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CHAPTER I 

INTRODUCTION 

For more than twenty years ultrasonics has been used extensively 

as a sensitive method of investigating many of the dynamical proper

ties of solids in the bulk state. More notable have been its contri

butions to investigations of first the lattice dynamics of solids and 

secondly the transport properties of solids with particular emphasis 

being placed on the normal and superconducting states. 

With the relatively recent development of high efficiency devic

es for generating surface acoustic waves (SAW's), a new sensitive ul

trasonic method has been made available for the basic researcher to in

vestigate the dynamical properties of the surfaces of bulk solids. 

Since the major development and utilization of SAW's has been by the 

advanced technology industries their utilization in unclassified ba

sic research has been almost non-existent. 

When developing the theories for the solid state it was found 

quite convenient to neglect the contributions of surface atoms to the 

overall properties of the solids. This method of considering only the 

interior atoms, each existing under the same symmetrical electrical 

potential, has been commonly referred to as either the periodic or 

cyclic boundary condition. In recent years a limited number of the

orists have begun to investigate the properties associated with the 

surface atoms of bulk materials. Lack of experimental studies of the 

dynamic properties associated with surfaces has stymied progress in 



this area. 

Low energy electron diffraction studies along with electron mi

croscopy have been used quite extensively to investigate the static 

properties of the surfaces of solids. 

It is the purpose of this research to investigate the feasibility 

of utilizing surface acoustic waves to study one aspect of the dyna

mical properties of the surface atoms of solids, namely the attenua

tion of ultrasonic surface waves on a single crystal zinc sample in 

the normal and superconducting states. This attenuation was measured 

as a function of absolute temperature below 1 K and frequency around 

10 MHz, and the resulting data were analyzed to determine the BCS su

perconducting energy gaps and the frequency dependence of the total 

electronic attenuation. Three independent crystallographic directions 

were chosen for this investigation (<0001> or c-axis, <1010>, and 

<1120>). They were chosen to be mutually orthogonal so that surface 

wave propagation in any one direction might allow two unique polari

zations, thus yielding six possible orientations for the study. 

A He^ refrigerator-cryostat system provided the necessary low 

temperatures for this investigation. The surface waves were gener

ated and detected on either commercial surface acoustic wave (SAW) YZ 

lithium niobate (LiNb03), ST-X quartz, or XY quartz single crystal 

substrates. Appropriate metallic gratings, operated in the alternate-

phase array mode on the SAW substrates, generated and detected the 

waves. One aspect of this investigation was the development of a pro

cedure to fabricate these interdigital transducer devices. The ultra-



sonic attenuation was recorded by continuous ultrasonic attenuation 

measuring equipment. 

This investigation has explored the phenomena of superconductivity 

on and near the surface of bulk anisotropic zinc using surface waves. 

Examining the effect of the surface of zinc on the energy gaps and 

electronic attenuation, the results are compared with other results 

from previous longitudinal and transverse ultrasonic attenuation stu

dies in bulk zinc and from a recent study of ultrasonic surface wave 

attenuation in polycrystalline thin films of zinc. 

This chapter will present a historical discussion of superconduc

tivity, the BCS theory, and a defining discussion of ultrasonic sur

face waves. Furthermore, the application of these topics to this in

vestigation of zinc will be explored. 

I.l Superconductivity 

The phenomena of superconductivity was reported by H. Kamerlingh 

Onnes^ in 1913. He observed that the electrical resistance of mercury, 

lead, and tin sharply decreased to essentially zero at definite cryo

genic temperatures which were characteristic of each element. This 

temperature came to be called the critical or transition temperature 

(T ). Recognizing that the samples had passed into a new state below 

T , Onnes named this state the "superconductive state," It is now 

called the superconducting state as opposed to the normal state which 

occurs for all temperatures above T^. He later discovered that 

the superconducting state can be destroyed by an electrical current 

density which exceeds a certain value, called the critical current 



density (J^,), or by the application of a magnetic field which exceeds 

a certain value, called the critical magnetic field (H^), Both the 

critical current density and the critical magnetic field are charac

teristic of the superconducting material. In addition, they are both 

functions of temperature below T , that is, they increase in approxi-

mately a parabolic fashion with decreasing temperature. They reach 

maximum limiting values of ^^Q and H^Q at absolute zero. Another fea

ture of the above described Type-I superconductivity is the possible 

existence of an intermediate state. This state can occur for certain 

superconductor geometries and is characterized by the penetration of 

a magnetic field at some field value less than H^. In this state 

the volume of the superconductor divides into discrete macroscopic re

gions (lamina or domains) of alternately normal and superconducting 

state material. The volume of the superconducting regions decreases 

to zero as the magnetic field is increased to Ĥ . where the entire vo

lume of the material is in the normal state. 

Type-II superconductors, which are usually alloys, are character

ized by the existence of a mixed state above some lower critical mag

netic field Hĵ i and below some much higher upper critical magnetic field 

H^2' Unlike the intermediate state of Type-I superconductors, the 

mixed state does not depend on the geometry and consists of a micro

scopically ordered array (triangular pattern) of individual flux vor

tices, or fluxons, threading through normal regions. The packing den

sity of these fluxons increases as the magnetic field increases to the 

upper critical field H(,2» where the material reverts to the normal state 

It should be noted that a thin surface layer may remain superconduc

ting in the presence of a magnetic field less than some H^^ ^^^ some 



Type-I and all Type-II superconductors. Here H ^ is greater than Ĥ , 

or Hc2- This is a manifestation of surface superconductivity. 

Today there are numerous materials including metals, alloys, and 

semiconductors which have been found to be superconductors.^ How

ever, the better conductors at room temperature (Cu, Ag, and Au) 

have not yet exhibited superconducting properties for temperatures 

down to 0.05 K. The highest T^ found for an element is 9.3 K for ni

obium. Other elemental superconductors range in values of T^ from 

0.01 K for tungsten up to the 9.3 K for niobium. Certain alloys and 

metallic compounds have been produced which have values of T in the 

18-23 K range. Some compounds have been produced with wery large 

values for the critical current density and the critical magnetic 

field. 

In 1933 Meissner and Ochsenfeld^^ discovered that superconductors 

also possess the property of perfect diamagnetism. This means that 

a superconductor will not allow magnetic flux to exist within its in

terior. As a consequence of this, all electrical currents flowing 

within a superconductor are confined to the surface. However, the 

4 

phenomenological theory proposed by F. and H. London in 1935 predict

ed that the magnetic flux should decrease exponentially with penetra

tion depth from the surface into the superconductor. It should decay 

to (l/e)th of its surface value in a characteristic length called the 

London penetration depth (A|_). This length decreases very markedly 

with decreasing temperature and reaches a limiting value of approxi

mately 10'5 cm at a temperature of zero Kelvin. In 1940, this theory 
5 

was first experimentally verified by Shoenberg. 



Although there were various phenomenological theories^'^ to ex

plain the macroscopic properties of superconductors, it was not until 

after 1950 that a successful microscopic theory began to emerge. J. 

Bardeen^ stated in 1950 that superconductivity could depend on an 

interaction between the free electrons and the crystal lattice vibra

tions (phonons). At the same time H. Frohlich^ showed by theoretical 

calculations that this type of interaction could lead to superconduct

ivity at a temperature of absolute zero. Also in 1950 Serin, Reynolds, 

and Nebsitt published a summary of their experimental measurements 

on various isotopic mixtures of mercury. They found that T ap-

peared to vary as the inverse square root of the isotopic mass. This 

variation came to be known as the isotope effect; it showed experimen

tally that the electron-phonon interaction was fundamental to super

conductivity. 

B. Goodman suggested in 1952, from his work on measurements of 

the thermal conductivity of superconducting tin, that the superconduct

ing electronic specific heat at low temperatures might decrease expo

nentially with temperature. This form of variation indicated a gap 

in allowed energies between the electrons in the normal and supercon

ducting states. Goodman also predicted the magnitude of this gap to 

be on the order of kgT̂ , per electron, where kg is Boltzmann's constant. 

This was confirmed by specific heat measurements on vanadium^l in 1956. 

In 1957 Glover and Tinkham^^ published the first direct evidence of 

the energy gap from their measurements of infrared and millimeter mi

crowave absorption in thin film superconductors. They found a gap in 

the electronic excitation spectrum of the superconductors of approxi-



mately 3kgT^. Shortly thereafter in 1957, the presently accepted 

microscopic theory of superconductivity was published by J. Bardeen, 

13 
L. Cooper, and J. Schrieffer (hereafter referred to as BCS). 

1.2 The BCS Theory 

The BCS theory of superconductivity is based on the existence of 

an attractive interaction between electrons. This interaction results 

from the virtual exchange of phonons between electrons, and supercon

ductivity can occur when it dominates the repulsive screened Coulomb 

interaction. This theory successfully explains the main features of 

experimental superconductivity. A temperature dependent superconduc

ting energy gap, denoted by A ( T ) , in the electronic excitation spec

trum of a superconductor of the order of kgT^ is predicted. Thus, 

this implies that only electrons within kgT^ energy above and below 

the Fermi surface are involved in this interaction. 

If the total interaction is to be attractive, there must be a 

strong interaction between electrons and phonons. The better conduc

tors at room temperature have weak electron-phonon interactions and 

have not been found to be superconductors; whereas some poor room 

temperature conductors do become superconductors. 

Consider an electron with linear momentum k^, that changes to 

k' by the emission of a virtual phonon q^. This can be described by 

1 = 4 " <!, (1) 

The phonon q may then be absorbed by a second electron with momentum 
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k2 changing it to t' as 

q̂  + ̂ 2 = 4 . (2) 

This leads to 

kĵ  + 1<2 = kj + k^ . (3) 

The two electrons may then experience an attractive interaction during 

the exchange of the virtual phonon leading to a bound state or bound 

pair (Cooper pair^^). This process can bring about a reduction in 

the total energy of the electron system in the superconducting state. 

It is desirable that all pairs have the same total linear momentum 

which will be zero for the ground state configuration (no net current). 

Also, since electrons are fermions, it is advantageous to take pairs 

of opposite spin. Then a ground state pair may be represented by 

(tt, -l<>î ). 

The BCS theory^"^ indicates that wave vector intervals Ak up to 

Ak 'v (kpT^s/Ep)kp ^ 10+^cm"i a^e of importance, where Ep and kp are 

the Fermi energy and Fermi momentum, respectively. This implies that 

Cooper pairs extend over a region in real space AX down to AX '^ 1/Ak '^ 

10""+ cm. This gives an estimate of the London penetration depth X|_ 

and the Pippard coherence length ^̂  (superconducting order parameter). 

Thus, the fraction of the total number of electrons which have 

energies within kgT̂ , of the Fermi surface can be estimated by 

k T /Ec '̂  10"'' indicating that the Cooper pair density is of the order 
D C • 



of lO'^+dO^^cm-S) ^ ioi8cm"3. There will be approxixmately (10"'+)3 

(10^8) ^ ^QS Cooper pairs within an interaction volume of (AX)3. 

Therefore, the Cooper pairs must strongly overlap each other. 

The BCS theory-̂ "̂  develops an expression (refer to Appendix A 

for a complete derivation) for the superconducting energy gap at T 

= OK in terms of T̂ , as given by 

2A( 0 ) = 3.5kgT^ or 
(4) 

A ( 0 ) = 1.75kgT^,. 

The average superconducting energy gap of a real, anisotropic super

conductor at T = OK may be a function of crystallographic direction 

and may depart from the BCS value of Eq. (4). This can be expressed as 

A(q,0) = AkgT^, (5) 

where A is a constant to be experimentally determined for each crys-

tallographic direction, and q, whose magnitude is given by 2TT/A, indi

cates the phonon wave vector propagating parallel to that direction. 

Multiple average energy gaps are also possible and may be due to ani-

sotropy of the Fermi surface or to multiple energy surfaces. 

Ultrasonic waves propagating through a normal metal can lose ener

gy (be attenuated) by interactions with crystal lattice vibrations, 

the conduction electrons, dislocations, and impurities. These are 

examples of phonon-phonon and electron-phonon interactions. The waves 

may be longitudinal or transverse (shear). The mechanism of ultrason-
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ic attenuation in a metal crystal is assumed to be the same in both 

the normal and superconducting states. If the frequency of the wave 

is less than lO^Hz, the energy associated with each phonon is less 

than 10"^eV. The minimum energy at T = OK required to break up a 

Cooper pair into two quasi-particles (electrons) is 2A(0) ^ 3.5kgT 

'^ 10"^eV. Therefore, these ultrasonic wave phonons cannot interact 

with the Cooper pairs. However, 2A(T) is temperature dependent and 

approaches 10"^eV within about ImK of T . As the temperature is low-

ered below T , more of the electrons become Cooper pairs and conse

quently cannot interact with the ultrasonic phonons. Thus, there 

will be fewer unpaired electrons available for interaction and the 

electronic attenuation will decrease (less energy will be removed 

from the ultrasonic wave). 

1 o 

The BCS theory developed an expression for the ratio of super

conducting to normal state electronic attenuation (a,^/a. ̂,) as a func

tion of temperature for longitudinal ultrasonic waves in the region of 

qz » 1, where q is the magnitude of the phonon wave vector (2TT/X) 
and z is the electron mean free path. This expression is given by 

e 

5 ^ = 2f(A(T)) = A(T)/k T , (6) 
LN e D +1 

where f(A(T)) is the Fermi-Dirac distribution function for A ( T ) . Re

fer to Appendix A for a complete derivation. In 1961 Tsuneto 

showed that this result held for all values of q^g for impurity l imit

ed normal s tate attenuation. Eq. (6) has been experimentally confirm-
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ed many times for longitudinal ultrasonic waves.l' 

Eq. (6) has also been confirmed for transverse ultrasonic atten-

17 ^R 70 

uation with qi^ < I.' Several earlier investigators have ob

served a more complex behavior for transverse ultrasonic attenuation 

in superconductors with qz^ > 1. A "rapid fall" region of attenuation 

was found very close to T̂ , followed by a "residual" region of attenu

ation which conformed to the BCS expression of Eq. (6). This rapid 

fall region of attenuation was observed to occur over a temperature 

range of several millikelvin near T . It is believed to be associ

ated with the loss of coupling between the electrons and transverse 

phonons provided by the transverse electromagnetic interaction due to 

the sudden onset of the Meissner effect at T^. The magnitude of this 

rapid fall attenuation is denoted by ap, the electromagnetic contri

bution. In this case, Eq. (6) is now written as 

^^^^ 2f(A(T)) , (7) 
•̂ TRN 

where R represents the residual attenuation region which must be sepa

rated from the total attenuation. 

