substitute for equation 5-1 is the transfer function for two 3-passed 

cavities 

fIx) - [(a, + (a, - x)':!a, + (a, - X)"r (5-3) 

Since the mirror spacings must change by 'A/2 to shift from the central peak to the first 

ghost peak. these peaks serve the purpose of calibrating the scan increment per channel 

for each spectrum. The slight gain drifts of the scanning electronics are thus corrected 

to the accuracy of this fit. In addition to calibrating the frequency scale. the ghost peak 

locations. together with the position of the unshifted central peak. determine the small 
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quadratic term in the scan motion mentioned in chapter 3. This scan nonlinearity drifts 

slightly from one day to another. and a direct method of correction for individual. 

spectra is more appropriate than an independent calibration measurement. 

Comparisons of the intensity measurements from the spectrum plotted in figure 

5-1 with some of the fitting functions used .in analyzing this spectrum are shown in 

figure 5-2. Separate fits to the central peak. the upper ghost peak and a set of three 

adjacent Brillouin peaks all match the data quite closely. and are typical of the fits to 

most of the spectra measured in this project. The parameters of greatest importance are 

the peak locations since they are used to determine the frequency shifts. 

The frequency shift of a Brillouin peak is taken as the average of the associated 

Stokes and anti-Stokes shifts. The frequency shift of each of these peaks is simply 

vAxbJLi1 where v is the frequency of the light. Axb/ is the shift in mirror separation for 

cavity-l from the central peak to the Brillouin peak. and L1 is the mirror spacing of the 

first cavity. Therefore. the remaining significant error of the frequency shift comes 

from the cavity spacing uncertainty of ± 5 p.m. 

Measurement of Surface Wavenumber 

The expression for the surface phase velocity given by equation 2-37 depends on 

the frequency shift discussed above and the angles of incidence of the laser and the 

scattered light. However. these angles are not single values in a real measurement since 

they span some finite solid angle. The laser is focused to the sample surface with an 

//50 focal ratio which is a very narrow beam. The circular collection aperture for the 

scattered light is adjustable with the largest aperture being [/4. More scattered light can 

be collected with a larger aperture. but the Brillouin peaks become broader in the 

process. Also. the center of this broadened distribution does not correspond to the 

angular center of the aperture. This is a result of the nonlinear sinO terms in equation 
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Figure 5-2. Fit of instrumental transfer function to typical data. 

The peak positions in the spectrum shown in figure 5- I were determined by fitting the 
instrumental transmission function to the intensity measurements. Shown here are 
separate fits to (a) the central peak, (b) the upper ghost peak, and (c) the fourth, fifth 
and sixth upper Brillouin peaks. 
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2-37 and deviations of the scattered light away from the sagittal plane. Both of these 

effects skew the centroid of the scattered intensity distribution towards a smaller 

effective wavenumber. This systematic error is significant for large collection apertures 

or small angles of incidence. and even though this effect has been mentioned in the 

literature (Loudon and Sandercock 1980). it is not generally recognized. 

An effective surface wavenumber can be defined by applying conservation of 

transverse momentum and averaging Qp over the collection aperture. For a circular 

aperture of angular radius p. this mean is given by 

where k is the wavenumber of the light. OJ and Os are the angles of incidence of the 

incident and scattered light and ¢ is the azimuthal deviation of the scattered light from 

the sagittal plane. The integration limit on ¢ is obtained using the law of cosines for a 

spherical triangle 

-1 [cos p - cos Os cos OJ 
~ = cos .. 

sm Os sm ° (5-5) 

Although this integral can not be solved analytically. an expansion to second order in p 

for the case of backscattering with OJ = Os eventually leads to the result 

- _ . [- K [ 7 J] Q p - 2 k sm ° I 16 1 + 6 sin20 . (5-6) 

The analysis above gives a reasonable estimate of the correction to equation 2-3R 

for an extended aperture. However. this treatment does not account for the angular 

dependence of the scattering cross section. So. rather than correcting this systematic 

error. it is minimized by selecting a sufficiently small aperture for a given angle of 
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incidence. For the data collected in this project. the estimated wavenumber error due to 

this effect is less than 0.4%. The uncertainty in the angles of incidence for the beam 

centers of the incident and scattered light are each ± 0.50 and are the dominant source of 

error in the surface wavenumber. 

Initial Tests 

The interpretation of the data in chapter 6 depends in part on the relative 

uncertainty of the surface velocities as opposed to the absolute uncertainty. While 

obtaining spectra from a set of samples. the mirror spacings and the details of the 

scattering geometry can remain undisturbed. The relative differences between the 

spectra must then depend only on errors in the scattering intensity measurements and 

physical differences among the samples. This section first considers the statistical errors 

of the velocity measurements followed by systematic errors associated with the metal 

film samples. The density and thickness uncertainties of the metal films fall into this 

category. and have already been described in chapter 4. Faulty data could also arise 

from the temperature dependence of the elastic constants or the anisotropy of the 

sapphire substrates. and tests of these effects are required. 

Reproducibility 

With optimal conditions. the statistical error in the surface velocity could be 

determined by applying Poisson statistics to the scattering intensity measurements. A 

more realistic method of estimating this error is to simply check the reproducibility of 

the velocity measurement. Four spectra were obtained from a single sample for this 

o 0 
purpose. The sample is a 3600 A-thick Morra superlattice with A = 200 A deposited 

on fused silica. and the integration times are all roughly 10 hours. The scattering 

geometry was fixed such that Qp = 2.05 X 105 em-I. and the only adjustment made from 
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one spectrum to the next was a slight lateral shift of the sample so that a different spot 
.. -

on the surface would be probed. Therefore. these spectra simultaneously test errors due 

to the light scattering measurements and any non uniformities of the film. A Rayleigh 

wave and two Sezawa waves produced peaks in each spectrum. and the corresponding 

velocities are shown in table 5-1. Four measurements are insufficient to accurately 

determine a standard deviation. however. even a conservative estimate of the statistical 

error in the velocity of these modes would be less than 0.3%. 

Laser Heating 

The reflectivity of the metal films which are studied here is generally less than 

0.8. and the lost light is primarily absorbed to produce heat. The equilibrium 

temperature obtained by the film for a given incident laser power is determined largely 

by the thermal conductivity of the substrate. Power densities above some threshold will 

cause the metal film to melt. This problem is easily avoided since such damage to the 

film produces large distortions in the reflected laser beam. A less obvious problem 

could arise from the temperature coefficients of the elastic stiffnesses of the film. The 

incident laser power must be sufficiently low to make this effe.::t negligible. 

To test the effect of laser heating. a series of spectra were obtained from a single 

o 
sample for a range of incident light levels. The sample is a 3060 A-thick Cu/Nb super-

o 
lattice with A = 20.7 A which was deposited on a sapphire substrate. Table 5-2 

summarizes the results of these measurements for three of the guided acoustic waves 

which were detected using a constant surface wavenumber of Qp = 2.05 X 105 em-I. 

For incident powers in the range of 50 mW to 300 mW. the variations in the velocities 

are comparable to the statistical error. When the incident power was increased to 

400 mW. the film was damaged. 
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Table 5-1. Reproducibility of surface acoustic velocity measurements. 

The surface velocity of three guided acoustic waves in a single sample were repeatedly 
measured to test reproducibility. 

Surface Phase Velocity (m/s) 

Spectrum Rayleigh Sezawa-l Sezawa-2 

1 2290 2763 3584 

2 2296 2773 3589 

3 2288 2764 3584 

4 2295 2768 3579 

Percent 
Deviation 0.17 0.16 0.11 
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Table 5-2. Effect of laser heating on surface velocity. 

Measurements from a single sample were made for a range of incident intensities. No 
significant differences exist between the measurements listed below. The sample was 
damaged when the power was increased to 400 mW. 

Laser Surface Phase Velocity (m/s) 

Power (mW) Rayleigh Sezawa-I Sezawa-2 

50 1914 3000 3748 

200 1908 2982 3728 

300 1905 2987 3733 

Percent 
Deviation 0.24 0.31 0.27 
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In order to minimize the integration time required to obtain a spectrum. the 

laser· power is made as large as possible while avoiding any significant heating effect. 

