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I. INTRODUCTION 

It has been pointed out by London^ that the phenomenon of super

conductivity is a remarkable example of quantum effects operating on 

a truly macroscopic scale. Since the discovery of superconductivity 

in 1911, most of the progress in understanding this unusual property 

of materials has come from experimental investigations. It was not 

until 1957, almost forty-six years after its discovery, that the BCS 

theory^ afforded an insight into the probable mechanism responsible 

for the superconducting state. Even this remarkable theory could 

not take the ordinary frontal approach to the problem of applying 

the standard perturbation theory. Instead the Hamiltonian had to be 

found in a roundabout manner by trying to find terms which agreed 

with experimental evidence. Even with the many advances that have 

been made experimentally and theoretically in gaining an understand

ing of superconductivity, there are still some major questions which 

need to be answered. 

Since the advent of the BCS theory, there have been some notable 

experiments performed which give support to the BCS theory. These 

experiments have primarily dealt with subjects such as ultrasonic 

attenuation,2 electron tunneling,*^ infrared absorption,^ flux quanti

zation,^ and nuclear spin relaxation.-^ The behavior of the ultrasonic 

attenuation in lead as it passed from the normal to the superconduct

ing state was one of the earlier confirmations of a prediction of the 

BCS theory.3 
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Due to the ability of ultrasound to interact with the conduction 

electrons in a metal, it has proven to be a valuable tool in studying 

the behavior of electrons on the Fermi surfaces of both normal and 

superconducting materials. For the past eight years this laboratory 

has been engaged in a continuing research effort to study the multi

plicity and anisotropy of the superconducting energy gap by studying 

the ultrasonic attenuation in lead, zinc, molybdenum, and cadmium. 

This long-term program was initiated in 1970 with a study of longi

tudinal ultrasonic waves being propagated in superconducting lead.^ 

4 
Since lead has a transition temperature of 7.2K, ordinary liquid He 

3 
was utilized as a refrigerant. In 1969 a liquid He refrigerator was 

constructed^ in order to extend the low temperature research capa

bilities of the laboratory from l.OK for pumped liquid He down to 

0.38K for pumped liquid He^. This allowed for a study of superconduct

ing materials with transition temperatures down to 0.38K. Next the 

three materials zinc,^° molybdenum,^^ and cadmium^^ with respective 

transition temperatures of 0.84, 0.92, and 0.5K were studied by using 

longitudinal ultrasonic waves. Finally zinc^^ and molybdenum^^ have 

been further investigated by utilizing transverse ultrasonic waves. 

The added ability to polarize the direction of particle motion with 

transverse waves allowed for a more sensitive study of the anisotropy 

of the superconducting energy gaps. 

With the recent acquisition of equipment for fabricating surface 

acoustic wave (SAW) devices and the successful operation of a recently 

constructed liquid He^-He^ dilution refrigerator,i^ the research 

capabilities of this laboratory are entering a new era. The dilution 



refrigerator with its capabilities of cooling samples to around 12 

millikelvin with a heat extraction rate of 1,000 ergs/sec. will allow 

for a study of even lower transition temperature superconductors. 

The SAW devices should allow electron-phonon interaction studies to 

be conducted on both thin film superconductors and on the surfaces of 

bulk superconductors. Many other experiments are presently in the 

planning stages to utilize these SAW devices and the wery low temper

ature capabilities to study normal conductors, semiconductors, and 

non-conductors. 

The purpose of this dissertation was to investigate the feasi

bility of studying the electron-phonon interactions of surface waves 

propagating in thin films of both normal conductors and supercon

ductors. With the ability to generate surface acoustic waves, 

propagate them through a thin film and then receive them, a decision 

was made to measure the superconducting energy gap in a thin zinc 

film. It is a well known fact that the transition temperature of a 

material in the form of a thin film is enhanced over its value for 

the same material in the bulk form.iS"!^ The reason for this T̂ , 

enhancement is not understood. However, two of the ideas being con

sidered are first that the atoms are more closely compacted in the 

thin film, and secondly the Fermi surfaces are greatly distorted in 

the thin films. In fact, these two ideas may be closely related. 