Eq. (6) has also been experimentally investigated for ultrasonic 

21 
surface waves propagating in superconducting thin films. As yet, 

there are no reports of the observation of a rapid fall atten

uation region for surface waves propagating in superconducting thin 



films or on the surface of bulk superconductors. 

1.3 Ultrasonic Surface Waves 

The existence of waves travelling along the free surface of an 

elastic solid was first predicted by Lord Rayleigh^^ in 1885. The 

longitudinal and transverse particle motion of these surface (Rayleigh) 

waves is confined to a layer approximately one wavelength thick at the 

surface of the solid and its amplitude decays exponentially with depth. 

Surface waves bear a certain resemblance to waves on fluid surfaces. 

In both cases the particle motion occurs in retrograde elliptical or

bits in a plane perpendicular to the surface and parallel to the direc

tion of propagation (sagittal plane). 

Refer to Appendix B for a complete derivation of the following 

23,24 
expressions for surface waves propagating on isotropic solids. 

The velocity of a surface wave (v) may be determined from the Rayleigh 

equation 

Y^ - 8Y^ + 8Y2 [3 - 2 ( V J / V L ) 2 ] - 16 [1 - [vj/v^)^] = O, (8) 

where Y = v/vj, Vj is the transverse bulk velocity, and v^ is the longi 

tudinal bulk velocity.^^ The ratio Vj/v|_ depends on the Poisson's 

ratio a for the solid as^^ 

V ^ V L = /(I- 2ay(2- 2a). (9) 
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Poisson's ratio a is defined as the ratio of transverse compression 

to longitudinal extension of a material.^^ It can be calculated from 

the following equation as 

a = X/2(A + p), (10) 

where \ and y are the Lame' constants. These two constants are used 

to replace the elastic constants for an isotropic solid, (x + 2u) re

places c^^, X replaces c^2' ^23, and c^^^ and y replaces c^^, c , and 

Cgg in the standard 6 x 6 matrix of elastic constants. For real mater

ials, 0 < a < 0.5. 

The solution for Y that corresponds to a surface wave may be ap-
24 

proximated by 

Y = v/Vy = (0.87 + 1.12c)/(l + a) . (11) 

Figure 1 shows a plot of Y versus a for the range of 0 < a < 0.5. If 

c is known for a material and a particular direction, und if the trans

verse bulk velocity Vj is known, then an estimate can be made for the 

surface wave velocity v. 

Note that for a given material, v < Vj < V|_. This implies that 

surface waves travel the slowest, and hence, are the most ideal from 

this standpoint for use in ultrasonic delay lines. 

Consider the surface of an elastic medium to be denoted by the xy-

plane with the medium in z < 0. Let a plane monochromatic surface wave 

propagate along the x-axis. The amplitudes of the particle motion may 
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Figure 1. Plot of Y = v/Vj versus a for 0 < a < 0.5 
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be shown to be (refer to Appendix B) 

KjZ ^^2 "^i^ ^(qx - cot) 
U^ = AK^[e ^ - —^ e '- ] e 

(q^^9 (12) 
U^ =-iAq[e - LJ e ] e 

(q2 + K2) 

^^^^^ \ = q ^"T^^'^FTnT^^IF, K-p = q /r^:-^, A = a constant, q is the 

surface wave number (27r/x), and o) is the angular velocity. Figure 2 

shows a plot of normalized values of U^ and U^ versus penetration 

depth in terms of wavelength for a fixed relationship between v, vj, 

and vi_. In addition. Figure 3 shows the distortion of the free sur

face in the sagittal plane by the passage of a surface wave.^^ 

For real, anisotropic crystals with several independent elastic 

constants, the above results may need to be modified to some extent to 

include "generalized" surface waves. ' Also, there will exist 

generalized electric fields that may propagate along the surface of a 

piezoelectric solid with the surface wave. ' 

34 

A. Pippard published a theory in 1955 accounting for the elec

tronic attenuation of longitudinal and transverse ultrasonic sound 

waves in normal metals. He considered the metal to be isotropic and 

to conform to the free electron model with a well defined relaxation 

time ( T ) . Pippard then showed that the impurity limited electronic 

attenuation of the longitudinal ultrasonic wave is given by 

_ Nm , a^ tan'^a ., 
" L N " ; ^ '3(a -tan-la) ' "" ^l^) 
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Relative 
amplitude 

T777Tr77T^ ^ 
"? 

v.p/v^ = 0.55 

1.5 2.0 2.5 

-0.2 

Depth (-z/x) 

Figure 2. Plot of Normalized Amplitudes U^ and Û  versus (z/x) 
fo r Fixed Values of v, v^, and v^ .̂ 
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DISTORTION OF A SQUARE GRID IN 
THE SAGITTAL PLANE BY A RAYLEIGH 
WAVE 

Figure 3. 



18 

The electronic attenuation of the transverse ultrasonic wave is given 

by 

_ Nm rl - Qi 

^m - p - T t-g-^^ , 

(14) 
where 

g = g(a) = 1 _ [(32 + 1) tan"ia - al . 
2a 3 

In the above equations, N is the number of free electrons per unit vol

ume, m is the free electron mass, p is the density of the metal, and 

a is given by the appropriate value of qz^. Eqs. (13) and (14) may 

be simplified in the case of high purity crystals or high frequency 

ultrasound so that qL^e >> 1. The equations then reduce to 

"LN = ("̂ /3) " ^ V (15) 

Nmvr 

where Vp is the Fermi velocity and v is the ultrasonic sound wave 

frequency. Note that in both cases the attenuation is independent of 

the electron mean free path and increases linearly with the frequen

cy. Dividing Eq. (16) by Eq. (15) yields 

«TN ^ 8_ ,VK2 
«LN "̂ 2" ^̂ T • (̂ 7) 

Eq. (17) shows that a-j.», > a. M in most cases. However, since this the-
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ory was developed for isotropic metals, significant deviations may 

occur for a real, anisotropic metal. -This was discussed by Morse 

in 1959 and again by Pippard*^^ in 1960. 

24 

It can be shown (refer to Appendix B) that the electronic at

tenuation of ultrasonic surface waves (a) may be represented as a 

linear combination of bulk longitudinal and transverse ultrasonic 

wave attenuations. This can be expressed as 

a = a. a. + a-̂ -aj (18) 

where a. and a j depend on the value of Poisson's ra t io and may be cal

culated fo r a par t i cu la r c r y s t a l . I t should be noted that the t rans

verse attenuation contributes most s i gn i f i can t l y to the surface wave 

a t tenuat ion, since fo r most materials a j > aj^. 

The r a t i o of residual superconducting to normal state surface 

wave attenuat ion can be shown to agree with the BCS expression of 

Eq. (6 ) . Hence 

( ! lRS) 
«RS ^L°̂ LS + ^T'̂ TRS ^ ^ ^ L + ^T "̂ LS 
ôRN " ^L '̂LN + SjajRfj " ctLM U L a j ajRN 

(^LN ^ 

= " L S ^ ^ N " 2f(A(T)) . (]̂ g) 

1.4 Zi nc 

Zinc is an elemental superconductor with a critical temperature 
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of about 0.84-0.88 K and a critical magnetic field of about 53 gauss. 

It was discovered to be a superconductor by W. Keesom^'^ in 1933 at 

the Kamerlingh Onnes Laboratory at Leiden. 

Measurements of thermal conductivity,"^^ electronic specific 

heat,3^'40 microwave absorption,^! and depression of the critical 

temperature by nonmagnetic impurities^^ have suggested a large aniso-

tropy of the average energy gap. Previous longitudinal^'^"'^^ and trans-

43 47 48 

verse » » ultrasonic attenuation measurements of the average ener

gy gap have also indicated some anisotropy. Large anisotropies con

sistent with the non-ultrasonic measurements, the possibility of two 

average energy gaps, and a dependence, in some cases, of the value 

of the average energy gap on the magnitude of qz^ have all been ob

served. * Recent measurements of ultrasonic surface wave attenu

ation in thin films of zinc at a frequency of 90 MHz have indicated 

an enhanced transition temperature and large values for the average 

49 energy gap. 

This investigation was undertaken to determine the feasibility 

of fabricating interdigital transducers in this laboratory and to 

use them to measure the attenuation of ultrasonic surface waves on 

bulk metal crystals. Zinc was selected as the sample to be studied 

due to the tremendous amount of information that this laboratory 

has collected on it. Estimates of the electron mean free paths 

are known. Electronic attenuation and average energy gaps are known 

for longitudinal and transverse ultrasonic wave propagation in differ

ent crystallographic directions. Also, the results of thin films ex

periments using surface waves are known. The results of this investi-
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gation can be added to this body of information as well as improving 

surface wave techniques so that it may serve as a sensitive tool to 

study the properties of the surfaces of conductors, non-conductors, 

and semiconductors. One important application would be to use sur

face waves in magnetoacoustic studies in order to study the Fermi sur

faces for the surfaces of bulk conductors. 

In this study experimental measurements have been conducted to 

determine the attenuation of ultrasonic surface waves on bulk super

conducting zinc with the wave vector q and the perpendicular trans

verse particle motion polarization vector t simultaneously parallel 

to the following orientation directions: 

-> ->-

q £ 

<1120> <0001> 
<1010> <0001> 
<0001> <1010> . 

These measurements have been conducted with the zinc sample surface 

completely bound to the interdigital transducer surface in one set of 

studies and bound only at the ends in another (free). Three differ

ent substrate interdigital transducers have been used. The data were 

obtained with a continuously measuring ultrasonic system and a conven-

tional He refrigerator-cryostat system to achieve the necessary stable 

temperatures below 1 K. The attenuation data have been taken around a 

frequency of 10 MHz and have been analyzed to determine the total elec

tronic attenuation and the average superconducting energy gaps. 



CHAPTER II 

INTERDIGITAL TRANSDUCERS 

Ultrasonic surface (Rayleigh) waves may be generated by apply

ing a mechanical stress that is periodic in space and time to the sur

faces of an elastic solid. The spatial period is chosen to corres

pond to the Rayleigh wavelength x. This spatial periodicity of mech

anical stress may be obtained by placing a suitable mechanical struc

ture on the surface or by applying a spatially periodic electric radio 

frequency field to the surface of a piezoelectric solid. 

There are various mechanical methods for the generation and de

tection of ultrasonic surface waves. ' They are characterized by 

the manner in which the spatially periodic vibration of an ultrasonic 

transducer is mechanically coupled to the surface to be examined with 

the surface wave. Longitudinal and transverse ultrasonic quartz trans

ducers that propagate bulk waves into a solid may also radiate sur-

51 
face waves along the surface at a lower efficiency. A longitudinal 

transducer placed atop a metallic comb structure of parallel grooves 

which is bonded to the sample surface may generate a surface wave 

with the wavelength equal to the periodicity of the metallic comb struc

ture.^^ A more common method is the so called "wedge method."^^'^^ A trans

ducer launches a longitudinal ultrasonic wave into a wedge of material bon

ded to the sample surface. A surface wave will be created in the forward 

direction at the interface if the angle of incidence of the longitudinal 

22 
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wave (e) is chosen by sin e = x^/x, where x^ is the longitudinal 

wavelength in the wedge material. However, this places a severe re

striction on materials available for the wedge since x must be less 

than X. All of the above methods suffer from a poor electrical ener

gy to surface wave energy conversion. 

A direct electrical coupling method is now the most widely used 

method of generating ultrasonic surface waves. A time periodic elec

trical radio frequency field is applied to a spatially periodic me

tallic grating structure (electrodes) on the surface of a suitable 

piezoelectric crystal substrate.^^'^^"^'^ This grating structure is 

usually in the form of a metallic thin film. A mechanical stress wave 

will be set up on the piezoelectric substrate surface in response to 

the applied electric field. Two of the possible electrode configura

tions are single phase and alternate phase array (interdigital trans

ducer). The metallic electrodes of the single phase array configura

tion all have the same electrical potential because the electrical 

field is applied between these electrodes on the crystal surface and 

a backing electrode below the crystal. Thus, the piezoelectric crys

tal substrate must be very thin. The wavelength is given by the spa

tial periodicity of the grating. The alternate phase array configur

ation or interdigital transducer alternates the electrical potential 

between adjacent electrodes. The wavelength equals twice the spatial 

periodicity of the grating and the crystal substrate can be much 

thicker. 

This chapter discusses the interdigital transducers that were 

used to generate and detect the ultrasonic surface waves in this in-
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vestigation. The selection of the piezoelectric crystal substrates, 

design of the metallic gratings, fabrication of the interdigital 

transducers, and electrical examination will be discussed. 

II. 1 Substrates 

There are various parameters to be considered in choosing a 

piezoelectric crystal substrate for the interdigital transducers. 

First, the Rayleigh wave velocity for the particular crystal orien

tation under consideration must be known. A parameter is needed to 

express the degree with which an ultrasonic surface wave will inter

act with the metallic electrodes placed on the surface. This is gi

ven by the fractional change in velocity produced by changing the 

surface from being free to an electrical short circuit.^^ This is 

expressed by the effective electromechanical coupling factor K^ gi-

K 26 ven by 

K^ = -2 Av/v = -2(Vshort "^'Z^' '^°^ 

where v u ^ is the velocity of the surface wave under conditions of 

an electrical short circuit at the surface (v^^^^,^ is usually less 

than v). The larger this value of K^, the higher the electrical ener

gy to surface wave energy conversion. Also, it is important to know 

how the misalignment of a metallic grating structure by some small 

angle e on the crystal substrate will affect the surface wave velocity 

• • . 26 
V. This is expressed in the parabolic approximation by 
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V(6) = v. (1 - 662), (21) 

where VQ is the surface wave velocity for 9 = 0 (perfect alignment) 

and 3 is the substrate dependent parameter which needs to be known. 

The fractional change in velocity with temperature (i i-̂ ) is also 
V 91 

important.26 Attenuation values for surface waves due to the sub

strates are also necessary to know if they are to be propagated over 

reasonable distances. 