Based on the results described above, the operating power is selected by first measuring 

the damage threshold power and then reducing the power by half. This power is found 

to depend on the film and substrate materials, and the angle of incidence of the laser. 

Generally, the damage threshold is roughly 400 mW for films deposited on sapphire. and 

only 80 m W for films on fused silica. 

Substrate Anisotropy 

Fused silica and sapphire are the two substrate materials used for the samples in 

this project. Fused silica is a well characterized isotropic material with elastic 

stiffnesses of Cll = 7.89 and C44 = 3.08 X 1010 N/m2, and a density of 2200 Kg/m3 (eRe 

Handbook 1985). In some respects. sapphire is a more attractive choice for a substrate 

material since it has a shear velocity nearly twice as large as that of fused silica. and 

more acoustic modes are b'llided by a supported film. Also. the higher thermal conduc

tivity of sapphire allows much more incident laser power, and a significantly shorter 

integration time is required to obtain a light scattering spectrum. However. sapphire has 

trigonal symmetry which would be very difficult to model in an acoustic theory. An 

alternate approach is to approximate the sapphire stiffness with isotropic parameters 

which could then be used with the analysis in chapter 2. The averages of the upper 

and lower extremes of the longitudinal and shear velocities for sapphire and the density 

of 3986 Kg/m3 (Tefft 1966; eRC Handbook 1985) lead to the isotropic stiffnesses or 

CIl = 49.7 and C44 = 19.0 X 1010 N/m2. Changing these values to either extreme results in 

shifting the calculated surface velocities of the Rayleigh wave and lowest five Sezawa 

waves for a molybdenum film with Q/' = 10 by less than 1%. 
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In order to use the data obtained from sapphire samples with confidence. the 

effect of anisotropy must be determined experimentally. Two basic tests were 

performed for this purpose. First. samples were simultaneously deposited on sapphire 

and fused silica. Comparing the measured elastic constants for these different samples 

serves as a check of the isotropic approximation. Results of this comparison are 

discussed in the following chapter. The other test is to measure the effect of rotating a 

sapphire sample about an axis normal to the surface. Table 5-3 shows the results of 

o 
such a series of measurements obtained from a 3500-A Morra superlattice with 

o 
A = 50 A and Qp = 1.98 X 105 cm-1• Variations of the four guided wave velocities are 

comparable to the statistical error. and the effect of substrate anisotropy is not 

significant. These results also serve as an independent confirmation of the transverse 

isotropy of the metal films as determined in chapter 4. 

Measurements from Single Component Films 

Before attempting to interpret the properties of superlattices. the properties of 

single layer films must be understood. The first step in testing the predicted elastic 

constants in chapter 4 is to compare the measured surface velocities for single metal 

samples with the calculated values. Using the theory in chapter 2 together with the 

expected film stiffness and density. the Rayleigh and Sezawa wave velocities are 

calculated for the value of the dispersion parameter Q/r used in the corresponding light 

scattering measurements. The comparison of the measured and calculated velocities for 

each single metal sample is summarized in table 5-4. The predicted velocities are 

generally within =: 10% of the 'measured values. For a specific sample. the calculated 

velocities are either all slower or all faster than the measured values with the metals 

split equally between these two categories. The absolute velm:ity uncertainty is roughly 

I % for these measurements and is much less than most of the discrepancies. 



Table 5-3. Effect of substrate anisotropy on surface velocity. 

The velocities of several surface waves on a single sample deposited on a saphire 
substrate were measured with different azimuthal orientations. 

Surface Phase Velocity (m/s) 

<P (deg.) Rayleigh Sezawa-l Sezawa-2 Sezawa-3 

0 2260 3101 3898 4500 

30 2267 3098 3897 4490 

60 2267 3099 3893 4483 

90 2263 3098 3887 4476 

Percent 
Deviation 0.15 0.05 0.13 0.23 
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Table 5-4. Measured and predicted velocities for single component films. 

Metal Phase Velocity (m/s) 
Thickness 
Substrate Mode Measured Predicted %Difference 

Molybdenum Rayleigh 3000 3258 -8.6 
OAIp.m 
Fused Silica Sezawa-l 3304 3501 -6.0 

Sezawa-2 3983 4153 -4.3 

Tantalum Rayleigh 1860 IR43 0.9 
0.19 p.m 
Fused Silica Sezawa-I 2984 2767 7.8 

Sezawa-2 3842 3630 5.8 

Niobium Rayleigh 2155 2005 7.5 
0.33 p.m 
Sapphire Sezawa-l 2796 2489 12 

Sezawa-2 3490 3070 13 

Sezawa-3 4062 3654 II 

Copper Rayleigh 2032 2139 -5.0 
0.35 P.ffi 
Sapphire Sezawa-l 2620 2743 -4.5 

Sezawa-2 3248 3401 -4.5 

Sezawa-3 3778 3956 -4.5 
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Several possible effects could be responsible for the differences between the 

measured and calculated velocities. An error in either the thickness or the density of 

the film leads to an error in the calculated velocity. Based on the £!: 4% uncertainty on IT 

discussed in chapter 4. the corresponding uncertainty in the calculated velocities is 

generally < 2% (dependent on the particular mode and the dispersion p~rameter). 

Similarly. the 4% uncertainty of density shifts the velocities by at most 2%. Neither of 

these uncertainties fully account for the observed departures. 

Imperfect adhesion of the film to the substrate would also change the guided 

wave velocities. especially for the Sezawa modes which are most affected by the film

substrate interface. Consider a poorly adhered film to consist of regions in intimate 

contact with the substrate mixed with regions where the film is effectively free standing. 

If the size of such regions is large compared to an acoustic wavelength (yet small 

compared to the 20 11m diameter sampling area). the velocities would be position 

dependent leading to a broadened Brillouin feature. For the typical case of a 

molybdenum film on fused silica with Q /1 '" 10. the velocity of the first Sezawa wave is 

calculated to decrease by £!: 5% when the substrate is removed. However. the velocities 

of the Rayleigh wave and second Sezawa wave are calculated to decrease by < 0.5% 

using the same procedure. Alternatively. if the regions of poor contact are small 

compared to an acoustic wavelength. the velocities would be determined by some 

effective substrate properties intermediate between the actual substrate and vacuum. In 

either case. the measured velocities would be consistently less than the predicted values. 

Therefore. it is not possible that this effect by itself could account for the measured 

differences. 

Several mechanisms could change the elastic stiffness of the metal crystallites 

from the values determined for the bulk form. Impurities which are incorporated into 
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the films during the sputter deposition would alter the electronic bonds which determine 

the elastic properties of the film. Also. the structure of the crystallites may not be well 

represented by the bulk structure. The lattice strain which results from contact with 

neighboring crystallites or the substrate have not been considered in calculating the 

effective elastic constants for the films. In the latter case of a substrate induced change 

in the film stiffness. the film would not be homogeneous as assumed in the treatment in 

chapter 2. Also. the effective stiffness would depend on the film thickness. Estimates 

of the magnitude of these effects are not straight forward so an empirical approach is 

taken. The effect of oxygen contamination is tested directly and discussed in the next 

chapter. The following section is directed at testing the homogeneity of the metal films 

and the uniformity of the elastic properties for different thicknesses. 

Rayleigh and Stoneley Waves in Mo Film on Fused Silica 

The case of molybdenum on fused silica is of special interest since a Stoneley 

wave is predicted to exist for a sufficiently large value of Q/I (see chapter 2). By 

separately studying the Rayleigh wave and the Stoneley wave for this material 

combination. the stiffnesses of the top and bottom of the molybdenum film are probed 

independently. A range of such samples with film thicknesses varying from 300 to 

o 
8000 A were prepared in order to study both the homogeneity of the metal film and the 

thickness dependence of the elastic stiffness. Measurements from one of these samples 

were discussed in the previous section where it was noted that the bulk-based elastic 

stiffness constants do not lead to the observed guided wave velocities. 

o 
. The surface Brillouin spectra measured from a 4000 and 8000-A film are still 

consistent with the predicted evolution of the first Sezawa wave into a Stoneley wave. 

o 
In figure 5-3. two spectra from the 4000-A film are plotted. One spectrum is measured 
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Figure 5-3. Spectra from front and back side of molybdenum film on fused silica. 