It is believed that this laboratory, with its capabilities of study

ing the shapes of the Fermi surfaces in normal and superconducting 

thin films and on the surfaces of normal and superconducting bulk 

materials can combine these studies with energy gap studies 



for each of the above cases and make a valuable contribution towards 

understanding this enhancement mechanism. The work undertaken in 

this dissertation study is only a first step in a research program in 

which it is hoped that some benefit will be obtained which will con

tribute to a better understanding of superconductivity in general. 

Since this study is primarily concerned with superconductivity, 

surface acoustic waves and the ultrasonic attenuation in super

conductors, the remainder of the introduction will be devoted to a 

brief review of these subjects. Due to the unusual manner in which 

an understanding of superconductivity has been developing, i.e., 

experimental work always preceding the theoretical development, an 

attempt will be made to discuss the advances in a chronological 

order. 

1.1 Superconductivity 

Superconductivity was accidentally discovered in 1911 by 

Kamerlingh-Onnes^^'^° while studying the low temperature electrical 

properties of the element mercury. He observed that at a critical 

temperature, T^, of 4.2K the electrical resistivity of mercury 

abruptly decreased to a value below the measuring capability of his 

equipment. This led him to conclude that the electrical resistivity 

was zero for all values of temperature below the measured critical 

temperature. In studies conducted shortly thereafter he observed 

similar results for lead, tin and indium with critical temperatures 

of 7.2, 3.7 and 3.4°K, respectively. He also observed in these studies 

that the property of zero resistance could be destroyed in these 

materials by exceeding a critical current density within them or 



similarly by exposing them to a critical magnetic field. Due to the 

superior conducting properties of these zero resistivity materials, 

they were labelled as superconductors as opposed to normal conductors 

that have finite resistivities. 

In 1932 Kessom et al.21,22 observed a discontinuous jump in the 

electronic specific heat at the critical transition temperature. 

This type of transition is known as a second-order phase transition 

since there is no latent heat associated with this jump in the 

specific heat. This second-order phase change of the specific heat 

results in an increase in the rate at which the entropy of the system 

decreases with decreasing temperatures. Furthermore, there was 

sufficient experimental evidence of no observable lattice structural 

changes at T̂ ,. The interpretation of the changes in specific heat 

and entropy was that the free electrons entered into a new set of 

ordered energy states. The fact that the entropy was rapidly decreas

ing implied a rapidly increasing creation of order in the electronic 

system of the material. The conclusion drawn from these results was 

that the electronic system demanded either an electronic lattice 

(space order) or a phase condensation below the transition tempera

ture JQ. 

In 1933 Meissner and Ochsenfeld^^ conducted some experiments 

on pure solid conducting cylinders of lead and tin which brought to 

light a new property of superconductors which could not be explained 

by infinite conductivity. They found that within the solid metal 

superconductor the magnetic field B was everywhere zero. This result 

implied that superconductors were indeed also perfectly diamagnetic. 



Not only did they find that magnetic flux lines could not penetrate 

into a superconducting material but also if there is a magnetic field 

present in the conductor immediately above the T̂ , these flux lines 

will be expelled as it becomes superconducting upon cooling below T . 

The complete Meissner effect (F=0) is quite difficult to obtain exper

imentally since some of the flux is often "locked in." In particular 

in tantalum and niobium a large percentage of the flux is locked in. 

In 1934 a thermodynamic treatment of the anomalies in the speci-

fic heat and entropy at T^ was given by Gorter and Casimir. 

They proposed a "two-fluid" model which assumed the existence of two 

interpenetrating seas of electrons. Above T̂ , all of the electrons 

were normal state electrons and belonged to the sea of normal elec

trons. As the temperature was lowered below T̂ ,, some of these 

electrons entered into a new highly ordered state which started the 

sea of superelectrons exhibiting properties different from the normal 

electrons. As the temperature was further reduced toward absolute 

zero, the fraction of the normal state electrons would be reduced as 

they made transitions to superelectrons until finally at absolute 

zero all of the free electrons were superelectrons. This model was 

significant in that it recognized the need for two types of electrons 

existing in different states in superconducting materials. Further

more, it gave a qualitative explanation of the anomalies in the 

specific heat and the entropy. However, it was not a quantitative 

model and was limited considerably in its scope. 