In addition to the above selection paramters, the substrates 

must be capable of undergoing all of the fabrication steps necessary 

to produce the final interdigital transducers. Then they must be ca

pable of operating at the extremely low temperatures required in 

these experiments. 

The first piezoelectric crystal surface wave substrates utilized 

in this investigation were Y-cut, Z-ultrasonic propagation direction 
CO 

(YZ) l i t h i um niobate (LiNb03). Campbell and Jones^° have calculated 
59 that th is c r y s t a l , f i r s t grown at Bell Laboratories, would be very 

e f f i c i e n t for the generation of surface waves. The crystal structure 

of l i t h i um niobate resembles the hexagonal close-packed s t ructure.^^ 

These substrates were obtained from Crystal Technology, Inc. with the 

X-Z plane surface polished for surface acoustic wave (SAW) appl ica

t i ons . ^^ They had dimensions of 10mm (X) x 1mm (Y) x 25mm (Z) and 

10mm (X) X 1mm (Y) x 15mm (Z) . 

Standard p iezoelectr ic quartz crystal substrates were la te r u t i 

l i zed in these studies. These substrates were of two d i f f e ren t cuts. 
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F i r s t was the ST-X (a 42.75° rotated Y-cut)quartz and the second was 

an XY cut quartz type. They were obtained from Valtec with a surface 

plane polished fo r SAW app l i ca t ions . "^ Also, the edges were beveled 

to prevent excessive surface wave r e f l e c t i o n . They had dimensions in 

inches of 1.0 (X) x 0.035 (ST) x 0.5 (width) and 0.035 (X) x 1.0 (Y) 

X 0.5 (Z ) , respect ive ly . Refer to Figure 4 for schematics ind icat ing 

the cuts and propagation d i rect ions for the d i f fe ren t crystal substrates. 

Table 1 l i s t s the important parameters for the substrates that 

nc C7 

were selected.'^"'^^ In general, lithium niobate substrates were the 

best for the generation and detection of surface waves. However, 

quartz substrates had to be used extensively due to their superiority 

in the fabrication procedures. 

II.2 Design 

This section discusses the design of the metallic grating struc

ture of the interdigital transducers that were used to generate and 

detect the ultrasonic surface waves. The alternate phase array method 

of electrical coupling to the substrate was utilized in generating and 

detecting the waves. The Rayleigh wavelength was determined by 

X = v/v (22) 

where v is the Rayleigh wave velocity and v is the pre-selected reso

nant frequency. Figure 5 shows the metallic grating design. The left 

electrical pad is connected through the base line to six rows of elec

trodes while the right electrical pad is connected through its base 
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YZ Lithium Niobate 

42.75° 

ST-X Quartz 

SAGITTAL PLANE 

I DIRECTION OF 
PROPAGAT ION. 

DIRECTION OF 
PROPAGATION. 

DIRECTION OF 
PROPAGATION. 

XY Quartz 

Figure 4. Crystal Substrates 
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Figure 5. Master Reticle Pattern (4X) 

Enlarged 3X 
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line to five rows of electrodes. Figure 6 shows that z is the width 

of the electrode and d is the spatial period of the grating structure 

In this case, d was chosen as 2z to allow for higher harmonic gener-

ation. This structure corresponds to ten spatial periods or five 

whole wavelengths of the ultrasonic surface wave. Therefore, X = 2d 

= 4ii. 

The width of the entire structure was chosen to be 9.5mm. The 

pads were 2mm x 3mm. The entire grating structure was 5.4mm in width 

with the base lines being 0.2mm thick and each was located 2.05mm in

ward toward the center from the sides. The electrodes started 0.6mm 

from the electrical pads along the base lines. The electrode end-

base line separation was 0.1mm. 

Fundamental frequencies of 10, 20, 30, 50, and 90 MHz were cho

sen for study. The Rayleigh wave velocity on YZ lithium niobate is 
CO 

3.485 X lO^cm/sec. Ideally this corresponds to X = 0.3485mm, d = 

0.17425mm, and z = 0.087125mm for v = 10 MHz. These values can also 

be obtained for the other fundamental frequencies using Eq. (22). 

In order to fabricate these small structures on a substrate, it 

was necessary to prepare enlarged (4X), master patterns (master re

ticles). These master reticles were to be used in an automatic photo-

repeater, manufactured by the D.W. Mann Company of Burlington, Ma., 

that was capable of reducing the pattern four times (4X) and printing 

it on the substrate. This unit was donated to this laboratory by 
fid-

Texas Instruments and will be discussed in detail later in this 

chapter. 

Schematic drawings of the grating structure enlarged five times 
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Figure 6. Interdigital Transducer Grating Electrodes 
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were submitted to Texas Instruments for the preparation of the master 

reticles. All measurements were converted from cm and mm to inches 

correct to the nearest microinch. They fed this design information 

into a digital computer with memory storage. This computer was used 

to drive the beam control and the substrate stepping control for an 

Electron-Beam Lithography system. This system used an electron sen

sitive resist that was illuminated with electrons to produce the de

sired pattern. This process is illustrated in Figure 7. Master re

ticles were produced with the pattern (4X) formed in chromium metal 

on 2 inch square glass plates. This laboratory received one 10 MHz 

and two 90 MHz master reticles. The lOMHz reticle was reshaped with 

a high speed cutting saw to a 1.5 inch square glass plate for the pho

torepeater unit. This master reticle was used in all subsequent fabri

cation of interdigital transducers. 

The frequency response of an interdigital transducer near the 

50 
fundamental frequency may be approximately calculated from 

|a(a))| = |sin(N7TAa)/a) )/Nsin(TTAoj/a)Q) I , (23) 

where a(a)) is the normalized amplitude, N = i^(n - 1) , n is the number 

of e lectrodes, o) is the resonant frequency, and Aw = w - w^. For 

large values of N, Eq. (23) becomes 

\aM\ = |s in x /x | , (24) 

where x = NTTAW/OJ .̂ The f rac t iona l bandwidth between the fi^^st minima 
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Figure 7. Electron Beam Lithography System 
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on either side of the fundamental maximum is given by 2/N- For the 

above design, n = 11 and N = 5. Figure 8 gives a plotofa((i)) versus 

CO/OJQ for this design. 

More detailed calculations show that odd harmonics of the funda

mental frequency may also be generated and detected.^'^ The amplitudes 

of the odd harmonics should decrease approximately as l/(harmonic num

ber), although the efficiency will depend on the ratio £/d. Refer to 

Figure 9. Even harmonics of the fundamental frequency ordinarily will 

not be generated due to the alternate phase of adjacent electrodes. 

However, they are possible if there are slight variations in the value 

of d. 

Also, bulk longitudinal and transverse ultrasonic waves may be 

radiated into the body of the transducer at an angle 9 from the normal 

. 65 given by 

6 = sin-̂ ^ [(2j - l)v^ ^/vxl , (25) 

where j is an integer, V|_(vj) is the bulk longitudinal (transverse) 

velocity, v is the applied electrical frequency, and x is the Ray

leigh wavelength for the fundamental frequency. Refer to Figure 10. 

However, these waves should not propagate below some cutoff frequency 

which is higher than the resonant fundamental frequency. 

II.3 Fabrication 

The fabrication procedure for the interdigital transducers in

volved a thorough cleaning of the substrates, evaporation of 

a thin metallic film onto the substrate surface, photoresist 
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a((u) 

a(u)) = 
Sin(NiTAa)/aKj 

Nsin(7rAa)/(jOQ) 

N = %(n-l) 

Aw = 0 3 - 0 ) 

Figure 8. Plot of a(o)) versus o)/ 0) 
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a(a)) 

) / ( J D / O ) , 

Figure 9. Plot of a(o)) versus w/oĵ  
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Surface Wave 

Figure 10. Bulk Waves from Interdigital Transducers 
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application, exposure of the photoresist by the master reticle pattern 

in the photorepeater unit, development of the photoresist, and chemical 

etching to remove the exposed metal. This section will describe these 

detailed procedures that were developed to fabricate the interdigital 

transducers. 

The substrates were initially given a thorough cleaning. This con

sisted of the following steps: 

(1) Scrub in a warm soapy wash (Micro). 

(2) Rinse in distilled water. Blow dry. 

(3) Soak in boiling trichlorethylene. Blow dry. 

(4) Soak in boiling methanol. Blow dry. 

(5) Soak in boiling distilled water. Blow dry. 

(6) Inspect for surface contaminants. 

However, any sufficiently rigorous cleaning procedure could be substi-
CC CJ 

tuted here. Also, ultrasonic cleaning is recommended. 

There were several metals available to form the thin metallic films 
CO 

for the grating structure. They had to possess relatively high elec

trical conductivities, adhere well to the substrates over a wide range 

of temperatures, and be easy to evaporate. Some candidates were alumi

num, chromium, and gold over chromium. Very little success was realized 

with aluminum. It had poor adhesion characteristics and electrical leads 

could not be soldered to it. Chromium adheres well to the substrates. 

Moreover, it was used for master reticle preparation at Texas Instru

ments. Therefore, it was chosen. A gold over chromium film was re

jected due to the difficult in preparing two evaporated thin film lay

ers and due to the lack of suitable etching techniques. 
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The evaporation of the chromium metal onto the substrate surface 

was done in a high vacuum chamber using a VB-4 electron beam gun sys

tem manufactured by Veeco Instruments Inc. Refer to Figure 11. The 

substrates were taped to an upper compartment in the high vacuum cham

ber. Chromium metal chips of 99.9/^ purity were used for evaporation. 

They were stored below the substrates in a water cooled copper cruci

ble. The air atmosphere was evacuated to a pressure of about 5 x 10"^ 

Torr. The vacuum system was cold trapped with liquid nitrogen. A 

residual helium gas atmosphere (pressure less than 1 x 10"^ Torr) was 

initially tried with negative results. The electron beam gun was out-

gassed for at least five minutes and then the power was gradually in

creased until evaporation commenced. The film thickness was monitor

ed by a Sloan digital thickness monitor model DTM-200 using a density 

setting of 7.19 g/cm^. An evaporation rate of about 1 A/sec (60 

A/minute) was used. Texas Instruments prepares a chromium metal film 

thickness of 800 A for their master reticles. It was discovered that 

thicker chromium films would form pinholes and peel off from the sub

strate. Therefore, a film thickness of 800 A was also chosen for our 

substrates. In some instances, a previously designed shutter system 

was used.^^ This shutter system would open and expose the substrate 

to the evaporant at some pre-selected thickness setpoint. In this 

manner, a steady state evaporation condition could be established be

fore exposing the substrate. After the desired thickness was obtained, 

a second pre-selected thickness setpoint would close the shutter. The 

thickness monitor was exposed to the evaporant continuously. After 

completing the evaporation cycle, the substrates were allowed to cool 
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for at least an hour and then were removed from the vacuum system. 

The chromium coated substrates were then heated in an oven at 

120^0 for 30 minutes. This is recommended to dry the surface of all 

volatile residues.^^ After cooling, a substrate was taped at the 

center position of a suitable spinner for the application of the pho

toresist. The spinner consisted of a variable speed dc electric mo

tor with a small spinner table attached to the motor shaft. A 28V 

dc power supply and variable rheostat were used to control the spin

ner rate. This rate was monitored by a stroboscope. Refer to Figure 

12. 

Basically, there are two types of photoresists.^^ Photoresists 

which are rendered less soluble by illumination yield a negative pat

tern of the master reticle and are called negative. Therefore, posi

tive photoresists are rendered more soluble by illumination and yield 

a positive pattern of the master reticle. Refer to Figure 13. The 

master reticles were prepared by Texas Instruments so as to yield a 

positive pattern. Hence, a positive photoresist, manufactured by Ship

ley Company^^ and known as AZ 1350B, was selected and used in this 

study. 

After taping the substrate onto the spinner, a type AZ photore

sist thinner fluid, also manufactured by Shipley Company, was spun on 

to clean the substrate surface. Then, filtered AZ 1350B photoresist 

was spun onto the surface. A spinner rate of about 2000 rpm for a-

bout 40 seconds was used in both cases. This correpsonded to a photo

resist film thickness of about 0.6-1.0 microns as discussed in Shipley 

Company product literature. The coated substrates were then pre-baked 
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in an oven at 90°C for 30 minutes. They were light sensitive at this 

point and were stored in darkness for later use. 

Texas Instruments has donated an automatic photorepeater (redu

cer) unit manufactured by the D.W. Mann Co. for this experimental 

work. Refer to Figure 14. This unit consists of an ultraviolet mer

cury lamp light source with an associated power supply. The light is 

transported to the optical elements through fiber optics. There are 

four optical elements on this model; two for the 4X reduction and two 

for the lOX reduction. Each optical element will accept a 1.5 inch 

square master reticle. The substrate table has X-Y travel and shutter 

exposure from a master control panel. For this work, one 4X reducing 

optical element was used and the X-Y coordinates remained fixed. 

Test patterns were run to determine focus settings and exposures times. 

The light intensity was measured to be approximately 0.7 mW/cm^ at the 

surface of the substrate. Reported values for the energy density for 

the correct exposure of AZ 1350B photoresist are greater than 200 mW-

co 

sec/cm^. This corresponds to an approximate exposure time of 5 

minutes. 

The prepared substrates were then individually exposed in the 

automatic photorepeater unit for 4 to 5 minutes at full intensity. 

The master reticle pattern was reduced by a factor of 4 and trans

ferred to the photoresist. The exposed photoresist areas could then 

be removed by a developer consisting of a 1:1 mixture of AZ developer 

manufactured by Shipley Company and distilled water. A time of 30-45 

seconds worked satisfactorily. The substrate was then rinsed in dis

tilled water and blown dry. All of the substrates then underwent a 
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post-bake in an oven at 120*̂ 0 for 25 minutes to further harden the 

remaining unexposed photoresist-

After cooling, the unwanted chromium metal could be etched away. 

One etchant was a 1:1 mixture of HCl acid and glycerin which was acti

vated by zinc fibers.^^ This worked satisfactorily. However, a more 

convenient etchant 6FS 591-A (perchloric acid base) obtained from the 

G. Frederick Smith Chemical Company was used. Times of 1-2 minutes 

were common. The patterns were then inspected. If they appeared 

CO 

promising for use, the photoresist could be removed by a stripper°° 

or by re-exposing and developing. The interdigital transducers were 

then ready for testing and possible use. 