Brillouin spectra were obtained from a 4ooo-l molybdenum film on fused silica from 
both the front and back sides. The lower trace is the spectrum from the free surface of 
the film and the upper is from the supported surface. The most intense feature in the 
lower trace is due to the Rayleigh wave while the Stoneley wave is most intense in the 
upper trace. 



99 

from the front surface of the film with 0i ~ 59° and Os = 70°, and for this case the 

lowest order Sezawa wave is just detected in the wing of the relatively intense Rayleigh 

wave. The second spectrum is from the back side of the film with the identical 

scattering geometry. A linear polarizer is used in the scattered beam so that only P .. P 

scattering is detected and depolarized scattering from bulk shear waves in the substrate 

is eliminated. The sloping background in this spectrum is due to intense scattering from 

bulk longitudinal waves in the substrate (the peak is not within the plotted frequency 

range). The most intense feature in this spectrum is due to the first Sezawa wave and 

there is no sign of the Rayleigh wave. Accounting for the difference between a semi-

infinite metal and a thin film for the present case, this spectrum is in qualitative 

agreement with the Stoneley wave cross spectrum calculated by Albuquerque (1980). 

° Using the same scattering geometry for the 8000-A film. the first Sezawa wave (now 

evolved to essentially a Stoneley wave) was not detectable from the front surface though 

it was still the dominant feature from the back side. This constitutes the first reported 

observation of a Stoneley wave by Brillouin scattering. 

Surface velocities from each of the 6 molybdenum samples prepared have been 

measured (with several different scattering geometries in some cases). The results are 

plotted in figure 5-4 along with a set of dispersion curves. The elastic constants used in 

calculating these curves are modified from the bulk-based estimates with e33 = 38 and 

C44 = 10.6 X 1010 N/m2. These values were iteratively determined to fit the measured 

velocities (the procedure for doing this is described in detail in chapter 6). The dip in 

the Rayleigh wave velocity near Q/I" I is characteristic of very dense films with a 

shear velocity comparable to the substrate. For this region of the dispersion curve the 

acoustic displacement within the film is nearly constant, and thus the strain in the film 
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Surface acoustic velocities of samples spanning a range of thicknesses were measured with 
different scattering geometries. The solid curves are the calculated dispersion curves 
based on a set of stiffness constants for the film which are modified from the predicted 
values. 
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is minimal. The effect of the film is then a loading of the substrate Rayleigh wave 

much like slowing the vibration of a spring by adding weights to one end. 

The most important feature shown in figure 5-4 is the good agreement between 

the full set of measurements (including the Rayleigh and Stoneley waves) and the calcu

lations based on a single set of elastic constants for a molybdenum film. Even though 

the stiffnesses used in the calculation are not those originally predicted. this result is 

convincing evidence that the molybdenum films are homogeneous and that the elastic 

constants do not depend significantly on the film thickness. It must be recognized. 

however. that these measurements could result from inhomogeneities being "masked" by 

a thickn~ dependent stiffness. Consider for example a film which is stiffer near the 

substrate than at the free surface. The dispersion of the guided acoustic waves for such 

an inhomogeneity would not be specified by Q/I alone. Thus. changing to a thicker 

film (with relatively more soft material) is not equivalent to changing the surface 

wavenumber to a matching value of Qph. The dispersion observed from a set of 

samples with different thicknesses and using different scattering geometries would 

therefore result in a separate set of non-overlapping dispersion curves for each sample -

quite different from the data of figure 5-4. However. the thinner films could be 

uniformly softer than the thicker films so that the separate dispersion curves are roughly 

aligned. The low probability of this circumstance is the reason for favoring the inter

pretation that the stiffness of the molybdenum films is nearly homogeneous and 

independent of thickness. 
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Summary 

The experiments and analyses presented in this chapter serve in part as the 

foundation for the following chapter. It was shown that the surface phase velocity of 

guided acoustic waves can be measured with a relative uncertainty of < 0.5% using 

Brillouin scattering. Also. any effects due to laser heating. substrate anisotropy or 

departure from transverse isotropy within the film do not significantly influence the 

velocity measurements. The guided wave velocities for the single component films were 

measured using Brillouin scattering and calculated using the formalism from chapter 2 

together with the predicted bulk-based elastic constants from chapter 4. The resulting 

discrepancies between the two sets of velocities are attributed to the crystallites of the 

film having a different stiffness than for the corresponding bulk single-crystal. Finally. 

experiments performed on a set of molybdenum films deposited on fused silica and 

spanning a wide range of thicknesses strongly suggest that the stiffness of a sputtered 

metal film is homogeneous and independent of thickness. 



CHAPTER 6 

ELASTIC PROPERTIFS OF METAL SUPERLA TTICFS 

Measurements of the bilayer wavelength (A) dependence on the stiffness of metal 

superlattices are the focus of this chapter. Both MolTa and Cu/Nb superlattices have 
o 

separately been grown and studied with A in the range of roughly 10 to 300 A. This 

o 
range includes the region near A = 20 A where the previously reported stiffness 

softenings were observed in Cu/Nb (Kueny et al. 1982), Mo/Ni (Khan et al. 1983) and 

Ni/V (Danner et al. 1986). These other measurements studied only the variations in the 

Rayleigh wave velocity and could say little about the individual stiffness components. 

The recent study of the elastic constants of Fe/Pd superlattices (Baumgart et al. 1986) 

uses an approach similar to that used here. However, the present work is unique in 

determining the elastic constants of metal superlattices over the full range of A which is 

of current interest in this field. 

The method used to fit the elastic constants of the superlattice samples to the 

velocity measurements is the first topic of this chapter. It is demonstrated that a single 

surface-Brillouin spectrum can accurately determine the stiffness of a sample. Included 

here is a comparison of the calculated ripple scattering spectrum with a measured 

surface-Brillouin spectrum. Results from this analysis are then presented for each of the 

systems studied. In the case of Cu/Nb, Love waves were detected in addition to the 

sagittal waves. This is the first report of Love waves being observed by Brillouin 

scattering. The remaining sections consider several possible explanations of the A 

dependence of the stiffness. It is first shown that contamination does not cause a 

significant A dependent stiffness. Evidence is then presented which strongly suggests 
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that structural differences between the components of a superlattice·and the variations of 

stiffness. strain and structural coherence are all related. 

Determination of Elastic Constants 

The velocities of guided acoustic waves in supported films depends on the 

stiffness and density of the film. and other parameters which are not intrinsic to the film 

material. These include the properties of the substrate. the thickness of the film and the 

geometry used in the light scattering measurement. To facilitate the interpretation of the 

results. the velocity measurements are analyzed to eliminate these other factors. in order 

to obtain the elastic stiffness constants of the film. Based on the tests presented in the 

previous chapter. the film is modeled as a homogeneous hexagonal material. 

o 
A surface Brillouin spectrum obtained from a 4480-A thick Morra sample on 

o 
sapphire with A = 160 A is shown in figure 6-1. The basic features observed in this 

figure are typical of the spectra obtained from most of the samples. Upon substituting 

o 
this sample with one of similar total film-thickness but with A = 27 A. the velocity of 

the Rayleigh wave (V Ra)l) decreases by only 2%. Therefore. a very accurate determina

tion of the elastic stiffness constants is required in order to be sensitive to the small 

velocity variations observed. 