In 1935 H. and F. London^^'^^ offered a phenomenological theory 

to explain the electromagnetic properties of superconductors. This 



approach was aimed primarily at explaining the Meissner effect. They 

proposed that an external magnetic field would penetrate into a super

conductor by only a small distance x. They explained the Meissner 

effect by assuming that supercurrents would flow on the surface of 

the resistanceless material thereby creating magnetic fields which 

would completely cancel any external magnetic field and prevent it 

from entering the body of the superconductor. This thin surface 

sheath around the superconductor would contain a decreasing magnetic 

field with the flux density being reduced to 1/e of its surface value 

at a penetration depth of X. This magnetic field penetration depth 

was confirmed experimentally by Shoenberg^s in 1940. 

Fritz London^^ in 1935 made the first microscopic attempt to 

explain the properties of superconductors by utilizing quantum theory. 

He speculated that an energy gap had to exist between the normal state 

electrons and the superconducting state electrons, \lery low tempera

ture specific heat measurements^^ showed that for temperatures below 

JQ/3 the functional dependence was exponential in T rather than the 

predicted T^ behavior. An exponential temperature dependence of the 

specific heat would be expected for a model where normal electrons 

would undergo an exponential probability of being raised above an 

energy gap to become superelectrons. This naturally gave very strong 

experimental support to London's idea. 

In 1937-38 both Landau^^ and F. London^^ proposed a laminar 

structure for the intermediate state of a certain type of super

conductor (Type-I) which afforded a new insight into their electro

magnetic properties. The proposed model was one of alternate layers 

file:///lery
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of superconducting and normal lamina wi th volumes proport ional to the 

amount of to ta l material i n the respective states. In 1950 Ginzberg 

and Landau^^ extended th is laminar structure model and real ized the 

importance of the boundary energies between the normal and supercon

ducting lamina (domains). They found theore t i ca l l y that posi t ive 

surface energies at domain boundaries resulted in Type-I superconduc

tors while negative surface energies gave Type-II superconductors. By 

way of a b r i e f explanation of the meaning of Type-I and Type-II 

superconductors, i t should be pointed out that when the superconduct

ing state of a material is destroyed by an applied magnetic f i e l d the 

t rans i t i on to the normal state is not an essent ia l ly discontinuous 

one. Unlike the immediate onset of e lec t r i ca l r e s i s t i v i t y , th is t ran

s i t i o n can occur over a s ign i f i can t range of magnetic f i e l d strengths. 

The magnetic f i e l d values at which the t rans i t i on begins and ends are 

pr imar i ly functions of the c rys ta l ' s composition, geometry and temper

ature along with the d i rec t ion of the f i e l d geometry. In a Type-I 

superconductor i t is possible for the material to enter in to an 

intermediate state whereby magnetic f i e l d penetration can occur at a 

f i e l d value Hy^{t) which is less than the thermodynamic c r i t i c a l 

f i e l d Hc( t ) . In th is case the volume of the superconductor becomes 

divided in to discrete macroscopic lamina of normal and superconduct

ing mater ia l . The re la t i ve proportions of these regions are 

continuously changing with increasing magnetic f i e l d up to H^{t) when 

the volume of the superconducting regions is reduced to zero and the 

material returns to the normal s ta te . The behavior of Type-II super

conductors in a magnetic f i e l d is markedly d i f f e ren t from that of a 



Type-I material. The Type-II materials, which are normally alloys, 

have the ability to remain in the superconducting state in applied 

fields greatly in excess of Hc(t). The initial field penetration 

occurs at a field Hc^(t) which is less than H^(t). In this case 

there are no macroscopic lamina created as in the case of Type-I 

materials. Instead, a microscopically ordered array of individual 

flux vortices, or fluxons, comes into existence whose packing den

sity increases with increasing field up to H^ (t), an upper critical 

field where the array becomes close packed and returns to the normal 

state. The region between H^ (t) and Hc2(t) is known as the mixed 

state region. It should further be pointed out that surface super

conductivity can occur on both Type-I and Type-II materials, whereby 

a thin surface layer can remain superconducting at high fields even 

when the bulk of the sample has returned to the normal state. 