II.4 Examination 

The initial lithium niobate transducers were tested and found 

to have a fundamental frequency very near the designed 10 MHz. They 

yielded very good signals at the fundamental frequency and higher odd 

harmonics. However, the production yield was low, due to the extreme 

difficulty in getting the chromium thin films to adhere well to the 

lithium niobate SAW surface. 

The radio frequency electrical leads were to be attached to the 

contact pads using a high speed ultrasonic tailless wedge bonder mo

del 484EE manufactured by Kulicke & Soffa Industries. However, this 

procedure completely failed. Soldering techniques were attempted, but 

the high temperature tended to damage the lithium niobate surface. Fi

nally, mechanical pressure contacts were used with some success. 

The above complications led to the fabrication of ST-X and XY 
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quartz interdigital transducers. They were found to have a fundamen

tal frequency near 9.1 MHz and 9.2 MHz, respectively. Adequate sig

nals could be obtained at the fundamental frequencies with an increase 

in power over the lithium niobate transducers. However, the higher 

odd harmonics were of a poorer quality. The chromium thin films ad

hered well to the quartz SAW surface. In addition, soldering tech

niques could be used to attach the radio frequency electrical leads 

to the transducers. 

A novel soldering method was used to attach the electrical leads. 

A small superconducting wire was attached to a blob of elemental in

dium metal with a melting point of 155°C. These indium blobs were 

laid flat on the contact pads while the transducer was heated on an 

electrical hot plate. The indium would melt and could be cooled to 

form a usuable electrical connection. 

This chapter has presented the procedure details for the fabri

cation of the interdigital transducers that were used in this experi

ment. 



CHAPTER III 

EXPERIMENTAL 

The experimental equipment described in this chapter was used to 

measure the temperature dependence of ultrasonic surface wave attenu

ation in the normal and superconducting states on the surface of a 

zinc sample. An ultrasonic system continuously measured surface wave 

attenuation changes on the zinc sample at low temperatues. These 

stable low temperatures (below 1 K) were produced by a conventional 

3 

He^ refrigerator-cryostat system. Both a carbon and a commercial ger

manium thermometry system were used to continuously monitor and record 

these low temperatures. This chapter will describe the zinc sample, 

the method of continuously recording the attenuation of the ultrasonic 

surface wave on the sample, the He^ regrigerator-cryostat and associ

ated vacuum system, and the thermometry system. 

III.l Sample 

The sample was a small single crystal machined from a high pur i ty 

(99.9999%-6N) zinc s ingle crysta l obtained from the Materials Research 

Corporation.^^ This sample was a s is te r crystal to the sample that has 

been used for previous studies on zinc in th is laboratory. ° »^ ' The 

s t ructure of c r ys ta l l i ne zinc is hexagonal close packed (hep) ' 

al lowing three independent classes of direct ions to be chosen for the 

study (<0001> or c-ax is , <10iO>, and <1120>). Since these three d i rec

t ions can be mutually orthogonal, the sample was machined with an Elox 

TQH-31 e l e c t r i c discharge machine into the form of a rectangular para l -

48 
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lei piped. Electric discharge machining is preferred to prevent sample 

s t ra in and excessive surface damage. The sample was oriented along 

the desired axes using the Laue'back reflection technique.'^^'^^ 

The sample was chemically etched to remove any surface irregular

i t i e s . The etching solution was 4% by volume of concentrated n i t r ic 

acid in methanol. I t was found that each pair of end faces had a 

deviation of less than 2° from their respective planes and that each 

pair was parallel to within 0.0005 cm over their entire surfaces. The 

sample was then annealed under vacuum in a Lindberg Hevi-Duty SB Type 

M-2024 e lec t r ic furnace with an autotransformer power supply. The 

sample temperature was monitored by a thermocouple. I t was annealed 

at 350°C (melting point of zinc is approximately 420°C) for about 24 

hours. The dimensions of the sample were in mm: 

<0001> 5.086 
<1010> 6.741 

<1120> 9.000 . 

The velocity of longitudinal and transverse ultrasonic waves in zinc 

may be estimated from measured elast ic constants at 4.2 K to be (in 
units of 105 cm/sec) :^^''^^ 

VL(<0001>) = 3.10 

V (<10iO>) = v^(<1120>) = 4.96 

Vy(<0001>) = 2.53 

Vy(<10i0>) = 2.53 £l|<0001> 

= 3.15 e||<1120> 

Vy(<1120>) = 2.53 t\ |<0001> 

= 3.15 t\ |<1010> . 
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The Rayleigh wave velocities may also be estimated using the above 

longitudinal and transverse velocities along with Eqs. (9), (10), and 

(11). These values for certain orientations are given below in units 

of 10^ cm/sec: 

v(^ ||<1120>, ?||<0001>) = 2.36 

v(q ||<1010>, t| |<0001>) = 2.36 

v(q I|<0001>, t||<10i0>) = 1.58 . 

The average electron mean free path [z^] at impurity limited tem

peratures (less than 4 K) has been estimated for the sister crystal by 

an earlier investigation"*^ to be approximately 0.1 cm for the c-axis, 

0.003-0.006 cm for the <10iO> axis, and 0.001-0.005 cm for the <1120> 

axis. These approximate values were obtained by two methods. First, 

by fitting the normal state longitudinal ultrasonic attenuation data to 

the Pippard theory, and secondly, by a method proposed by Deaton and 

Gavenda, and previously used by Deaton^^ in a study of zinc and cad

mium. This method is basically a magneto-acoustical analysis of the 

high magnetic field attenuation of longitudinal ultrasonic waves uti

lizing the free electron model. 

III.2 Attenuation Measurement. 

The method used to obtain the ultrasonic surface wave attenuation 

of the zinc sample on the interdigital transducer was a modification 

of the standard single transducer pulse-echo technique. ' Refer to 

Figure 15 for a schematic of the zinc sample on the interdigital trans

ducer and the meaning of the terms, bound or free zinc sample surface. 

The zinc sample was bonded to the transducer surface with a thin layer 

of Dow Corning DC-11 stopcock silicone grease. A brief pulse (-̂ 3̂ ysec) 
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Bound 

Free 

Figure 15. Zinc Sample and Interdigital Transducers 
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of radio frequency electromagnetic energy was generated by a pulsed 

oscillator and impressed across the metallic grating electrodes at 

one end of the interdigital transducer. If the frequency of this 

pulse was a fundamental or an odd harmonic of the designed resonant 

frequency of the transducer, then the pulse was converted into a sur

face ultrasonic wave that propagated at the Rayleigh velocity away 

from the grating structure. After interacting along the path of pro

pagation with the piezoelectric substrate, the silicone grease, and 

the zinc sample; the attenuated surface wave was detected by the me

tallic grating electrodes at the other end of the interdigital trans

ducer. Here part of the surface wave was reconverted by the electrodes 

back into an electrical pulse. This is referred to as the single 

transit pulse (STP) or echo. The remaining energy of the surface 

wave was reflected, transmitted, or re-radiated. This wave was then 

reflected by the generating electrodes at the other end and was once 

again detected by the receiving electrodes. This pulse is referred 

to as the triple transit pulse (TTP) or echo since it has traveled 

across the zinc sample between the electrodes three times. This pro

cess continued until the surface wave energy was attenuated to essen

tially zero. The detected radio frequency pulses or echoes were ampli

fied, processed, and displayed on the cathode ray tube of an oscillo

scope as an initial pulse (the electromagnetic radiation breakthrough 

pulse between the electrodes) with an echo train following it. Refer 

to Figure 16. However, at low frequencies (long wavelengths) there 

are usually spurious signals due to reflections from the ends of the 

transducer substrate and from the zinc sample. It will be shown that 
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the attenuation change of the surface wave as a function of tempera

ture can be determined by measuring the change in amplitude (voltage) 

of any one echo. 

Consider a plane ultrasonic surface wave that is being attenuated 

as it propagates between the metallic electrodes of an interdigital 

transducer. If V^ is the voltage corresponding to the initial genera

tion of the surface wave pulse at one end of the transducer, and V,- is 

the voltage corresponding to the arrival of each echo which has tra

versed the transducer j times; then the total measured attenuation 

^^total' will be given by 
81 

\ o t a l = '' ''ho Cy^-^ ' (2^) 

where A^ is measured in uni ts of decibels (dB) and j = 1 ,3 ,5 , . . . . 
t o ta l 

The voltages V. are displayed on the osci l loscope. The functional de

pendence of A , on temperature can be wr i t ten as 

\ o t a l ( T ' = 2 0 1 o g j o [ V y V j { T ) ] . (27) 

where V is taken as an a rb i t ra ry reference voltage during any one 
0 

temperature cycling. However, Eq. (27) for the total measured attenu

ation contains various forms of essentially temperature independent at

tenuation. These may be expressed by 

\otal(̂ '=2°̂ °9l0 IV^J(^)'=^T^\G' V ' (28) 

file:///otal
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where A^^ represents all forms of attenuation due to the interdigital 

transducer substrate (quartz or lithium niobate), A represents the 
SG 

attenuation due to all the silicone grease encountered by the surface 

wave, and A^ is the attenuation attributable to the zinc sample sur

face. This last part can be expressed as 

A^pd) = A(T) + Ag , (29) 

where Ag represents all forms of temperature independent non-electron

ic background attenuation on the zinc sample surface. A(T) represents 

only the attenuation due to the zinc electrons interacting with the 

ultrasonic surface wave. Eqs. (28) and (29) may now be rewritten as 

A(T) = 20 log^Q [VQ/VJ(T)] - Ajj - A^^ - Ag . (30) 

The superconducting and normal state surface wave electronic at

tenuation, defined as A (T) and A,^(T) respectively, can now be written 

as follows: 

A j d ) = 20 logjo [V^/Vjsd)] - Aj^ - Ajg - Ag (31) 

and 

A„{T) '- 20 log^o [V^/V.^(T)] - Aj^ - A33 - A3 , (32) 

where V-^{T) and V-f,(T) represent the voltages of the (j)th echo at a 
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given temperature in the superconducting and normal states, respect

ively. 

The BCS theory assumes that at T = 0 K there are no unpaired con

duction electrons to attenuate the ultrasonic surface wave. Therefore, 

A3(0) = 0 (33) 

or 

^ T " ^ G ' ' B = 2 ° ^ ° 3 l o f v ^ s ( ° ' ^ • ^''^ 

Substitution of Eq. (34) into Eqs. (31) and (32) yields 

A (T) = 20 log^o [Vjs(0)/Vj3(T)1 (35) 

and 

A^(T) = 20 logio tVjs(0)/V .^(T)] . (36) 

Eqs. (35) and (36) may now be rewr i t ten in terms of the at tenu-
81 

at ion coe f f i c i en t (a) defined as attenuation per un i t length (dB/cm). 

Then 

on V-c;(0) ^ ^ 
a3(T) = '1 log^o [ J± 1 (37) 
^ jL 1° V,e(T) 

JS 
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and 

20 , Vjs(Q) , 

^'N^'^) ' JL ^o^io VJNC^) ' (38) 

where L is the length of the zinc sample surface 

The ra t io of aJj) to a|^(T) is given by 

Vjs(O) 
s(T) log^o ^ V ] ^ ] a 

[ ] 

(39) 

The normal state attenuation of zinc in the impurity limited region 

is independent of temperature. This is expressed by V. (T) = V.|^(T^), 

Now, Eq. (38) for the total electronic attenuation becomes a constant 

value given by 

20 . Vjs(O) 

N = i, 1°9,o ' V T T T - ) ' . (40) jL •"'̂ lO 'jN^'c 

Also, Eq. (39) becomes 

l o g , o / j s ( 0 ) , 

^^ = 2i . (41) 

jN^ c' 
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Eq. (41) gives the ratio of superconducting to normal state surface 

wave attenuation in terms of the experimental quantities to be mea

sured. It should be compared to the BCS expression given by Eq. (19). 

III. 3 Electronic Equipment 

The electronic equipment was designed to continuously record 

small changes in the voltage of ultrasonic surface wave echoes as a 

function of sample temperature. It was modeled after a system design-
op 

ed by Hemphill and employs phase sensitive detection to increase 

the signal-to-noise ratio in the amplification of the echoes. Detail

ed discussions of this continuously measuring ultrasonic system may 

be found elsewhere, ' ' * so only an operational description 

will be presented here. A block diagram of the complete ultrasonic 

system is shown in Figure 17. 

Referring to Figure 17 the first Hewlett-Packard model 214A pulse 

generator was operated on internal trigger at a frequency of 800 Hz. 

It produced a trigger signal which was sent to the Hewlett-Packard mo

del 175A oscilloscope and a +4 volt pulse of about 5 ysec duration 

85 
which was sent to the binary frequency divider and the AND gate. 

The four stage binary frequency divider produced a 5 volt, 50 Hz refer

ence signal from the 800 Hz input signal. This signal was simultane

ously sent to the AND gate and to the PAR model 121 lock-in amplifier 

as the reference frequency. The AND gate produced a -5 volt output sig

nal of 800 Hz gated at 50 Hz. This signal was used to trigger the sec

ond Hewlett-Packard model 214A pulse generator. This generator produced 

a negative 4 volt pulse of 5 usee duration. These pulses, varying at 
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800 Hz and gated at 50 Hz, were used to externally trigger the Aren

berg model PG-650C pulsed oscillator which produced radio frequency 

(rf) pulses with a width of about 3 ysec and a peak to peak voltage 

of several volts. The frequency of these pulses was tunable over the 

required range (5-200 MHz) by using the appropriate coil in the oscil

lator circuit. The various frequencies below 100 MHz were measured 

in the continuous wave (cw) mode on a Hewlett-Packard model 5245L 

electronic counter. These rf pulses were then applied to the gener

ating end of an interdigital transducer. The signals could then be 

detected at the other end. 

For low frequency rf pulses in the range of 5 to 65 MHz, the 

echo train was first sent to a tunable Arenberg model PA-620SN pre

amplifier. The signal then went to an Arenberg model WA-600-D wide 

band amplifier. For high frequency pulses in the range of 65 to 200 

MHz, the signal was sent to an Arenberg model VR-720 VHF receiver. 