Fitting Technique 

The nonlinear least squares fitting program used tu fit the spectral lines (see 

chapter 5) was modified so that the elastic constants could be determined from the 

velocity measurements. The initial parameters used in calculating the guided wave 

velocities are the bulk-based estimates of the film stiffness and density. the substrate 

properties. the film thickness and the surface wavenumber. In the course of the least 
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IJ 
Brillouin spectrum obtained from Morra superlattice with A = 160 A. 

o 
This film is 4480 A thick supported by a sapphire substrate. and supports at least 12 
sagittal guided modes for a surface wavenumber of 2.19 x 105 em-I. The unshifted 
peak is shown at much reduced scale to indicate the instrumental resolution. 
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squares fit to N measured velocities Vexp,i' some selected set of these parameters are 

varied to minimize the quantity 

N 

X2 = L Ii (Vexp,i - V ca1c)2 • 
i="1 

(6-1 ) 

where Vca1c,i is the calculated Rayleigh or Sezawa wave velocity. and the weighting 

terms Ii are the measured intensities of the peaks. Clearly. the larger the number of 

free parameters. the larger the uncertainty of the fit to each of these parameters. 

The;oefore. the parameters which are determined independent of the light scattering 

measurements are fixed and only the elastic stiffness constants of the film are left to 

vary. The sagittal guided waves in a hexagonal film do not depend on CI2 thus leaving 

ClIt C13• C33 and C44 to be determined by this process. 

In principle. a single spectrum from one of the samples grown on sapphire has a 

sufficient number of modes to determine these four elastic constants. However. the 

dependencies of Cu. CI3 and C33 on the mode velocities are found to be nearly inseparable 

and thus a fit to the measured velocities is very sensitive to small errors. When all four 

elastic constants are free parameters. variations as large as E!! 15% are found among the 

fits to ClIt e l3 and C33 for different spectra from one sample. By fixing ell and el3 to 

their respective averages over the separate data sets and then allowing only e33 and C44 to 

freely vary during the least squares fitting. variations in C33 were much reduced. The 

decision to free C33 is based on an observed A dependent strain normal to the film 

surface which is discussed in a later section of this chapter. It must therefore be 

recognized that small variations observed in C33 may actually be caused by variations in 

Cu or C13 • The stiffnesses obtained from such a fit to the spectrum shown in fib'1Jre 6-1 

were used to generate the set of dispersion curves shown in figure 6-2. The departure 

of the measured velocities from those calculated by the fit are less than 0.5%. In 
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Measured and calculated dispersion curves of sagittal acoustic modes. 

Experimental velocities were determined at five different scattering angles for the sample 
used in figure 6-1. The solid curves are the best fit to the data obtained at Q/I = 9.83 
(squares). For velocities greater than the substrate shear velocity, the guided waves 
become leaky and couple to the bulk substrate waves. This fit is seen to accurately 
account for the experimental dispersion. 
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addition to plotting the data used in making this fit. surface velocities obtained at four 

smaller Qp values using the same sample are also plotted. It is apparent that the 

observed dispersion is in good agreement with that predicted by the acoustic theory for 

a hexagonal film. The slight anisotropy of the film was verified by fitting the data to 

an isotropic model. These fits had V Ray £!! I % faster and Sezawa velocities (V Sez) e:: 2% 

slower than the measured velocities. The quality of the fit in figure 6-2 is representa

tive of the entire set of spectra for both the Morra and Cu/Nb superlattices. 

Ripple Scattering Cross Section 

Ripple scattering is found to accurately account for the relative intensities of the 

peaks in the measured surface spectra. A general treatment of the Brillouin scattering 

cross-section for thin supported films (Bortolani et al. 19R3) is the basis of a computer 

model which has been provided by Prof. Fabrizzio Nizzoli. While the program can 

account for ripple and elasto-optic scattering processes. including only the ripple term 

from the free surface of the film leads to very good agreement with the measured 

spectra. The elastic constants obtained from the fit used to generate figure 6-2 together 

with the remaining fixed parameters were used as input to this program. Instrumental 

broadening is included by convolving the localized modes (originally Dirac 0 functions) 

with a Gaussian distribution of matching width. The absolute cross section has not been 

measured. so the intensity scale of the calculated spectrum is adjusted such that the 

Rayleigh wave intensity is equal to the observed value. The comparison of this 

calculation with the data is shown in figure 6-3. The calculated spectrum does not 

show a peak corresponding to the weak observed peak at 5.6 Km/s even though the 

simpler acoustic dispersion calculation does predict a mode at this velocity (refer to 

figure 6-2). This discrepancy is probably a result of numerical imprecision near the 

-----------------------------------
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Comparison of the light-scattering data as shown in figure 6-1 with the calculated 
intensity based on the elastic constants obtained from least squares fitting the velocities 
of the surface waves. The theoretical results have been vertically offset to prevent the 
curves from overlapping. 
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longitudinal cut-off velocity of the film. In all other respects. the agreement with the 

measured spectrum is excellent. 

Using the light scattering program described above. the relative intensities of the 

spectral components are found to be quite insensitive to the stiffness constants of the 

film. For this reason. only the positions of the Brillouin peaks are used in determining 

the elastic constants and no attempt is made to use the calculated ripple-scattering cross 

section in the fitting process. 

Bilayer Wavelength Dependence of Elastic Constants 

Brillouin spectra have been obtained from both Morra and Cu/Nb samples 

covering a wide range of A. Significant variations in V Ray and V Sez.i were observed in 

both cases. To test the isotropic approximation for the sapphire substrates. some of the 

measurements used samples deposited on amorphous (isotropic) fused silica. Since there 

are fewer guided modes in these samples than in the films grown on sapphire. determi

nation of the elastic constants is not as reliable. However. by fixing the values of ell 

and Cl3 as described above. no significant differences in the fits to C33 and C44 for 

samples on the different substrates were found. Most of the scattering measurements 

were sensitive to the sagittal guided waves only. However. a separate set of measure

ments succeeded in detecting Love waves in order to study C12. The most significant 

feature of the data presented here is the A dependence of the superlattice stiffness which 

is not predicted by the bulk-based analysis in chapter 4. 
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Sagittal Guided Waves in Morra Superlattices 

o 
One set of Morra samples was prepared with A in the range of 8 to 200 A and 

with 50% Mo by volume. A second set of samples was prepared :!: 6 months after the 

first set with a similar range of A but with 54% Mo. In hoth sets the total film 

thickness is from 0.3 to 0.4 p.m. Results of fitting elastic constants to the ripple 

scattering measurements from both sets of samples are plotted in figure 6-4. The error 

bars account for relative uncertainties attributed to measurements of film thickness and 

velocities. As seen in figure 6-2. V Ray is quite insensitive to film thickness as long as 

the angles of incidence and scattering are large. A small uncertainty of I % can be 

assigned to C44 since it is primarily determined by V Ray' The larger uncertainty of 4% 

for C33 is caused by an increased dependence on the Sezawa waves. which are very 

sensitive to film thickness. The error bars do not account for the:!: 4% uncertainty in 

the film density. which has been assigned the bulk value in this analysis. If this value 

is changed. nearly proportional changes must be made to all the elastic constants found 

from the fits. Additional errors in the absolute values of both C3• and C44 arising from 

uncertainties in the scattering geometry could be as large as 2%. 

The A dependence of the stiffness of the different Morra samples is found to be 

quite small. The observed variation of C44 versus A is an :!: 8% softening centered at 

o 
A = 35 A. With one exception (Baumgart et at. 1986). this is a much smaller stiffness 

variation than in all previous studies of metal superlattices (Kueny et al. 1982; Khan 

et.al. 1983; Danner et at. 1986). The value of A at the minimum of C44 is similar to 

these other investigations. Variations of C33 are comparable to the experimental 

uncertainty. and an upper limit for any significant A dependence of C33 is therefore 
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Figure 6-4. Bilayer wavelength dependence of C33 and C44 for Moffa samples. 