In 1950 H. Frohlich^^ discussed the electron-phonon interaction 

and considered the possibility that this interaction might be respon

sible for the formation of the superconducting state. At about the 

same time Maxwell^5 and Reynolds et al.^^ found experimentally that 

the superconducting transition temperature depended on the isotopic 

mass of the atoms of the superconductor. This gave strong support 

to the idea that the electron-phonon interaction was involved in 

the superconducting transition temperature. Consequently, theoretical 

studies were being focused at explaining superconductivity from the 

viewpoint of electron-phonon interactions. • Frohlich^^ had focused 

his attention on the effect of lattice vibrations by considering 

the effect on the self-energy of the electrons. This approach 
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could not explain many of the experimental results concerning super

conductors. In 1956^7 Cooper analyzed the effect of the lattice 

vibrations on the effective interaction between electrons. He found 

that yery weak attractive interactions at low enough temperatures 

would cause pairs of electrons (Cooper-pairs) to form bound states 

near the Fermi energy. The pairing interaction caused a gap in the 

density of single electron states. 

Finally, in 1957 Bardeen, Cooper and Schrieffer^ turned to a 

variational approach in which they made an educated guess at the 

correct wave function. This theory, referred to as the BCS theory, 

predicted generally all of the observed phenomena of Type-I mater

ials. The BCS theory is not completely acceptable in explaining 

Type-II behaviors. Among the predictions of the BCS theory was the 

existence of an energy gap separating the multi-degenerate super

conducting ground state from the Fermi level which agreed with 

earlier experimental work. Although the gap is very small, it has 

been well defined. One of the most descriptive experiments on the 

energy gap was the tunneling experiment by Giaever.^ The first 

experimental evidence of an energy gap came from the thermal con

ductivity measurements on superconducting tin by Goodman^^ in 1953 

followed by specific heat measurements on vanadium^^ in 1956. 

Working from the far infrared side as well as the microwave side. 

Glover and Tinkham^ were able to make a more complete study of thin 

lead films at temperatures far below Tc=7.2°K. These measurements 

and similar ones on tin films could be interpreted in terms of an 
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energy gap of three to four times kT̂ ,. The spectroscopic measure

ments gave the minimum total energy required to create a pair of 

excitations, and the thermal ones measured the energy per statisti

cally independent particle. 

When it is possible to carry experiments to low enough values of 

1/1 fs to establish the residual attenuation level, it is possible to 

infer a value of the energy gap from ultrasonic attenuation data. 

Although the original BCS results were actually only applicable to 

longitudinal ultrasonic wave attenuation, it was found experimentally 

to be applicable to transverse waves also, as reported by Morse and 

Bohm.3^ Subsequently, a considerable amount of activity has occurred 

involving the electron-phonon interaction in metals in the super

conducting state since the BCS theory was presented. Much of this 

work has been discussed by R. Truell, C. Elbaum, and B. B. Chick.^° 

1.2 Surface Waves 

The simplest, and at the present the most important, kind of sur

face elastic wave was predicted by Lord Rayleigh^^ in 1885. Rayleigh 

waves, or surface acoustic waves (SAW) as electrical engineers often 

call them, propagate along the stress free boundary surface of a semi-

infinite elastic half space. In the absence of mechanical dissipa

tion, Rayleigh waves are non-dispersive. They travel at a speed 

independent of the wave length. This speed is characteristic of a 

material and is determined by its elastic moduli and density. The 

range of Rayleigh wave speeds encountered in most solids lies 

between 10^ and 6x10^ cm/sec. Typical elastic wave velocities in 
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solids range from 10^ to around 12x10^ cm/sec, thus surface wave 

velocities lie in the lower third of this range. 

The propagation of surface elastic waves is described with 

respect to the sagittal plane. This plane is defined as the plane 

determined by the normal to the surface and the propagation vector k 

of the propagating surface wave. In isotropic solids, Rayleigh waves 

have no component of particle motion transverse to the sagittal plane. 

Within the sagittal plane there is a component of particle motion 

normal to the free surface and a component parallel to the k vector 

(figure 1 and figure 2). As the Rayleigh wave propagates, individual 

particles at and below the free surface execute elliptical orbits in 

the sagittal plane with the major axis of the ellipse perpendicular 

to the free surface. At and near the free surface, the particle 

motion is retrograde elliptically. Material on the propagation of 

surface waves is covered in more detail in Appendix A. 

Stoneley'^^ extended Rayleigh's work to cubic crystals, and 

shortly thereafter Synge^^*^^ considered Rayleigh waves in arbitrary 

anisotropic nonpiezoelectric media. He concluded that for a given 

angular frequency oj, such waves either do not exist or travel only in 

certain directions along the free surface with specific corresponding 

speeds. Calculations by Gazis,^^ Buchwald and Davis,^^ and Tursonov'*^ 

also indicated that surface waves are possible only in certain sym

metry planes or crystalline directions. Lim and Farnell^^»'+^ carried 

out a detailed computer search for forbidden directions of elastic 

surface waves. They state that "an extensive search of propagation 

directions on many planes in many crystals has not revealed any 
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Figure 1. The Sagi t ta l Plane and the Direction 
of Par t ic le Motion for Rayleigh Waves. 
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Figure 2. Three types of elastic waves which propagate 
in solids. 