After video amplification in either of these two systems, the signal 

was displayed on the cathode ray tube of the oscilloscope which was 

equipped with a Hewlett-Packard model 1782A display scanner plug-in. 

The maximum video signal strength of any echo to be sampled was kept 

at less than 10 volts to preserve the linearity of either of the two 

amplifiers. 

The display scanner was used to sample the amplitude of a point 

on the cathode ray tube trace. This point was set to coincide with 

the peak of one certain echo. Then the output of this display scanner 

was a 50 Hz wave proportional in amplitude to the voltage of the echo 
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peak being sampled. This signal was then sent to the lock-in amplifier 

where it was compared with the 50 Hz reference signal. The amplifier 

would then produce a dc output signal which was still proportional to 

the voltage of the sampled echo peak. This output was then displayed 

on the vertical axis of the model 2D-2A Moseley X-Y chart recorder. 

The display scanner was calibrated at 200 mV/cm. The lock-in am

plifier unit contains a calibrated suppression voltage ranging from 0 

to ĵ lOO volts. This allows large voltage signals with small voltage 

changes to be measured. The time constant was usually set at 0.3 or 

1.0 seconds and the sensitivity was run at 10-500 mV, depending on 

how much amplification was needed. The recorder was set at 1 volt/inch, 

A Moseley model 7561A logarithmic converter could be used to re

cord extremely large attenuation changes. The two Hewlett-Packard mo

del 214A pulse generators were replaced with Hewlett-Packard model 

8013B pulse generators during the course of this investigation. The 

tuning of the interdigital transducers was monitored by a Hewlett-

Packard model 4815A RF Vector Impedance Meter. 

The effects of the earth's magnetic field on the sample were eli-

85 
minated by appropriate vertical and horizontal magnetic fields. 

These fields were created by current carrying coils mounted outside of 

the dewar system and powered by constant current sources. 

III.4 He^ Refrigerator-Cryostat System 

A conventional He^ refrigerator-cryostat system was used to main

tain stable temperatures below the temperatures of pumped liquid He^ 

(about 1.4 K). The design of this system is discussed elsewhere.^^ 
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However, the cryostat was entirely rebuilt and modified by Bailey'^^ 

to incorporate two radio frequency transmission lines to generate and 

detect ultrasonic surface waves on an interdigital transducer. For 

this investigation, additional modifications to the sample area were 

required to transform from thin film to bulk sample measurements. 

A diagram of the entire vacuum system is shown in Figure 18. It 

consists of a high vacuum system to insulate the He^ can, a large 105 

cfm vacuum pump to lower the temperature of the liquid He^ bath, and 

the isolated He vacuum system. The He^ pump cut-off valve, coarse 

valve, and micrometer needle valve were always closed to prevent the 

loss of the He^ gas unless the He^ cryostat was ready for operation. 
o 

The He^ gas consisted of approximately four liters and was maintained 

at a pressure of less than one atmosphere as measured by the Ashcroft 

vacuum gauge. The bellows was installed to minimize the vibrational 

energy that the running Welch 5,6 CFM Duo-Seal model 1402 vacuum pump 

transferred to the cryostat. 
o 

The He refrigerator-cryostat is shown in Figure 19. This cryo

stat is enclosed in a double pyrex dewar system. The outer dewar is 

for liquid nitrogen at a temperature of about 77 K. It is insulated 

from room temperature by a permanent vacuum jacket. The inner dewar 

is for liquid helium at 4.2 K and is insulated from the liquid nitro

gen by a vacuum jacket which can be evacuated. The temperature of 

the liquid He^ bath may be lowered to about 1.4 K by closing this re

gion to the atmosphere and simultaneously pumping on it with the large 

Stokes vacuum pump. 
The high vacuum pumping line was used to evacuate the high vacu-
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urn can. It was connected to an oil diffusion pump with a liquid nitro

gen cold trap. In turn these were connected to a mechanical forepump. 

The pumping line was 304 stainless steel tubing with a diameter of 0.75 

inch and a wall thickness of 0.010 inch. The He^ pumping line was con

structed of 304 stainless steel tubing with a wall thickness of 0.010 

inch. An inside diameter of 0.5 inch was used as a compromise between 

a small diameter line with a small heat leak and a low pumping rate, and 

a large diameter line with a large heat leak and a relatively higher 

pumping rate.^^ This He^ line measured 70 cm from the top plate of the 

cryostat to the top of the high vacuum can. Both the high vacuum and 
3 

He pumping lines were fitted with radiation traps at the top of the 

high vacuum can. These were modeled after the design of Wheatley.^'^ 

They were epoxyed into the lines with Stycast 2850 FT low temperature 

epoxy.°° Their purpose was to transfer all electromagnetic radiation 

transmitted through the lines to the He bath in the form of heat. 

The two radio frequency transmission lines were each constructed of 

two concentric tubular conductors. The inner conductor was 0.040 inch 

outside diameter cupro-nickel (70-30) tubing of 0.002 inch wall thick

ness, while the outer conductor was 0.25 inch diameter, 0.010 inch wall 

thickness stainless steel tubing. The inner and outer conductors were 

separated by 0.1 inch thick, 0.25 inch diameter Teflon spacers placed 

3.0 inches apart down the length of the transmission lines. The spacing 

of these Teflon discs was in accordance with transmission line design 
89 information provided by Moreno. 

The outer conductors were soldered into place. The Teflon spacers 

were attached to the inner conductors with stycast and then they were 

inserted into the outer conductors. The inner conductor tube was 
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soft soldered at the room temperature end and the annular region be

tween the conductors was filled with stycast to provide a vacuum seal. 

A cable connector was attached at the top. In the region where the 

transmission lines passed through the high vacuum can lid, a 1.0 inch 

annular region was filled with stycast epoxy. The inner conductor was 

precoated with GE varnish to maintain stycast stability. This sty

cast plug provided a radiation trap and a thermal short to the liquid 

He bath. This stycast was flowed into this region from the bottom 

end of the transmission line. Two openings (nicks) were made in the 

inner conductor to allow the annular regions to be evacuated. One 

was located above the stycast plug, the other below. The original 

transmission lines had to be replaced due to low temperature vacuum 

leaks that occurred in the stycast plug region. The stycast was ori

ginally flowed in through small holes in the outer conductor at this 

region above the high vacuum can lid. This was not done in the new 

transmission lines. 

The electrical leads were terminated at one end from a 36 pin Am-

phenol connector and extended through a 0.5 inch diameter copper tube 

at the top of the cryostat where a vacuum seal was made with stycast 

epoxy. The leads were then placed in a plastic tube which was wound 

around the high vacuum pumping line. These leads were American Wire 

Gauge (AWG) #36 copper wires which were terminated in the low temper

ature region to AWG #38 niobium-titanium (52-48) alloy wires. This 

alloy becomes a superconductor at about 10 K. These leads were fed 

into the high vacuum can through a feed-through region which was con

structed atop a 2 inch long section of 0.5 inch diameter stainless 
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steel tubing. Insulation was stripped from the leads and they were 

fed through a stycast region. This provided electrical insulation, a 

thermal short, and high vacuum protection. These superconducting wire 

leads were then attached to a thermal short on the He^ can. They could 

then be separated to connect to the thermometers, heaters, and super

conducting magnet. 

The He^ can itself was 2.5 inches in diameter and 0.375 inch in 

height. A solid pure copper block or sample table was attached to the 

He^ can with stycast epoxy. Refer to Figure 20. The heater and the 

three thermometers were attached to this sample table. It is a modi-

49 fied version of a previous sample table. 

The heater was constructed with AWG #38 manganin wire (82Cu-15Mn-

3Ni). This wire was non-inductively wound around the base of the sam

ple table. Then it was covered with stycast epoxy and allowed to dry. 

Electrical contact was made with two short copper wires which were al

so covered with stycast. The room temperature resistance was approxi

mately 32 ohms. 

The interdigital transducer substrate could be bonded to the top 

of the sample table with DC-11 silicone grease. The sample could be 

mounted on the transducer surface with this same grease and connected 

to the sample table with a large wire to insure electrical and thermal 

contact. The DC-11 silicone grease bonding material becomes rigid at 

about 200 K and would form a good bond which could be applied at room 

temperature and rarely broke due to the thermal contractions caused by 

cooling to low temperatures, A mechanical device consisting of a Tef

lon holder, copper flange, and two bolt connectors was used in the 
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latter stages of the investigation to jnake rf electrical connection 

with the interdigital transducer. It seemed to work satisfactorily. 

A superconducting magnet was fabricated using AWG #38 niobium-ti

tanium (52-48) alloy wire. This magnet was designed to produce a 

horizontal magnetic field at right angles to the interdigital trans

ducer. The diameter of each coil was 1.0 inch and they were separated 

by 1.5 inches. This magnet could produce a fairly uniform field of 

several gauss over the sample volume. 

The process of preparing the system to be put into operation will 

now be discussed. The interdigital transducer and sample were mounted 

and connected as shown in Figures 19 and 20 with the high vacuum can 

removed. The quality of the signals were examined. In the case of 

the quartz interdigital transducers, an inductor with an inductance of 

about 10 microhenries was placed in parallel with the transducer elec

trodes on the detector end. This improved the gain of the receivers. 

Wood's metal solder (melting point 74°C) was then used to form a high 

vacuum seal between the lid and high vacuum can. The complete system 

was then connected with quick disconnect high vacuum connectors as 

shown in Figure 18. The connecting valve and the high vacuum isola

tion valve were both opened and the He^ exchange gas valve was closed. 

The Welch Duo-Seal rotary forepump was then turned on. When the pres

sure reached approximately 1.00 Torr as measured on the Wallace and 

Tiernan (W & T) model FA-160 absolute pressure gauge, the liquid ni

trogen cold trap was filled. When the pressure reached 10 - 20 microns 

as measured by the Hasting model GV-38 thermocouple vacuum gauge. 
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the connecting valve was closed. This isolated the He^ system from the 

high vacuum system. After closing the connecting valve, the Distillation 

Products 6.0 inch diameter oil diffusion pump was turned on. The pressure 

of the high vacuum system was monitored by a Consolidated Vacuum Corp

oration (CVC) type GPH-IOOA cold cathode ionization vacuum gauge. The 

pressure would drop to 5 x 10"5Torr in approximately twenty-four hours. 

During this time the inner dewar was pumped out and back-filled with He^ 

gas. Also, the inner dewar jacket was evacuated to a pressure of about 

5 microns and sealed. 

When the pressure in the high vacuum system reached about 5 x 10"^ 

Torr, the outer dewar was filled with liquid nitrogen. This lowered the 

temperature of the sample to about 78K in twenty-four hours. Cryopump-

ing dropped the high vacuum system pressure to about 1 x 10"^ Torr. Li

quid He at 4.2 K could then be transferred into the inner dewar. After 

the inner dewar was filled, the vent valve was closed simultaneously 
4 

with the opening of the He pump cut-off valve. The large Stokes vacuum 

pump then lowered the pressure above the liquid He to less than 5.0 Torr 

(1.4 K). The high vacuum isolation valve was then closed after looking 

for superfluid He leaks. This allowed the high vacuum can to cryopump 

and lower the pressure still further to less than 10"^ Torr. 

The Hoke coarse valve and the Whitey type 316 micrometer needle valve 
o 3 

were slowly opened to allow the He gas to flow into the He line and can. 

The He^ gas cooled, refluxed, and then condensed into liquid He^ in the 

He^ can. This required about an hour and a half. The Ashcroft gauqe was 
calibrated in inches of mercury and would read zero inches for atmospher-

3 
ic nressure. After condensation of the He gas it would read a reduced 

pressure of twenty-three inches of mercury. At this time the spe-
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cially sealed Welch He vacuum pump was turned on. The He^ pump cut

off valve was slowly opened. This lowered the vapor pressure above the 

liquid He , and thus the temperature of the liquid He^ can, sample ta

ble, transducer, and sample was lowered. The pumping rate could then 

be stabilized at a temperature by controlling the amount of feedback of 
3 

He gas through the coarse and micrometer needle valves. The lowest 

temperature was obtained by closing both of these valves. The tempera

ture range of the superconducting zinc sample could be controlled by 

the micrometer needle valve with the coarse valve closed. 

After finishing an experiment, the liquid He'̂  was boiled off by the 
3 

heater on the He can and pumped back into its container. Originally, 

the Ashcroft gauge would read a reduced pressure of five inches of mer

cury at this time; however, it read one inch later in the investigation 
3 

after more He gas was added. Also, the high vacuum can isolation valve 

was re-opened. The He^ pump cut-off valve was closed and then the inner 

dewar was backfilled with He gas. It was then left vented to the at

mosphere. 

111.5 Thermometry System 
3 

The primary temperature reference in this investigation was the He 

vapor pressure as measured by the W & T absolute pressure gauge. This 

gauge measured the absolute pressure in the range of 20,00 to 0.10 Torr 

with an absolute accuracy of 0.33% of full scale (about 70 microns) any

where within this range. Therefore, this gauge was used only to measure 

pressures greater than 1.00 Torr. The temperature of the He"̂  liquid and 

can could then be determined by finding the temperature corresponding 
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to a measured He^ vapor pressure in the T52 He^ Thermometry Tables 

prepared by Sherman, Sydoriak, and Roberts.^^ 

Three germanium resistance thermometers (GRT) were employed one at 

a time at various stages of this investigation. In each case they were 

labeled GRT C. The first was a Cryocal GRT (#1687) with a calibration 

range of 100 K to 1.5 K. It was useful for higher temperature measure

ments. The second was an uncalibrated Cryocal GRT (#3347) for low tem

perature use. It had a resistance of about 50fi at 4.2 K and could be 

calibrated against the temperature obtained from the W & T gauge. It 

varied between 100-300Q during a temperature cycling. The third was a 

calibrated low temperature GRT (#15027) manufactured by Lake Shore Cryo-

tronics. The resistance at 4.2 K was about 25^ with a variation bet

ween 50^ and lOOfi during a temperature cycling. These thermometers 

were used to externally monitor the temperature of the sample table. 