Elastic constants determined by fitting the measured phase velocities of Moffa samples 
with different values of A to an acoustic model. Samples with 50% Mo are shown as 
crosses and 54% Mo as dots. 
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Sagittal Guided Waves in Cu/Nb Superlattices 

Kueny et at. (1982) reported a large A dependent variation of V Ray for Cu/Nb 

superlattices. The motivation for studying this system further is to test the reproducibil-

ity of these previous results on new samples prepared under much more controlled 

deposition conditions and to accurately determine the A dependence of the individual 

o 
elastic constants. A set of samples was made with A varying from 8 to 320 A and with 

the film thickness in the range of 0.3 to 0.35 p.m. Again assuming the constituents have 

their bulk density, the samples have 60% Cu by volume. Figure 6-5 shows the results 

of analyzing the measurements of V Ray and V Sez,i from each of the samples. The uncer

tainties for C33 and C44 are equivalent to those determined for Morra. 

o 
Both V Ray and C44 show a pronounced minimum centered at A = 38 A. The 

original measurements from Cu/Nb superlattices (Kueny et at. 1982) are in qualitative 

agreement with these resUlts, except that in the previous work V Ray continued to 

o 
decrease for A down to E!! 22 A before stiffening again for smaller values of A. The 

20 ± 4% decrease in V Ray seen previously is to be compared with a 13 ± 2% decrease in 

the present measurements. One possible cause of this slight discrepancy is a difference 

in some deposition parameter (for example substrate temperature, argon pressure or 

deposition rate) which could affect the A dependence of the transition from a coherent to 

incoherent superlattice. The association of this transition with the hardening of C44 is 

discussed later in this chapter. The other candidate calise for the difference in the two 

sets of velocity measurements is the difference in the alomic fraction of the two metals. 

For the measurements of Kueny et at., the Nb and Cu layers were of equal thickness. 

whereas in the present case, the two metals have equal atomic fractions, thus weighting 

the volume fraction towards copper with 60%. The slight evidence (one sample) 

o 
previously reported for a second dip at A = IO A is not suggested by our data. 

------------------------------------------------------
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Love Waves in. Cu/Nb Super]attices 

A]though C12 does not affect the velocity of the sagitta] guided waves. it does 

enter into the dispersion relations for the purely transverse Love waves. Love waves 

are difficult to detect under conditions of thermal equilibrium because of the absence of 

any surface ripple (to first order in the acoustic displacement field). It has already been 

shown that the elasto-optic scattering from metal superlattice films is minor compared to 

the ripple scattering. Attempts to observe Love waves by collecting depolarized 

scattered light from the free surface of metal films have failed for this reason. The 

measurements presented in this section demonstrate for the first time that Love waves 

can be detected by Brillouin scattering. Elasto-optic scattering from the evanescent dis-

placement field in the transparent substrate serves as the dominant coupling of light to 

the Love waves in the metal films. This is in contrast to a theoretical study of Brillouin 

scattering by Love waves (Albuquerque. Loudon. Tilley (980) which assumes the elasto-

optic scattering takes place in the film. 

o 
Two spectra from the substrate side of a 3180-A thick Cu/Nb superlattice with 

o 
A = 9] A are plotted in figure 6-6. Both were obtained using the same indicated 

scattering geometry and with the incident light P-polarized. The difference between the 

two measurements results from the scattered light being analyzed separately for P and S 

polarizations. The P -+ P case is sensitive to the ripple of the substrate-film interface. 

and the sagittal guided waves produce peaks in the corresponding spectrum. The 

Rayleigh wave is barely detected here since it decays evanescently from the free film 

surface. The ripple-effect can only produce polarized scattering. and the P -+ S 

spectrum should not be sensitive to the sagittal b'tlided waves. The peaks which are 

observed result from depolarized scattering from shear strains in the sapphire substrate. 

Depolarized scattering is most intense for I ei-O s I = 900 (Stegeman 1969). and this explains 
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Figure 6-6. Love waves in Cu/Nb superlattice. 

o 
Using the scattering geometry shown in the inset. a Cu/Nb sample with t\. = 91 A and 
total thickness of 0.318 p.m deposited on sapphire was examined from the substrate side. 
The two traces show separately the polarized and depolarized scattering. Love waves 
are detected in the depolarized spectrum. 
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the departure from a backscattering geometry indicated in figure 6-6. Bulk propagating 

shear waves cause the broad ghost peak atE!: 40Hz. The two narrow peaks are not 

aligned with any of the peaks in the P -+ P spectrum and are identified as Love waves 

guided by the Cu/Nb film. 

A further check that Love waves are the cause of the depolarized peaks is 

accomplished by repeating the measurement with different Qp values. These results are 

plotted along with the calculated dispersion curves for the Love waves in figure 6-7. 

The calculation uses the bulk-based value of C12 = 12.0 X 1010 N/m2 and the values 

Cll = 21. 7 and C44 = 3.37x 1010 N/m2 determined from the fit to the sagittal waves for 

this sample. The measured velocities are all within 5% of the calculated velocities over 

the sampled range of Q/I. This is not a significant discrepancy because the small signal 

level for the Love wave peaks increases the uncertainty of the frequency shift. 

The lowest order Love mode (Ll) was not detected in any of the spectra. The 

broad ghost peak from substrate shear waves seen in figure 6-6 obscures the predicted 

position for this mode. This ghost peak is shifted to a different position for the other 

two spectra. but still. LI is not detected. This is attributed to the decay length of the 

evanescent substrate field increasing as the surface velocity approaches the substrate 

shear velocity (Farnell and Adler 1972). This accounts for the the scattering from L3 

being more intense than from L2. and the evanescent field for LI is simply too short to 

produce measurable scattering. 

A limited number of spectra from Love waves were collected because of the 

extremely small scattering cross-section. For example. the spectrum shown in figure 6-6 

took == 40 hours to acquire with 800 mW incident on the sample. and yet there are only 

E!: 50 photon counts above the dark-current background in the Love wave peaks. Due to 
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Measurements of Love wave velocities using three different surface wavenumbers for the 
sample from figure 6-6 are plotted with calculated dispersion curves. 
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this small signal level and the small sensitivity of the Love wave velocity to C12' a fit to 

CI2 has a large associated uncertainty. 

A basic test of the bilayer dependence of CI2 in Cu/Nb superlattices has been 

carried out. 
o 

Love waves were measured in a second sample with A = 44 A. This 

sample was selected because it has a bilayer wavelength near the minimum value of C44 

and any changes in CI2 would probably be correlated with changes in C44• Using fixed 

values of Cll and C44 determined from fits to the sagittal waves for these two samples. 

o 0 
the best fit to Cl2 is 13 X 1010 N/m2 for A = 91 A and 15 x 1010 N/m2 for A = 44 A. 

The uncertainty of both of these values is estimated to be ± 3 x 1010 N/m2. Thus. this 

measured:'!! 20% increase of CI2 is comparable to the noise level. and no significant A 

dependence on CI2 is detected for this pair of Cu/Nb samples. 

Measured Properties Compared with Bulk-Based Predictions 

An absolute comparison of the measured and predicted stiffnesses is addressed 

here. The elastic constants which give the best fit to the data are compared with the 

calculated values in table 6-1 for a representative sample from each set. In all cases C44 

shows the largest departure from the predicted values. In the previous chapter it was 

shown that single component metal films also have significant departures from the bulk-

based elastic properties. These differences are probably caused by strain along the 

crystallite boundaries as opposed to an effect specific to superlattices. For this reason. 

an interpretation of the superlattice stiffness measurements should concentrate on the 

relative A dependence as opposed to the absolute stiffness. 
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Table 6-1. Comparison of measured and predicted elastic constants. 