(a) The longitudinal wave where particles in a vertical 
plane remain in that plane moving only along the propaga
tion direction. 

(b) The transverse wave similar to a wave on a stretched 
string where particles move transverse to the propagation 
direction shown by the arrow. 

(c) Surface (Rayleigh) wave where the amplitude decreases 
with the distance from the surface and the particles move 
parallel to the free surface and normal to the propagation 
direction. 
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forbidden directions in that there always appears to be a surface 

wave solution which satisfies the free surface boundary condition." 

In view of this result, Burridge^o has re-examined the theoretical 

question as to the directions in which Rayleigh waves may be propa

gated. The assertion that surface waves are possible only if the 

free plane is a plane of material symmetry has been proven incor

rect by Burridge. Moreover, he proves that if Rayleigh waves exist 

at all on any arbitrary plane in a totally anisotropic medium, then 

there must be whole angular ranges of directions in which they pro

pagate and not just the discrete directions suggested by Synge.^^ 

Lamb^i first considered the excitation of a disturbance in a 

semi-infinite isotropic elastic medium by the application of a 

vertical or horizontal impulse along a line in a free surface. This 

experimental technique is described by White,^^ although other steady 

state excitation methods are also available. ̂ 3,51+ por piezoelectric 

crystals, modern photolithographic techniques'^ favor the use of 

photographically produced thin metallic film grating patterns for 

surface wave excitation. ̂ '+»^^"'^ Advances in micro electronic 

photolithography and thin film techniques together with the avail

ability of large single crystals of strong piezoelectrics like 

LiNb03 are responsible for a renewed interest in surface waves. 

A standard grating consists of a pattern of interdigital metallic 

fingers. If these fingers are numbered consecutively starting from 

one end, then all of the even fingers are connected together and run 

to one side of an AC signal generator while all of the odd fingers 

are similarly connected together and run to the ground or low side 
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of the generator. If the grating spacing is uniform, then the center 

to center distance between a pair of even or odd fingers determines 

the wavelength of the elastic surface wave which will be excited. 

The generator is then tuned to the frequency corresponding to the 

elastic surface wave velocity (a material parameter) divided by 

the spacing between a pair of adjacent even or odd fingers. The 

electrical properties which characterize a metallic grating on a 

piezoelectric substrate have been the subject of recent intensive 

investigations.^^-^Q More details will be presented on the design 

and fabrication of surface acoustic wave devices in the experimental 

section. 

1.3 Ultrasonic Attenuation in Superconductors 

The first experimental measurements of the electronic con

tribution to the ultrasonic attenuation in metals by Bommel^ and 

MacKinnon^^ verified the predictions of Akhiezer^^ that this con

tribution varies as 1/T^ at low temperatures. The first complete 

theory was developed by Pippard.^^ The theory by Pippard with later 

refinements led to a better agreement between theory and experiment. 

The actual parameter of interest is the product of the magnitude of 

the phonon wave vector, q, and the electron mean free path, i. This 

parameter plays a key role in the description of ultrasonic 

attenuation. 

Until the microscopic theory of Bardeen, Cooper, and Schrieffer 

(BCS theory)^ was proposed in 1957, there were no adequate descrip

tions of the ultrasonic attenuation in the superconducting state. 
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According to this theory, at the onset of superconductivity the normal 

electron distribution in a metal undergoes a change which is char

acterized by the appearance of a temperature dependent energy gap, 

2 A ( T ) , in the density of states function at the Fermi energy. 

Bardeen, Cooper and Schrieffer calculated the temperature dependence 

of this energy gap and found that it varies monotonically from zero 

at the transition temperature, T̂ ,, to a value of about 3.52 kT^ at 

O^K. 