Two carbon resistance thermometers (CRT) were employed as secon

dary thermometers. One thermometer, labeled as CRT B, was a one-half 

watt Allen-Bradley carbon resistor with a room temperature resistance 

of 2Jo.. The other thermometer, labeled as CRT D, was also a one-half 

watt Allen-Bradley carbon resistor, but its room temperature resistance 

was 5.1fi. The resistance of these thermometers varied considerable with 

temperature at less than 1 K. A third carbon resistor, labeled as CRT A, 

with a room temperature resistance of lOOf] was used on the outside of 
4 

the high vacuum can to monitor the temperature of the liquid He bath. 

The resistance was determined by the four terminal resistance mea

surement technique as shown in Figure 16. A constant current source 

supplied either a 1 yamp or a 10 yamp current to either a 1 K^ or a 10 Kr„ 
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precision 0.05% standard resistor (SR) in series with the CRT or GRT. 

The voltage drop across the SR could be continuously monitored by a 

Data Precision model 3400 digital voltmeter. 
3 

It was determined that if the He vapor pressure was in the range 

of 1.00 to 20.00 Torr, the CRT B and CRT D would be in thermal equilibri-
3 

urn with the He can. Therefore, the resistance of the CRT B and the 

CRT D could be directly calibrated to the temperature as expressed by 

the W & T gauge. This was accomplished by connecting another Data Pre

cision digital voltmeter across the CRT. The data were taken at 10 yamp 

until self-heating occurred, and then at 1 yamp. However, this temper

ature range was only from 1.3 K to 0.65 K. In order to extend this ca

libration into the range from 0.65 to 0.38 K, the original data were 

91 fitted to the Clement-Quinnel r^ equation: 

log^^R + K/log^^gR = B/T + A • (42) 

In the above R is the resistance of the CRT, T is the absolute temper

ature corresponding to that resistance, and A, B, and K are experimen

tal constants to be determined. 

A computer program for the IBM VS/370 computer was used to deter

mine the values of A, B, and K to best fit the experimental data to Eq. 

(42). The least squares best fit was used. When these constants were 

found, a complete table of resistance versus temperature values could 

be printed out. 

It was assumed that the thermometers remained in thermal equili

brium with the sample at all temperatures. The voltage output of a CRT 
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or GRT was amplified by a Leeds and Northrup model 9835-B dc microvolt 

amplifier and used to drive the horizontal axis of the X-Y chart re

corder. The CRT D was used in the region of the critical temperature 

(1.2 K to about 0.6 K). Then the CRT B was used for lower temperatures. 

The impedance as seen by the microvolt amplifier was kept less than 

10 K^. 



CHAPTER IV 

RESULTS AND INTERPRETATIONS 

The He refrigerator-cryostat was used to cycle the temperature 

of the He can, sample table, interdigital transducer, and zinc sam

ple. Plots of the voltage of an echo peak versus CRT or GRT resis

tance (temperature) were recorded on the Moseley X-Y recorder during 

this cycling. Recordings were taken for both decreasing and increas

ing temperature. A complete temperature cycling required about thirty 

minutes. This slow cycling rate was utilized to insure that the sam

ple would remain in thermal equilibrium with the thermometers. To ob

tain data for the normal state at these very low temperatures it was 

essential to suppress the superconducting properties with a magnetic 

field. This was accomplished by the application of a small magnetic 

field produced by superconducting coils surrounding the sample as shown 

in Figure 19. Each plot was usually taken in several segments with a 

fixed voltage suppression on the PAR lock-in amplifier for each seg

ment. This allowed the thermometer sensitivity to be maximized. These 

segments have been combined in Figure 21 to show the type of experimen

tal data that were obtained. The voltages expressed in Eqs. (40) and 

(41) are also shown in Figure 21. The experimental data can be used 

in conjunction with Eq. (19) to determine A(^,0) and with Eq. (40) to 

determine the total electronic attenuation {a^). 

IV.1 Analysis of Data 

Eq. (19) can be rewritten in a more convenient form as follows: 

75 
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""RN 
log, [ 2 ( ^ ) . 1] = A i ^ Git), (43) 

where G(t) = A(q,t)/A(q,0) and t = T/T^, the reduced temperature. Here 

the function G(t) represents the temperature dependence of the average 

9? 

energy gap. Muhlschleger^ has tabulated values for the function G(t) 

for an ideal superconductor utilizing the BCS theory. However, it has 

been found to be more convenient to use a power series expansion re-
QO 

ported by Clem which is given by: 

G(t) = 1.7367(1 - t ) ^ [1 - 0.4095(1 - t ) - 0.0626(1 - t ) ^ ] . (44) 

This expansion will reproduce Miihlschlegel's values of G(t) with an 

error of less than 0.1% for t > 0.40. Therefore, Eq. (44) will be 

used with this experimental data. 

A plot of logg [2(aRfy^/aRs' • 1̂  versus G(t)/t should yield a 

straight line with a slope of A(q,0) which is expressed in units of 

kgT^. Also, the straight line should pass through the origin, that is 

the point (0,0). If multiple average energy gaps do exist, they should 

appear as different slopes in this plot. Therefore, the slopes of 

these plots should yield the value(s) of A in Eq. (5). It is possible 

that the BCS theory may not give a unique functional dependence to the 

experimental data for the ratio of aR5(t)/aRi^. Refer to Appendix C for 

35 47 
a linear plot of af̂ 3/af̂ |̂ ^ versus t^ for t < 0.90. * 

In order to analyze the experimental data the rapid fall (if pre

sent) and the residual attenuation regions must be separated. This can 
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be done by defining y^^iT^) as shown in Figure 21. The value of V.3(T^) 

can be determined by actual inspection of the curve or by using a com

puter program. The latter method was employed here. Once this vol

tage is determined, Eq. (41) will become 

V.-JO) 
^R$(T) _ aRs(t) ^Qgio^v]|TTr^ 

''RN ' ̂ 'RN ^ log^n Vjs(Q) * ^^^^ 

The electronic attenuation of the residual region (a^) can be deter

mined from Eq. (40) as 

20 ^•c:^^' 

(46) 

It should also be noted that the electromagnetic attenuation contribu

tion is given by 

20 ^'S^^c' 
Ê = N̂ - R̂ = 3r^°9io[v]7T^^. (^^' 

The ratio ct|̂ 3(t)/af̂ |yj and a^ cannot be determined unless ^A^W and 

V.^(T ) are known for each experimental curve. Therefore, a program 
jS c 

for the IBM VS/370 computer was revised and used to analyze the data. 

The value of ̂ A^W was varied to minimize the standard deviation of a 

least squares best fit to Eq. (43) with Vj5(Tc) = Vj|yj(T^). This would 

yield a value for A(q,0) and a large, positive value for the log [2(a^„ 
•̂  ^ RN 
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/cL^^) - 1] intercept. The value of Vj3(T^) was increased, and a new 

Vj3(0) was determined. This process was repeated until values for 

Vj3(0) and Vj.^(T^) were found to give a log^ [2(af̂ ,yj/aRs) ' ̂ ^ intercept 

of approximately zero and a minimum standard deviation for the least 

squares best fit to Eq. (43). The slope or A(q,0} could then be found. 

The value of A(q,0) best represented the slope if only one value were 

allowed. If more than one slope is found to occur, the V,-3(0) is de

termined from the slope occurring at the lower reduced temperatures. 

This slope then corresponds to A2(5,0). The slope at the higher re

duced temperatures, called A-.(5,0), is then calculated from the same V.^.(0) 

IV.2 Results of Analysis 

The temperature of the sample was cycled between 1.0 K and about 

0.55 K. The critical or transition temperature (T^), defined as the 

temperature at which a sharp increase in echo peak voltage occurred, 

was observed to be 0.800 Kj^ 0.040 K for this zinc sample. This value 

was independent of either the propagation direction or the frequency of 

the ultrasonic surface wave. Thus, a minimum value of t = 0.68 was 

realized. 

A rapid fall region of attenuation was observed to occur in the 

experimental data. The effects of the earth's magnetic field were e l i 

minated for most of the attenuation data. However, these data showed 

essentially no difference in the value of the critical temperature or 

in the shape of the rapid fall attenuation region than that taken with

out eliminating the earth's magnetic field. 

The variation of the transition temperature of the zinc sample with 



80 

the current in the superconducting magnet was also investigated. Fi

gure 22 shows a plot of the superconducting magnet current versus the 

transition temperature. This current should be directly proportional 

to the magnetic field at the sample surface. Figure 22 indicates an 

approximate parabolic variation of the transition temperature with the 

magnetic field. No unusual manifestations of surface superconductivity 

were observed in the magnetic behavior. 

The electronic attenuation above the transition temperature was 

also investigated as further evidence of the electron-phonon interac

tion. An impurity limited attenuation region was also observed. Re

fer to Figure 23. As the temperature was decreased below 20 K, the 

phonon-phonon interactions became smaller and the attenuation increased 

as the electron mean free path increased. Around 2.5 K the electron 

mean free path became impurity limited and the attenuation reached a 

constant value. Then the attenuation abruptly decreased as the sample 

became superconducting at T^. 

Results for q ||<1120> and £!|<0001>: Free Sample Surface 

A plot of logg [2(af̂ ,̂ /af̂ 3) - 1] versus G(t)/t at a frequency of 

9 MHz with q ||<1120> and ei|<0001> for an ultrasonic surface wave on 

the free surface of the zinc sample using an XY quartz interdigital 

transducer is shown in Figure 24. This plot is representative of the 

data that were taken at this frequency. The actual data are presented 

in Appendix D along with representative data for the other cases. 

The values of a^, â ,̂ â ,̂ A^(q,0), A2(q,0), and A(5,0) are pre

sented in Table 2. It was observed that this plot could be fit with 
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Figure 22. Superconducting Magnet Current versus the Transition 
Temperature of the Zinc Sample 
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Figure 24. Representative Plot of ''ogg[2(af̂ ,̂ /a|̂ 3)-l] versus 

G(t)/t at 9 MHz for ̂  | i<1120> and t \ j<0001> with 

a Free Sample on XY Quartz 
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TABLE 2 

ELECTRONIC ATTENUATION AND AVERAGE ENERGY GAPS 

- ) • 

Frequency «E ^R «N Ai(q,0) Ao(q,0) A(5,0) 

(MHz) (dB/cm) (dB/cm) (dB/cm) (kgT^) ( L T ^ ) (k^T^) 

q ||<1120> and t ||<0001> Free Sample XY Quartz 

9 8.6 7,7 16.3 --- — 1.84 + 0.20 

q ||<1120> and e ||<0Q01> Bound Sample ST-X Quartz 

9.4 6.7 3.0 9.7 — — 2.22 + 0.20 

q ||<1120> and t ||<QQ01> Bound Sample YZ Lithium Niobate 

10.2 0.5 0.8 1.3 -— -— 1.98 + 0.20 

13.6 0.1 0.2 0.3 

q ||<1120> and t ||<0001> Bound Sample XY Quartz 

9.3 10.6 8.1 18.7 2.16 + 0.20 1.62 + 0,20 1.97 + 0.20 
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one slope over the entire temperature range. However, the reduced tem

perature was not low enough to allow for maximum sensitivity in examin

ing the data for more than one slope. The stated error shown with each 

value of A(q,0) has been estimated from the scatter between the data 

sets. The error associated with the electronic attenuation has been 

estimated in the same manner to be about ĵ  10%. 

Results for q ||<1120> and t il<0001>: Bound Sample Surface 

Figure 25 presents a representative plot of log^ [2(af^^/aj^3) - 1] 

versus G(t)/t at a frequency of 9.4 MHz with q ||<1120> and t i|<0001> 

using an ST-X quartz interdigital transducer. This plot was fit with 

one slope over the entire temperature range. 

Figure 26 presents the representative plot at a frequency of 10.2 

MHz using a YZ lithium niobate interdigital transducer. Once again, 

the plot indicates a single slope or energy gap. However, the electronic 

attenuation is smaller in this case and it decreases with frequency. 

A representative plot at a frequency of 9.3 MHz using an XY quartz 

interdigital transducer is shown in Figure 27. Lower reduced tempera

tures were realized here, and thus, the data indicated two different 

slopes. The value A,(q,0) was found to occur in the higher temperature 

range for 0.98 > t > 0.88. A lower temperature, smaller slope value. 

A2(q,0), was found for t < 0.88. The value of A ( 5 , 0 ) best represented 

the slope if only one value were allowed. 

Results for q i|<1010> and t ||<0001>: Bound Sample Surface 

One set of experimental data were obtained at a frequency of 9.5 
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Figure 25. Representative Plot of log [2(anjy,/anc)-l] versus 

G(t)/t at 9.4 MHz for q ||<1120> and t ||<0001> 

with a Bound Sample on ST-X Quartz 
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Figure 26. Representative Plot of logg[2(af^[y|/a^3)-l] versus 

G(t)/t at 10.2 MHz for q ||<1120> and t ||<0001> 

with a Bound Sample on YZ Lithium Niobate 
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MHz for q ||<1010> and t ||<0001> using an XY quartz interdigital trans

ducer. However, this data did not fit the BCS theory. Therefore, no 

reliable average energy gap could be determined. The electronic atten

uation was small and consisted largely of the rapid fall contribution, 

leaving very little variation for the residual region. A plot of atten

uation versus reduced temperature is presented in Figure 28. 

Results for ^ ||<0001> and e ||<1Q10>: Bound Sample Surface 

One attempt was made to obtain experimental data for q ||<0001> 

and £ ||<10lO> using a YZ lithium niobate interdigital transducer. Ex

cellent signals were obtained at various frequencies. However, no at

tenuation changes could be detected. In this case the surface wave had 

to cross the basal plane of zinc. The attenuation was immeasurably 

small or the zinc sample was not close enough to the transducer for 

the interaction to occur. 

IV.3 Interpretation of Results 

The observed value of T(,(0.800 K) is lower than other reported 

values (0.850 - 0.875 K) and the value obtained for bulk wave propa

gation in the sister crystal (0.840 K). Three possibilities were con

sidered. Certain impurities can drastically reduce the transition tem

perature of zinc.^3 The surface of the zinc crystal would tend to con

tain more impurities per volume than the bulk. Therefore, the T^ could 

be reduced. However, the electron mean free path information from the 

attenuation data indicated that the impurity concentration was low. 