The stiffnesses which provide the best fit to data from representative Morra and Cu/Nb 
samples are compared with the bulk-based estimates from chapter 4. The uncertainties 
indicate the span between the Voigt and Reuss estimates. Love waves were measured 
only for Cu/Nb and the measurements from Morra did not depend on C 12• 

Stiffness (l010 N/m2) 

Film material Cll C l2 C l3 C33 C44 

Morra 

50% Mo 0 
A = 171 A 

Bulk 35.2(2) 15.9(1) 15.7(1) 34.1(2) 8.7(2) 

Fit 37.2 - 14.9 34.0 8.15 

Morra 

54% Mo 0 Bulk 35.8(2) 16.0(1) 15.8(1) 34.6(2) 8.9(2) 
A = 160 A 

Fit 37.8 - 15.0 33.2 7.86 

Cu/Nb 

60% Cu 0 Bulk 20.7(7) 12.0(4) 12.1(3) 20.9(7) 4.3(5) 
A = 91 A 

Fit 21.7 13 12.8 22.0 3.37 
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Effects of Film Contamination 

During the sputter deposition process. the exposure of a superlattice sample to 

trace impurities is dependent on the bilayer wavelength A. Smaller values of A require 

the substrate to be passed from one sputtering gun to the other more often. and thus 

more time is available for any background contaminants to stick to the growing film and 

modify the material properties. The observed A dependence of the stiffness constants 

could result from an effect like this as opposed to a fundamental property of metal 

superlattices. 

o 
To test this possibility. two Cu/Nb samples with A = 20 A were exposed to 

different background pressures during deposition. The higher pressure was == 5 x 10-5 

Torr (before starting the argon flow). and is more than an order of magnitude larger 

than the low pressure which is typically used. In other respects the samples are roughly 

equivalent. A sample on a carbon substrate was prepared simultaneously during both 

depositions so that oxygen. the most significant contaminant. could be measured using 

Rutherford Backscattering (RBS). The results of the RBS analysis and the measurements 

of the elastic constants are given in table 6-2 for each sample. Oxygen contamination in 

the film is seen to correlate with an increase in the stiffness with a factor of 5 increase 

in oxygen corresponding to an 8.8% increase in V Ray' This effect is not consistent with 

the mechanism proposed above. to explain the observed softening as A decreases. Also. 

the level of oxygen contamination produced in this test is certainly greater than the 

amount occurring in the samples which were made with background pressures == 10-6 

Torr for all values of A. The conclusion from this test is that the observed A 

dependence of stiffness is not significantly related to impurities. 
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Table 6-2. Effect of oxygen contamination on Rayleigh wave velocity. 

o 
Two Cu/Nb samples with A ... 20 A were prepared with different background pressures 
in the deposition chamber. The atomic fractions of copper. niobium and oxygen were 
determined using RBS for these separate films. Also. the Rayleigh velocity was 
measured for each sample using identical surface wavenumbers. Oxygen contamination 
causes the Rayleigh wave velocity to increase. 

Chamber At. % --
Press. (Torr) Cu Nb 0 V Ray (m/s) 

4 x 10-7 60.1 ± 1.1 38.0 ± 0.7 1.8 ± 0.5 1956 

5 x 10-5 55.0 ± 0.7 35.7 ± 0.4 9.2 ± 0.8 2129 

% Difference -8.5 -6.1 400 8.8 
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Interpretation of Bilayer Wavelength Dependent Stiffness 

This section suggests a mechanism to explain the observed A dependent stiffness 

of the metal superlattices studied both here and in previous experiments performed by 

other people. Differences in the lattice spacing or crystal structure of the superlattice 

constituents may be responsible for an observed A dependent strain which is closely 

correlated with the softening of Cw It is also suggested that the increase of C44 observed 

for Cu/Nb samples which occurs for the smaller values of A is caused by the strain 

being relieved by the concurrent transition from a coherent to an incoherent structure. 

A simple test of this effect is to measure the change in stiffness after inducing interdif-

fusion of the metal layers. Preliminary results from Cu/Nb samples indicate that 

annealing leads to both a structural change and an increase in the stiffness in agreement 

with the prediction. There is no evidence for a loss of coherence in the Moffa samples 

which were studied. even for single layer thicknesses as thin as one atomic monolayer 

(Makous and Falco 1987). Therefore. the mechanism proposed above would fail to 

o 
explain the slight hardening of C44 for Morra which occurs for A < 25 A (see figure 

6-4). 

Interfacial Strain 

Khan et ai. (1983) first suggested that an observed A dependent strain normal to 

the substrate plane is linked with changes in V RaJ' for Mo/Ni superlatlices. This strain 

variation was determined by analyzing 9-29 x-ray diffraction scans from a set of 

samples. The 9-29 diffraction for a superlattice generally has a peak at the Bragg angle 

corresponding to the mean interatomic spacing d along the substrate normal. As A 

decreases in Mo/Ni samples. a reduction in stiffness of :!! 45% was reported to be 

concurrent with a 2.0% increase in the average lattice spacing d normal to the layers. 

-----------------------.---
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The strain and stiffness of Morra superlattices also appear to be coupled. A 

study of variations in d has been carried out by Bennett. Leavitt and Falco (1987) for the 

Morra system. They have modeled the A dependence of d by a uniform strain localized 

o 
to a ± 5 A region centered at each interface between the metal layers. Figure 6-8 shows 

the good agreement of this analysis with the measured 0.83% decrease in d as A varies 

o 
from 100 to 20 A. One finds qualitative agreement in comparing the A dependence of 

strain and stiffness for the Morra and Mo/Ni systems. The varblions of the stiffness 

and d are both smaller in the case of Morra thus giving further support for the 

association of these two separate properties. 

A mismatch of either the lattice spacing or the crystal structure are probable 

causes of interfacial strain in a superlattice. The ratio R of the in-plane atomic densities 

for the two metals appears to be linked with the sensitivity of C44 with respect to A. 

From the bulk lattice constants for Morra. R :II 1.11 for the (110) planes. This is much 

closer to unity than for either Mo/Ni where R .. 1.31 or Cu/Nb where R = 1.37 (this 

uses the (Ill) plane for Ni and Cu). Also. the stiffness variations determined from the 

Morra measurements are only:!! 8% compared with the larger changes of == 45% for 

Mo/Ni and :!! 26% for Cu/Nb in the present study (:!! 35% from the results of Kueny et 

al. 1982). Another property of Morra is the common crystal structure (bcc-bce) which 

distinguishes it from the other systems studied by Brillouin scattering which are all bec-

fcc. For Fe/Pd. anothp.r bec-fcc system. the lattice mismatch at the interface is more 

like that of Morra with R = 0.89. and no significant A dependence on V Ray was found 

(Baumgart et al. 1986). This suggests that the crystal symmetry of the separate 

components is not as important as the lattice mismatch in determining the interfacial 

strain. 
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Figure 6-8. Bilayer dependence of d for MofTa superlattices. 

Using x-ray diffraction. the peak which corresponds to the mean interplanar separation 
along the direction normal to the substrate was found to be A dependent for MalTa 
samples. The solid line is based on a model of interfacial strain. (from Bennett. Leavitt 
and Falco 1987). 
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A simple model of a A dependent stiffness due to a strain localized to the layer 

interfaces was proposed by Khan et ai. (1983). At each interface in a superlattice a 

layer of thickness Do12. which is not dependent on A. is assumed to have a stiffness 

different from either of the constituents. Extending the analysis of the effective super-

lattice stiffness C44 in equation 4-3 from a 2 to a 3 layer system leads to 

(6-2) 

where Dl and D2 are the thicknesses of the metal layers which are unaffected by 

interfacial strain and ci.44 is the stiffness of layer-i. This model constrains Dl and D2 so 

that A = Do+D1+D2• and for values of A < Do the stiffness is taken to be a the constant 

strained value Co 44' For the MO/Ni system. this type of analysis can produce the . 
observed decrease in V Ray as A decreases (Khan et ai. 1983). Similarly. by setting 

o 
Do ~ 10 A and CO•44 to a value less than the effective stiffness from equation 4-3. the 

measured softenings of C44 for Morra and Cu/Nb can be qualitatively matched. 

However. this model is far from complete since it fails to account for the hardening 

which occurs for smaller values of A. 

Structural Coherence and Interfacial Diffusion 

The increase of C44 found with the Cu/Nb samples for small values of A may be 

linked with a concurrent loss of superlattice coherence. This transition is observed 

using x-ray diffraction as discussed in chapter 4 and occurs within the range of 

o 
A = 15 ± 3 A. Referring back to figure 6-5. this transition point is comparable to the 

value of A at which C44 increases on the low-A side of the dip. A similar association of 

an increase in V Ray and the loss of structural coherence for small A is reported for 

Mo/Ni superlattices (Khan et ai. 1983). The interfacial strain discussed above may be 
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relieved by the transition to an incoherent structure thus allowing the stiffness to 

increase to the unstrained value. 