Another possible explanation is that the zinc sample remained slightly 
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warmer than the thermometers and sample table. This small temperature 

error should have little effect (less than 10%) on the quantities that 

were calculated from the data. A third possibility is that part or all 

of this lowering of T̂ , might be attributable to surface effects. 

The critical magnetic field of the zinc sample was found to vary 

approximately parabolically with the transition temperature as expected. 

A critical magnetic field at T = 0 K of about 50 gauss was indicated. 

The electron-phonon interaction was observed in the normal state 

between 20 K and 2 K. The electron mean free path did not become im

purity limited until about2.5Kwhich indicated a crystal surface of high 

purity. 

This investigation constitutes the first observation and report of 

a rapid fall region of attenuation for surface waves propagating in thin 

films or on bulk sample surfaces. It was found to occur for both a 

bound and a free sample surface and for two different orientations. 

This effect is probably not seen in films due to a high concentration of 

impurities and hence, short electron mean free paths. However, a bulk 

sample can provide a high purity surface. 

Electronic thermal conductivity measurements conducted by Zavar-

itskii^^ have indicated a maximum energy gap of about 1.75 kgT^ paral

lel to the c-axis and a mimimum of 1.20 kgT^ perpendicular to the c-axis 

in zinc. Microwave absorption measurements by Evans et al. have 

shown that an average energy gap of about 1.5 k^T^ is associated with 

most of the Fermi surface of zinc. However, a small part can be asso

ciated with an average energy gap of about 2.0 kgT^ near the c-axis. 
on AO AO 

Other nonultrasonic measurements'^ - ' have indicated an anisotropy 

k k 
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consistent with the above values. 

Several longitudinal attenuation measurements of the energy gap 

of superconducting zinc have been made. Dobbs et al. have found va

lues of 1.71, 1.90, and 1.82 in units of kgT^ for q ||<0001>, q ||<1010>,and 

q ||<ll20>, respectively. Bohm and Horwitz ^̂  have found values of 1.70 

k T and 1.90 k^T for q ||<1010> and q i|<1120>, respectively. Work 
o ^ B e 

conducted by Goncz and Neighbors indicates an energy gap of 1.60 kgT^ 
nc 

for q ||<0001>. Cleavelin and Marshall have previously measured the 

limiting energy gaps of the sister zinc sample to be 1.50, 1.41, and 

1.90 in units of kgT,. for q ||<0001>, q ||<1010>, and q | |<1120>, respec-

ively. Refer to Table 3. 

Lou and Bommel have obtained an energy gap of approximately 1.50 

knT^ for either longitudinal waves with q |1<0001> or q 1|<1010>, or 
D C 

for transverse waves with q ||<1010> and t ||<0001>. More recently, Al-

nd et al.^^ have found energy gaps of 1.60 kgT^ for q ||<10iO> and t ||<1120> and 1.55 k^T^ for q | ] <1120> and £" ||<1010>. Table 4 reports 

mo 

I |<1120> and 1.55 kg.^ 

the various values that were obtained by Breashears et al. for trans

verse waves propagating along different orientations in the sister crys

tal. Similar recent work in this laboratory^^ has indicated slightly 

larger energy gaps at 10 MHz for q ||<1120> and e ||<0001>. 

Bailey^^ has obtained values of 2.1 and 1.9 kgT̂ , for the energy 

gaps in 3000 A and 10,000 A thin films of zinc repectively using ul

trasonic surface waves at a frequency of 90 MHz. Enhanced transition 

temperatures and the absence of a rapid fall attenuation region were 

also observed. 

The orientation of q ||<1120> and t f|<0001> was chosen for this 
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TABLE 3 

Effective energy gap 2A(q,0), and apparent second gap 2A*(q,0), in units 

of kgT^, as a function of frequency and direction for longitudinal ultra

sonic waves. Also given are the total electronic attenuation a^ in units 

of dB/cm, and the average qii value at each frequency studied (Ref. 46). 

Average 
q£ 

• 

q ||<0001> 

180 
650 
1010 

q 1 |<1010> 

0.39 
1.15 
1.92 
2.69 

q 1 i<1120> 

0.13 
0.38 
0.64 
0.90 
1.15 
1.41 
1.67 
1.92 
2.18 

Frequency 
(MHz) 

9.0 
32.0 
50.3 

9.0 
31.5 
51.1 
70.6 

9.4 
31.5 
53.0 
70.6 
90.5 
110 
130 
150 
170 

ag 
(dB/cm) 

4.5 
19.8 
33.0 

0.3 
1.8 
3.9 
6.4 

0.6 
0.2 
4.4 
6.5 
7.3 
6.9 
6.2 
7.5 
9.2 

2A*(5,0) 

(kgT,) 

» • • 

• • • 

• • • 

2.48 + 0.20 
• • • 

• • • 

• • • 

3.58 + 0.20 

4.66*+ 0.20 
4.80 + 0.20 
5.00 + 0.20 
4.42 + 0.20 

• • • 

• • • 

• • • 

2A(^,0) 

(kgTj 

3.00 + O.IO 
3.00 + 0.10 
3.02 + 0.10 

2.74 + 0.10 
2.78 + 0.10 
2.94 + 0.20 
2.82 + 0.10 

2.96 + 0.10 
3.20 + 0.10 
3.52 + 0.10 
3.98 + 0.10 
4.02 + 0.20 
3.96 + 0.20 
3.76 + 0.10 
3.74 + 0.10 
3.80 + 0.10 



TABLE 4 

Superconducting energy gap A(q,0), apparent second gap A*(q.O), total 

electronic attenuation a , and residual electronic attenuationao as a 

function of frequency and direction for transverse ultrasonic waves 

(Ref. 47). 

Frequency 
(MHz) (dB/cm) 

-V 
<0001> and e | |<1010> 

an 
(dB/cm) 

A*(q,0) 
(kgT,) 

A(^,0) 
(^BTC) 

9.1 
30.8 
50.1 

2.7 
5.0 
6.6 

2.1 
3.2 
4.4 

q ||<0001> and t ||<10lO> annealed 

1.64 + 0.20 
1.66 + 0.20 
1.64 + 0.20 

->-

q 

q 

->-

q 

10.1 
30.7 
48.5 

1|<0001> 

10.8 
29.8 
48.0 

|i<ioio> 

10.7 
30.6 
50.0 

|i<1120> 

10.7 
30.0 
49.5 
70.0 
89.2 

and 

and 

and 

z 

-> 

£ 

2.4 
4.6 
7.4 

1|<1120> 

3.0 
6.6 
8.6 

1|<1120> 

1.4 
4.2 
5.6 

1|<0001> 

2.0 
2.3 
2.5 
2.4 
4,3 

1.8 
3.3 
6.1 

annealed 

2.5 
5.2 
6.2 

1.2 
3.3 
4.3 

1.3 
2.3 
2.3 
1.3 
3,5 

« • • 

• • • 

• • • 

• • • 

• • • 

• • « 

1.68 ± 0.10 

« « • 

2.11 + 0.20 
• • • 

• • • 

2.26*+ 0,20 

1.46 
1.59 
1.51 

1.50 
1.50 
1.51 

1.42 
1.52 
1.63 

1.45 
1.57 
1.52 
1.65 
1,75 

+ 0.15 
+ 0.15 
+ 0.15 

+ 0.20 
+ 0.10 
+ 0.20 

+ 0.20 
+ 0.15 
+ 0.15 

+ 0.20 
+ 0.20 
+ 0.20 
+ 0.20 
+ 0.20 
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study to further investigate the "hump" observed for the sister crystal 

in this laboratory.4^^'^^ This "hump" was an anomalous increase in at

tenuation and energy gap dependent on the value of q£ ^l for both lon-
e 

gitudinal and transverse waves in this orientation. An anomalous ab

sence of a rapid fall attenuation region was also observed at 30 MHz 

for transverse waves in this orientation. 

The total electronic attenuation measured in this study was ex

pected to be larger than that for longitudinal or transverse bulk waves 

with the same orientation. This may be noted from Eq. (18) and Eq. 

(B.24). This was found to be true for the results for a free sample 

or for a bound sample in very close contact with the interdigital trans

ducer. Eqs. (15) and (16), derived for the bulk state, indicated that 

the attenuation should increase linearly with frequency. However, as 

the frequency increases the wavelength will decrease, and thus the pe

netration of the surface wave into the zinc sample will be less. This 

should lead to an overall decrease in attenuation with frequency. A 

sizeable decrease in attenuation with increasing frequency was observed. 

In addition, due to the depth of penetration of the sound wave into the 

surface, the attenuation would be less than expected if the bound sample 

was not in very close contact with the transducer. The value of a^ is 

predicted to increase linearly with the value of qz^. The a^ percent

age contribution to the total attenuation is larger in this investi

gation than in the previous transverse work in bulk zinc. This indi

cates that q£ is larger, as expected for the surface waves. Also, the 

transverse contribution to the total attenuation seems dominant. 
19 Leibowitz has discussed the "effective zone" specifying which 
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electrons on the Fermi surface will interact with a longitudinal or 

transverse ultrasonic wave. Utilizing the free electron model and 

q£g ^ 1, the "effective zone" for either a longitudinal or transverse 

wave can be determined from 

cose = v/Vp + l/q£g, (48) 

where e indicates the angle between the Fermi velocity Vp and the appro

priate bulk sound velocity v parallel to its ^. For large values of 

q£g, the "effective zone" becomes a narrow band of electrons with Fer

mi velocities perpendicular to the direction of sound propagation. In 

addition, Leibowitz states that for transverse ultrasonic waves, the 

interaction is weighed toward the electrons on the "effective zone" 

having Fermi velocities parallel to the polarization vector {t). 

The complex Fermi surface of zinc as presented by Gibbons and Fali-

95 cov (refer to Figure 29) is composed of first and second bands of 

holes (caps and monster) with third and fourth bands of electrons (lens 

centered on r and needles centered on K). The third and fourth bands of 

electrons centered on L(butterflies and cigars) are raised above the 

96 
Fermi level and are void of electrons. The lens contains most of the 

electrons and appears to be nearly free electron like. 
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Figure 29. Fermi Surface of Zinc 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

This investigation was undertaken to develop procedures to fab

ricate interdigital transducers in this laboratory. Further, these 

transducers were to be used to generate and detect ultrasonic surface 

waves propagating on the surface of a bulk, single crystal of zinc. 

Interdigital transducers were fabricated using ST-X quartz, XY quartz, 

and YZ lithium niobate substrates with a fundamental frequency near 10 

MHz. A zinc single crystal was prepared for the investigation. A He^ 

refrigerator-cryostat system was used to produce the necessary low tem

peratures. The attenuation of the ultrasonic surface wave was continu

ously recorded for both a bound and a free zinc sample surface using 

the above interdigital transducers. The attenuation data were analyzed 

to determine its temperature dependence, the various electronic attenu

ations, and the values of the average BCS superconducting energy gaps 

at T = 0 K. The results were found to be consistent with each other 

and with those obtained for longitudinal and transverse ultrasonic at

tenuation studies in bulk zinc. The first observation of a rapid fall 

region of attenuation for surface waves has been reported. 

The techniques that have been developed here may be used to fabri

cate more involved surface wave interdigital transducer devices. These 

devices can then be used to measure some of the unknown paramters for 

thin films such as; enhanced values of T̂ ,, amplification of the surface 

wave, measurement of the "effective" elastic constants, etc. Investi-

98 
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gations to observe surface superconductivity with surface waves propa

gating along the surface of certain Type-I and Type-II superconductors 

in the presence of a magnetic field can be undertaken. The distorted 

Fermi surface near the surface of solid metals (due to non-cyclic boun

dary conditions) may also be studied with magneto-acoustics that uti

lize surface waves. 

One application of this work could be the development of a large 

attenuation surface wave "switch" controlled by a small magnetic field. 

For example, a magnetic field of less than 50 gauss at these low tem

peratures can switch the zinc sample from superconducting to normal 

state with an attenuation change in the surface wave of at least 20 dB, 

depending on the length of the sample. 

The purposes of this investigation have been completed. This is 

the first known effort to investigate the surface properties of a bulk 

sample in the superconducting state with ultrasound. It has proven 

successful thereby providing a sensitive new research tool for inves

tigating the dynamic properties of the surfaces of solids. 
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APPENDIX A 

THE BCS THEORY!^ 

Some aspects of the BCS theory may be explored by considering the 

Helmholtz free energy F of the total system consisting of all the states 

occupied by the ground pairs, excited pairs, and single particles com

posed of the conduction electrons. This energy is given by 

F = W - TS, (A.l) 

where W is the internal energy composed of a kinetic energy term WK£ 

and the interaction Hamiltonian term for the Cooper pairs Wj, T is 

the absolute temperature, and S is the entropy. These terms are ex

pressed as 

% = ^l^kl [̂ k ^ 2Pk ^ 2(1 - ^k - 2Pk)hk] ' (A-2) 

X [(1 - s^ - 2p,̂ ) (1 - s,̂ . - 2p,^,)], and (A.3) 

-TS = 2kgT .̂ [ f^. Inf^, + (1 - f^.) In (1 - f^ .) ] (A.4) 

where 

£. = electron energy measured relative to the Fermi surface 

for momentum state k, 

h. = distribution function for the ground state pairs as a 
k 

function of energy eĵ , 
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S|̂  = p robab i l i t y that kt is occupied and -1ĉ  is unoccupied, 

or v ice versa, 

P|̂  = p robab i l i t y that both k+ and-kv are occupied, 

V . , = pos i t ive phonon in teract ion energy matrix element con

necting momentum states k and k ' , and 

fj^ = overal l p robab i l i t y that momentum state k is occupied 

by an e lect ron. 

I t fo l lows that 

s,, = 2 f , ( l - f J (A.5) 

and 

= f? 
(A.6) 

In addition, the matrix element V,̂ ,̂ , may be assigned an average value 

as 

V, |ej < ^̂  k 

^kk' 0, \eJ > hw; (A.7) 

where LO is an upper cutoff frequency such as the Debye frequency. 