Consider now the effect of interdiffusion of the two metals of a superlattice. 

Elemental mixing at the interfacial regions may simulate the phase of an incoherent 

superlattice. Assuming this to be the case, a test for a coherence dependent stiffness can 

be performed without changing A. This can be done in principle by inducing interdif-

fusion in one sample and measuring the change in stiffness. 

A preliminary experiment along these lines has been carried out using Cu/Nb 

samples. Following the procedure of Berry and Pritchet (1975), a vacuum oven was 

used to increase the rate of interdiffusion. The oven temperature was stabilized at 

388°C and four samples were simultaneously heated for 90 minutes. One sample was on 

o 
a carbon substrate with A ... 20 A. It had previously been analyzed using Rutherford 

backscattering (RBS) to find the level of oxygen contamination. The other three samples 

° were on fused silica substrates with A = 11. 1. 30 and 91 A thus spanning the dip in C44' 

o 
Figure 6-9 shows the e-2e x-ray scans obtained from the sample with A = 30 A before 

and after annealing. The relative decrease of the central peak intensity compared to the 

satellite peaks is interpretted as a reduction of the chemical modulation (Henein and 

Hilliard 1983). This is a necessary consequence of interdiffusion between the metal 

layers. 

Unfortunately, this experiment is complicated by a slight oxidation of the films 

during the course of the heat treatment. The sample on the carbon substrate was 

reanalyzed using RBS and the atomic fraction of oxygen in the film found to have 

increased from 1.7 ± 0.4% to 8.4 ± 0.4 % with the distribution roughly uniform within 

the film. This contamination is attributed to the relatively large pressure of ~ 2 x 10-5 

Torr in the vacuum oven. As discussed earlier, oxygen causes the stiffness to increase. 
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Figure 6-9. Comparison of 0-20 x-ray scans before and after annealing. 

A Cu/Nb sample with A = 30 tt was heated in a vacuum oven in an attempt to induce 
interdiffusion in the region of the layer interfaces. These x-ray scans were obtained 
from this sample before and after heating and the changes in the peak heights are 
attributed to diffusion. 
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and this could mask any effects caused by interdiffusion. However. it is reasonable to 

assume that the samples were equally hardened by oxygen contamination since they 

were all annealed at the same time. Table 6-3 compares measurements of V Ray from the 

samples on fused silica before and after the heat treatment. A E!! 5% increase in V Ray 

for each of the samples is attributed to the oxygen contamination. The sample with 

o 
A = 30 A shows a larger increase (E!! 9%) of V Ray' It must be emphasized that the results 

of the interdiffusion experiment described above are preliminary. Ideally. this 

experiment should be repeated using an ultrahigh vacuum oven to avoid any significant 

oxidation during the annealling. 

These results are in qualitative agreement with the suggested c.ause of the A 

o 
dependent stiffness for Cu/Nb superlattices. For A = 91 A. the stiffness is only slightly 

reduced from the value for larger A. and the effect of interfacial strain must be minor. 

Relieving this strain should not cause a large increase in stiffness. The sample with 

o 
A = 11.1 A is not a coherent structure. and diffusion would probably cause only minor 

changes in the strain and stiffness. Interdiffusion is expected to have the largest effect 

o 
for the sample with A = 30 A where the strain is most significant. 
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Table 6-3. Comparison of Rayleigh wave velocities before and after annealing 

Three Cu/Nb samples which span the A dependent dip in C44 were simultaneously 
heated in a vacuum oven for 1.5 hr. at 3880 C. The Rayleigh wave velocity of each 
sample was measured before and after this annealing using identical surface 
wavenumbers. 

Rayleigh phase velocity (m/s) 

0 
A (A) Before anneal After anneal % Difference 

II 1956 2063 5.5 

30 1780 1937 8.8 

91 1935 2058 6.4 



CHAPTER 7 

CONCLUSIONS AND CLOSING REMARKS 

The original objective of this dissertation was to extend the previous experimen

tal studies of the elastic properties of metal superlattices. This general goal has been 

approached via two separate avenues. One course involved refinements in the experi

mental techniques. both in the sample preparation and the inelastic light-scattering meas

urements. and the othel· course involved adding a significantly different superlattice 

material to those examined previously in the field. In addition to satisfying the basic 

objective. the experiments demonstrated for the first time that Love waves and Stoneley 

waves can be effectively probed using Brillouin scattering. 

Morra was selected as the metal combination to initially study because it is a 

well-characterized system (Bennett 1985) and is also distinct from the previous metal 

superlattices studied due to the matching crystal structure of the metal constituents (bcc

bcc). Accurate measurements of the phase velocities of many distinct localized modes 

(Rayleigh and Sezawa) in Moffa superlattices have been made. and close agreement with 

the calculated dispersion of these acoustic modes was found by treating the film as a 

homogeneous hexagonal solid. The bulk-based estimates of the stiffnesses ClI' C 13• C33 and 

C44 all depart significantly from the values which best fit the data. A ripple-scattering 

theory for the relative cross section was found to match the Brillouin surface spectra 

quite precisely. Upvn varying A.. the magnitude of variations in the elastic constants C3:! 

and C44 was found to be less than any other metal-metal superlattice yet studied by 

Brillouin scattering. Two possible causes for this relative uniformity are that the two 

metals have the same structure (Le.. bec-bee) and the lattice constants are closely 
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matched. A slight softening of C44 occurs in the same range of A where the average 

lattice spacing increases. No significant variation in Cll> C13• or C33 was detected. 

The small stiffness variation found for the Morra samples raised the question of 

whether or not previously observed stiffness anomalies in other metal superlaltices are 

an intrinsic property or an artifact of less' refined growth processes. A similar set of 

Brillouin scattering spectra were obtained using CujNb superlattices. the same material 

studied previously by Kueny et al. (1982). Measurements of the A dependence of the C44 

elastic constant have confirmed the trends observed by Kueny et ql. with only minor 

differences in detail. Additionally. a small (12%) monotonic decrease in C33 was found 
o 

with A < 30 A. Further experiments have shown that the softening of C44 is unrelated lo 

the presence of oxygen. the principal impurity. 

Depolarized light scattering from transverse Love waves guided by the Cu/Nb 

samples allowed an estimation of the elastic constant Cl2 which does not affect the olher 

types of guided waves which are polarized parallel to the sagital plane. The signal level 

was limited by the scattering interaction occurring only within the evanescent acouslic 

field in the sapphire substrate. These weak signals combined with the uncertainty of CII 

and C44 from the ripple scattering experiments yield a :!! 20% relalive uncertainty of CI2 

using this technique. Therefore. significant advances are needed to obtain the much 

smaller relative uncertainty of:!! I % which was obtained for C44' 

During the course of this project it was realized that an interface of fused silica 

and molybdenum should satisfy the conditions for a Stoneley wave. Upon preparing a 

set of molybdenum films deposited on fused silica. Brillouin scattering served to simul-

taneously detect the Rayleigh. Stoneley and two Sezawa modes. These results confirmed 

the existence of the interface Stoneley wave. and are consistent with a fit to a hexagonal 

stiffness tensor which does not vary with film thickness. This in turn provided strong 
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evidence that the molybdenum films are homogeneous and that the elastic constants do 

not depend sigilificantly on film thickness. 

There are many possible directions for further experiments which could add 

directly to the work presented in this dissertation. The most important experiment that 

comes to mind is to study a metal superlattice with an fcc-fcc crystal structure. e.g. 

Cu/Ni or Cu/Ag. Brillouin scattering has not yet been applied to such materials. and it 

would be of great interest to reproduce the stiffness hardenings which were measured 

by Hilliard and his coworkers using a bulge-tester. Another area which has been left as 

a preliminary result in the present work involves the stiffness variations caused by in

terdiffusion of a metal superlattice. To avoid oxidation during the annealing process. an 

ultra-high vacuum system is probably required. 

The above discussion serves as a summary of the most essential conclusions of 

the present work. Hopefully. it has become clear to the reader that many questions 

remain unanswered. particularly in explaining the mechanism of the A dependence of 

metal superlattice stiffness. The correlations between interfacial strain. lattice matching. 

and stiffness softening pointed out in chapter 6 are certainly of interest. Trends such as 

these could be valuable to theoretical advances using molecular-dynamical techniques. 

This subject is mentioned since there exists some encouraging analytical agreement 

(based on empirical Morse pair potentials) with experimental results of A dependent 

stiffness (Schuller and Rahman 1983; Sasajima et at. 1986). The true test of such a 

theory would be a successful prediction of the A dependent stiffness of a metal superlat

tice given only the individual elemental interaction potentials. 



APPENDIX 

STIFFNESS OF POL YCRYST ALLINE SOLID FILMS 

This section provides a detailed description of the procedure used to estimate the 

elastic constants of an aggregate film given the bulk single crystal elastic constants and 

the orientational distribution of the constituent crystallites. The results of this section 

rest on the assumptions that the elasticity of the individual crystallites is equal to that of 

a bulk single crystal and that the acoustic wavelength is large compared to the crystallite 

dimensions. Specifically. cubic materials are considered for the cases of the (110) and 

the (Ill) plane parallel to the film surface with no preferred azimuthal orientation. 

The fourth rank elastic stiffness tensor for each crystallite must be transformed 

to a common cartesian reference frame with the x3-axis chosen normal to the film 

surface. A tensor rotation transformation can be denoted by 

(A-I) 

where the subscripts specify the axes Xl' x2 and X 3• and the direction cosines of the 

rotation are aJ1./). Taking advantage of the abbreviated notation introduced in chapter 2. 

the elements of the stiffness tensor can be fully represented by :l, more manageable 

symmetric 6 x 6-matrix C. Transforming C to a new reference frame is accomplished 

using 
~ 

C· = M . C . M • (A-2) 

where the elements mij of the Bond matrix M (Auld 1973a) are related to the direction 

cosines aij of the transformation by 
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(A-3) 

with the indices in alj understood to be cyclic in modulo-3. The elastic compliance 

matrix S is defined as the in~erse of the elastic stiffness matrix. Rotational transforma

tions of S are slightly modified from equation A-2 

S' - N . S . N . 

(A-4) 

By considering the strain field in a polycrystalline solid to be continuous across 

the crystallite boundaries. the effective elastic stiffness of the material becomes the Voigt 

average. Cv . This is defined as the mean of the crystallite stiffness weighted by the 

orientational distribution function (Musgrave 1970). Alternatively. if the stress field is 

assumed continuous. a distinct Reuss average elastic compliance SR' which is also an 

average over the orientational distribution. represents the effective polycrystalline 

compliance. In general. CR ... (SRt l < Cv and CR is a lower bound for the stiffness 

constants of an arbitrary aggregate while Cv corresponds to an upper bound (Hill 1957). 

In the special case of an isotropic orientational distribution. a variational approach to this 

problem leads to a considerably narrower range of average stiffness values than 

provided by the Voigt and Reuss limits (Hashin and Shtrikrnan 1 %2). 

As discussed in chapter 4. the sputtered films used in this project consist of 

oriented crystallites with a specific crystal plane lying nearly parallel to the film plane 

and the azimuthal orientation of the crystallites is random. Since variational 
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calculations of the mean elastic stiffness for aggregates of this type of distribution are 

not available. we represent the mean stiffness values of the films by 

(A-5) 

For a uniform distribution over the azimuthal coordinate ¢. the Voigt average 

stiffness is given by 

I J 21T IV IV 

Cv = 21T 0 MIP . (Mo . C . Mo) . MIP d¢ , (A-6) 

where Mo transforms the single crystal elastic stiffness C to a frame with the x3-axis 

normal to the plane of growth and MIP further rotates the tensor elements ahout this 

x3-axis by the angle ¢. 

The materials used in this work are all cubic in bulk form and grow with either 

the (llO) or (Ill) planes parallel to the substrate. In these cases. equation A-6 can be 

evaluated analytically. An algebraic computer language "Mumath" was helpful in 

evaluating the many trigonometric integrals required for these calculations. 

A general consequence of averaging over ¢ as in equation A-6, is transverse 

isotropy. This is a sufficient condition to require the polycrystalline elastic constants to 

be of hexagonal form (though there need not be microscopic hexagonal structure). The 

nonzero elastic stiffness constants for hexagonal symmetry are c 11' c 12' C /3' c33' c+I and 

c66 with the single constraint being c66 = (c II - C 12)/2. 

For the case of the growth plane being (110). Mo is. derived using the standard 

Euler angles (Goldstein 1950). with ¢ = o. e = 7T/4 and t/J = O. The results of equation 

A-6 are then 

-------------------------------------------- ---
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CVll CVI2 CVI] 

cVI2 cVIl CVI] 0 

Cv = cVI] CVI] tV]] 

CV44 

0 CV.J4 

cV66 
(A-7~ 

where each cVij is dependent on the cubic single crystal elastic constants according to 

cVIl == 
9 16 cll + 

7 16 c]2 + 
7 
8 C44 

cV]2 ... 
3 16 cll + 

13 16 c]2 -
3 
8 C44 

I 3 1 
cVI] == '4 cll + '4 cI2 - '2 c-I-I 

I 1 
cV]] == '2 cll + '2 c]2 + c44 

cV44 = 
I 1 1 (A-X) '4 cll - '4 c]2 + '2 c44 . 

Repeating this calculation for growLh in the (Ill) plane is accomplished by seLLing 

¢ = o. e = tan-1.j2 and 1/1 = 1(/4. and leads to the analogous expressions 

cVll = 
7 12 cll + 

5 5 12 c12 + {; c44 

cVI2 = 
7 

36 cll + 
29 
36 c/2 -

7 
18 c44 

2 7 
cVI3 = '9 cll + '9 cI2 -

4 
'9 c-I-I 

5 4 8 
cV]] = '9 cll + '9 cI2 + '9 c.J4 

2 2 5 (A-9) cV44 = '9 cll - '9 cI2 + '9 c4-J, . 

The Reuss average of the compliance over orientations is obtained by changing 

equation A-6 to 
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(A-IO) 

Now applying this equation to the case of growth in the (110) plane gives 

9 
sRJI = 16 s" + 

7 16 s12 + 
7 

32 s44 

3 13 3 
sRI2 = 16 s" + 16 s12 - 32 s44 

I 3 I 
sRI3 = 4 s" + 4 S12 - '8 S44 

1 I 1 
SR33 = 2 s" + 2 S12 + 4 S44 

sR44 = Sll - S12 + I 2 S.J4 • (A-II) 

The corresponding set of relations in the case of growth in the (III) plane are 

sRll == 
7 IT sll + 

5 12 s12 + 
5 

24 s.J4 

sRI2 = 7 
36 s" + 

29 
36 s12 -

7 
72 s44 

2 7 I 
sRI3 = '9 s" + 9 s/2 - '9 s44 

5 4 2 
sR33 == '9 s" + '9 sI2 + '9 s4-J 

8 8 5 (A-12) sR4-J = '9 sll - '9 sI2 + '9 s-I-I • 

The matrix inversions relating the compliance and stiffness matrices can he 

expressed quite simply for the symmetries being considered (Auld 1973a. pg. 364). For 

the cubic matrix C. inversion leads to the following assignments for the elements of S 
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(A-13) 

The elements of CR are related to those of SR' in the case of hexagonal symmetry. by 

where 

(A-14) 

Equations A-13 and A-14 can now be combined with A-II or A-12 to calculate the 

elements of CR in terms of cll' cJ2 and c.j4. As expected. the inequality CRij < eVij was 

satisfied for all cases studied. 
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