An expression for F in Eq. (A.l) can now be developed using the 

information contained in Eq. (A.2) through (A.7). This expression can 

then be minimized with respect to the distribution function h,̂  to yield 
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the fol lowing equations 

\ = 2̂ t l - C^k/E,,)] , (A.B) 

[ \ (1 - \)]'^' = A/2E^, (A.9) 

and 

A = v ^ . [ \ . ( i - \ . ) ] ^ ' (1 - 2 fk . ) ; (A.10) 

where A represents the temperature dependent superconducting energy gap 

and E|̂  = +/e^ + A^. Minimizing the expression for F in Eq. (A.l) with 

respect to the probability of occupancy f|̂  shows that f|̂  is given by the 

Fermi-Dirac distribution function as 

Now, substitute Eq. (A.9) and (A.11) into Eq. (A.10), introduce 

the density of states N(0) at the Fermi surface for electrons of one 

spin orientation, and convert Eq. (A.10) into an integral over all al

lowed values of £|̂ . = e. This yields 

1 . n r^^ d^ ^_urlilLL^ 1 „ .noo Q E A. U T >'g ^ ^ 1 

mWr '- '• /o /e2 + A^ tanh [ • ^ ^ ^ ^ — J _ (A.12) 

where the factor 2 has been introduced to consider an integral over 
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energies only above the Fermi surface. It should be possible to de

termine A = A ( T ) from Eq. (A.12). 

However, at T = T^, A(T^) = 0, and for kgT̂ , « fiô; Eq. (A.12) may 

be graphically solved to yield 

-1/N(0)V 
kgT^ = 1.14 FTo) e . (A. 13) 

I t should be noted that Eq. (A,13) provides some suggestions for i n 

creasing the T^ of a superconductor. The Debye cutof f frequency to or 

Debye temperature = Fa)/k„ should be as large as possible. I f the den

s i t y of e lectron states near the Fermi surface N(0) and the average pho

non in te rac t ion matrix element V were to become larger , then the value 

of T should increase. These suggestions should be considered in d is -

cussing high T̂ . superconductors. 

Also, at T = OK, Eq. (A.12) w i l l reduce to a solvable integral 

expressed as 

A ( 0 ) = W s i n h (1/N(0)V) = 2Fico e"'^ ' , (A.14) 

i f the weak coupling condit ion of N (0 )V < 1 holds. Combining Eqs. (A.13) 

and (A.14) gives an expression for the energy gap at T = OK in terms 

of T as c 

2 A ( 0 ) = 3.5 kgTj, 



no 
or 

A ( 0 ) = 1.75kRT^. (A.15) 
^B'c 

The superconducting ul t rasonic attenuation (net rate of absorption 

of energy) a may be wr i t ten as 

""S ^ ^^^ ' f r ^ t ^ ( l " ^ ' ' - ^ ' ( 1 - ^ ) l p(E)p(E')dE, (A.16) 

where E = -y\z^ + A^) is measured below the Fermi surface and: 

p(E) = density of states in energy = N ( 0 ) E / / E 2 - A ^ , 

N(0) = density of states of one spin per uni t energy at the Fermi 

surface, 

E' = E + h'oj, 

f = p robab i l i t y that 1<f is occupied, and 

f = p robab i l i t y that V\ is occupied. 

In the l i m i t of ho) « kgT^, Eq. (A.16) reduces to 

a3 cc 2[N(0)]2 H ( f - f ' ) d E , (A.17) 

where the factor of 2 arises from adding the contributions above and 

below the Fermi surface. Then, 

as - 2IN(0)]2 hu, f(A). (A.18) 



I l l 

Now, for the normal state, A = 0. This leads to 

^n-nn{0)]^r^ ( f - f ')dE - 2IN(0)]2 hr.,f(0). (A.19) 

The ratio of superconducting to normal state ultrasonic attenuation 

may be obtained by dividing Eq. (A.18) by Eq. (A.19). Therefore, 

""S 2[N(0)1^ ficof(A) 
^ " 2[N(0)]^ fia)f(O) 

and 

as/a^ = 2f(A) = 2/e ̂ (^)/^B^ + 1. (A.20) 



APPENDIX B 

ULTRASONIC SURFACE WAVES^^'^^'^^ 

The equation of motion for a surface wave can be written as 

where U is any amplitude component of the longitudinal vector U. or 

the transverse vector Uj, and v is the corresponding velocity v. or 

Vj. The surface of the elastic medium is assumed to be plane and of 

infinite extent. The plane is denoted by the xy-plane and the medium 

is in z < 0. 

Consider a plane monochromatic surface wave propagating along the 

X-axis. Then 

U = U(x,z) = f(z) e'"*^^ ' ""^K (B.2) 

where q = 2TT/X and 03 = angular ve loc i ty . Subst i tut ing Eq. (B.2) into 

Eq. (B . l ) y ie lds an equation for f ( z ) given by 

32f 
1^ =(q2 - a)2/v2) f. (B.3) 

Assume that (q^ - oj2/v2) > 0. This gives an exponentially damped solu

tion of the form 
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,Kz f(z) = (constant) e"^^, (B.4) 

where K = /q^ - o^^/v^. Now, Eq. (B,2) becomes 

U = U(x,z) = (constant) e^^ e "'''̂^ ' ""^K (B.5) 

The displacement vector U of the surface wave must be a definite linear 

combination of the vectors U|_ and Uy. The components of each of these 
-> 

must satisfy Eq. (B.5) with v = v, for U|_ and v = v^ for U^. 

Proper boundary conditions at the free surface may now be applied 

to determine the appropriate 1inear combination. They require that the 

normal stress components must vanish at the free surface, z = 0. This 

is expressed by 

^xz = V = "̂ zz ̂  ° ^̂'̂  ̂  = °' '̂ •̂ ' 

where T,. is the nine-component elastic stress tensor which is given 

by the following for an isotropic elastic solid: 

dU^ aUy 3U7 , ,3Ui sUi, ,„ ,̂ 
Tij = ̂ -̂j IJT-^^IT^ -^.[''.{^^i.^)] (B.7) 

with i,j = )^,y.z and 

1, T = J 

^^ 0, i 7̂  j. 

Here, A and y are the Lame' constants for an isotropic solid. They may 
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expressed by 

A + 2y = C^^ = C22 = C33 - 0V2, 

^ " ^44 = C55 = ^66' 

^ " ^12 " ^13 = ^23 " P^f ^̂ -̂ ^ 

where the c's represent the 21 general elastic constants and p is the 

is the density of the isotropic solid. 

Applying the boundary conditions as expressed by Eq, (B.6) to Eq. 

(B.7) yields 

8Z 3X 

^\^^^ =n (^-10) 
8z ay 

2 9U^ 3U^ 8U^ 
\ y-^ + (v2 - v2) [—^ + _J^ ] = 0. (B.ll) 

9̂  ^ L T' ' 9x ay 
z 

Eq. (B.IO) shows that 

an, 9U^ a a, 
_ ^ + ^̂  = 0 = -^ = 0 or U^ = 0. (B.12) 
az ay az y 

This implies that the displacement vector (T of a surface wave lies in a 

plane through the direction of propagation perpendicular to the surface 

(sagittal plane). 
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Further 

V . U-̂  = 0 = ^ + ^ = 0. CB.13) 
' ax az 

Using Eq. (B.5), this yields 

Uj^ = KyAe^T^ g i(qx - a)t) 

Uy^ = - i q A e S ^ e ^ ' ( ^ " " " ^ \ (B.14) 

where K-p = /q^ - w^/v^ and A is an arbitrary constant. In addition. 

V X U, = 0 = ^—^ - ,r-^ = 0- (B.15 
L az ax 

Using Eq. (B.5), this yields 

U L , = q B e^L^e ' ^^^ " ̂^̂  

uĴ K̂ BeVê '̂ ^̂ "̂ '', (B,16) 

where K = /q^ - o^^/v^ and B is another arb i t ra ry constant. 

Now, U^ = ULX + U-p̂  anci Û  = UL^ + U-̂ -̂ - Subst i tut ing these ex

pressions for U^ and Û  in to Eqs, (B,9) and B . l l ) y ie lds 

A(q2 + K2) + 2BqKj_ = 0 (B.17) 

2AK^q + B(q2 + K2) = 0. (B,18) 
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The condition for Eqs. (B.17) and (B.18) to simultaneously be compa

tible is that 

(q2 + K|)^ = 4q2K|K2 . (B.19) 

Expanding Eq. (B.19), s imp l i f y ing , and solving y ie lds the Rayleigh 

equation 

Y^ - 8Y^ + 8Y2 [3 - 2 ( V J / V L ) 2 1 - 16 [1 - (V-P/VL)2] = 0, (520 ) 

where Y = v / v j , wi th v representing the Rayleigh ve loc i ty . The one 

root of Eq. (B.20) that corresponds to the veloc i ty of a surface 

wave may be approximated by 

Y = v/Vy = (0.87 + 1.12a) / (1 + a ) , (B.21) 

where a = the Poisson's ratio for the isotropic solid. 

It may be further shown that 

A _ . (2 - Y^) (B.22) 

B 2/(1 - Y^) • 

Then the amplitudes of the particle motion displacement are given by 

V 2q2 '^L^ i(qx - a)t) 

Ux - % f̂  - T^T^) ' ' ' 

U = 0 
y 
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K-rZ 2KLKy K,z ,, ,̂ 
^z = -"̂ ^̂  t̂  - (q' + K^) e ^ ]e'(^^ ' ^̂ ^ , (B.23) 

The Rayleigh wave attenuation (a) may be represented by a linear 

combination of the bulk longitudinal (a ) and transverse (aj) attenu

ations. This may be expressed by 

a = A (A,_/A)aL + ^ " A) (A-p/A)a-p , (B.24) 

where 

A = 1 6 ( V T / V L ) 2 (1 • ^2) 

Y''[3Y^ - 16Y^ - 1 6 ( V J / V L ) ^ + 24] ' 
(B.25) 

and A represents the wavelengths with A < Xj < X|_. As the Poisson 

ratio varies from 0 to 0.5, A varies from about 0.5 to 0 while (1-A) 

varies from 0.5 to 1.0. This demonstrates that the surface wave attenu

ation is expected to be larger than either longitudinal or transverse 

attenuation, and that the transverse attenuation should be the dominant 

contribution. 



APPENDi;( C 

t3 PROBLEM^^'^-^ 

Experimental data obtained in this laboratory from longitudinal 

ultrasonic attenuation measurements on superconducting lead, zinc, cad

mium, and molybdenum, and transverse measurements on superconducting 

zinc and molybdenum have indicated another functional form of the tem

perature dependence of the ultrasonic attenuation on t.^^ This is gi

ven by the following for t < 0.90: 

^ = ^ = Kt3, (C.I) 
'̂LN ""TRN 

where a is the attenuation for the superconducting and normal states, 

K is a constant, and t is the reduced temperature ( t = T/T ). The 

value of K appears to be the same for a l l cases. I t should be noted 

that th i s dependence can also be expressed by log^g f^'^jsC''^^ being pro

port ional to t - . 

The experimental data obtained from surface wave ul trasonic a t 

tenuation measurements of the residual region on superconducting zinc 

also ind icate th is same dependence. A representative plot of ctĵ ^/aĵ ĵ  

versus t^ is shown in Figure 30. 
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Figure 30. aĵ /̂af̂ ,̂  versus t"̂  at 9.3 MHz for q||<1120> and 

e||<0001> with a Bound Sample on XY Quartz 



APPENDIX D 

EJ(PERI>1ENTAL DATA 

The representative experimental data in this appendix were taken 

from X-Y recorder plots. It consists of voltage data (V) versus re

duced temperature (t) in intervals of 0.02. This data were read into 

a computer program for analysis. The results obtained from the compu

ter program were presented in Chapter IV. 
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TABLE D-1 

<1120> £||<0001> 9MHz Free Sample XY Quartz STP 

V(volts) t V(volts) 

1.00 
.98 
.96 
.94 
.92 
.90 
.88 
.86 
.84 
.82 
.80 

1.80 
6.50 
7.09 
7.50 
7.86 
8.20 
8.52 
8.83 
9.10 
9.35 

— 

.78 

.76 
,74 
.72 
,70 
.68 
.66 
.64 
,62 
.60 
.58 

TABLE D-2 

<lldQ> £| |<0001> 9.4MHz Bound Sample ST-X Quartz TTP 

t V(volts) t V(vol ts) 

.78 

.76 

.74 

.72 

.70 

.68 
,66 
.64 
.62 
.60 
.58 

.00 

.98 

.96 

.94 

.92 

.90 
,88 
.86 
.84 
.82 
.80 

2.20 
5.57 
6,30 
6.80 
7.19 
7.51 
7.82 
8.12 
8.41 
8.68 
8.96 
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TABLE D-3 

^ I Hl^?Q^ £ ll<0Q01> 10.2 MHz Bound Sample YZ Lithium Niobate STP 

V(volts) t V(volts) 

.00 

.98 

.96 

.94 

.92 

.90 

.88 

.86 

.84 

.82 

.80 

40.70 
43.14 
43.36 
43.56 
43.75 
43.93 
44.09 
44.22 
44.35 
44.46 
44.54 

.78 

.76 

.74 

.72 

.70 

.68 

.66 

.64 

.62 

.60 

.58 

44.61 
44.69 
44.78 
44.86 
44.93 
45.00 
45.04 
45.10 

-

— 

— 

TABLE D~4 

A ^ l<1120> t ||<0001> 9.3 MHz Bound Sample XY Quartz STP 

t V(volts) t V(volts) 

1.00 
.98 
.96 
.94 
.92 
.90 
.88 
.86 
.84 
.82 
.80 

1.60 
5.25 
6.04 
6.43 
6.75 
7.02 
7.26 
7.48 
7.68 
7.88 
8.08 

.78 

.76 

.74 

.72 

.70 

.68 

.66 

.64 

.62 

.60 

.58 

8.28 
8.48 
8.67 
8.84 
9.00 
9.14 
9.26 

-

-

-

-
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TABLE D-5 

<1_010> ?||<0001> 9.5 MHz Bound Sample XY Quartz STP 

V(volts) t V(volts) 

1.00 
.98 
.96 
.94 
.92 
.90 
.88 
.86 
.84 
.82 
.80 

26.20 
27.86 
27.91 
27.95 
27.99 
28.01 
28.05 
28.08 
28.11 
28.12 
28.15 

.78 

.76 

.74 

.72 

.70 

.68 

.66 

.64 

.62 

.60 

28.16 
28.17 
28.19 
28.22 
28.25 

-

-

-

-

-

.58 