In the superconducting state, the electrons are paired through 

virtual phonons, with each set of paired electrons (Cooper-pairs) 

having equal and opposite momentum and opposite spins. The minimum 

energy for breaking up a pair is 2A(T), with both electrons then 

being excited into the normal state. At the transition temperature 

some of the normal state electrons begin to form Cooper-pairs. As 

the temperature is further lowered below T , a larger fraction of the 

normal state electrons begin to pair off until at absolute zero they 

have all become Cooper-pairs. 

Since the ultrasound can only interact with the normal state 

electrons, the electronic contribution to the ultrasonic attenuation 

at absolute zero is zero. 

Bardeen, Cooper and Schrieffer have made a calculation of the 

attenuation coefficient in the superconducting state for longitudinal 

phonons with q£»l and showed that for tla3«2A(0) the following rela

tion holds: 



18 

«n(T) exp { ^ } + 1 

where a3(T) is the attenuation in the superconducting s ta te , and 

ap(T) is the attenuation in the normal state at the same temperature. 

Kreslin'^^ l a te r demonstrated that th is re la t ion holds for ql<^. 

Subsequently, Tsuneto^^ showed that the expression is approximately 

va l id for a l l qi so long as'ha3«2A(0). For a readable account of 

the above expression, refer to Rayne and Jones.^^ 

While the BCS theory predicts that the ra t io of the zero tempera

ture energy gap to kT̂ ^ is 3.52, i t is found experimentally that the 

ra t io varies from metal to metal. Figure 3 shows the attenuation in 

the superconducting state plot ted as a function of reduced temperature 

for various values of the gap parameter, 2A. The values are based 

upon the numerical table of Miilschlegel. ' '^ 

The attenuation of transverse waves in the superconducting state 

exhibi ts somewhat d i f fe ren t features. For qi>] at the onset of the 

superconductivi ty, there is f i r s t an i n i t i a l rapid drop wi th in a few 

mil l idegrees of T^., followed by a more gradual drop upon fur ther 

lowering of the temperature. This gradual drop agrees quite well 

with the attenuation predicted by the BCS theory. For q i i « l , the 

i n i t i a l drop is not observed. 

Tsuneto^3 ^as published the most detai led theoret ical treatment 

of transverse attenuation by combining BCS theory with Pippard's''^ 

ideas concerning the electromagnetic f i e lds set up by the sound wave. 

His calculat ions show that for q j i » l the attenuation should drop to 
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a negligible value. For qj2,«l, Levy*^^ has shown that there should be 

no rapid drop at T^. 

For surface waves the ratio of attenuation in the superconducting 

state to the attenuation in the normal state for qii<<l, which is the 

case for most polycrystalline thin films, has been shown theoretically 

to be equal to the same ratio for longitudinal bulk waves by Press and 

Healy."^^ This relationship was experimentally confirmed by Kratzig^^ 

in Sn and Pb films at frequencies of 700 MHz. But earlier measure

ments by Akao^^ for Rayleigh waves at 316 MHz propagating through 

films of In and Pb evaporated onto crystalline quartz show a 

temperature dependence of the ultrasonic absorption which does not 

quite agree with the predictions of the BCS theory for the absorption 

of longitudinal bulk waves. It is interesting to note that there is 

no discontinuity of the absorption at the transition temperature, as 

is found in shear waves. 

The only other results published for surface waves in super

conducting films were reported by Robinson, Maki, and Levy.^O'^^ 

Their results for 2-Q^W^ acoustic surface waves in 300A Al films yield 

data which are fitted quite well by the simple BCS theory with a gap 

parameter of 3.60. 



II. APPARATUS AND PROCEDURES 

2.1 Lithium Niobate SAW Devices 

During the past twenty-five years, the uses of ultrasound as 

a research tool in studying many of the properties of solids, 

liquids, and gasses are too numerous to be referenced. In the case 

of solids, the ultrasound can interact with both the lattice vibra

tions and the free electrons. Consequently, it has provided a \/ery 

sensitive means of studying important interactions occurring within 

both bulk single crystals and polycrystalline materials. The utiliza

tion of ultrasound in studying thin film properties has been rather 

slow in developing. In the earlier usage of wedge transducers and 

receivers,^2»^2 they were so poorly coupled to the thin films that a 

minimum of energy was transferred to the film, and most studies were 

of minimum significance. With the advent of the capability to gen

erate surface waves on piezoelectric substrates, a whole new era of 

SAW studies began. Not only are SAW devices a valuable research tool, 

but their usage as devices in the electronics industry is growing 

very rapidly. The generation of surface waves and their properties 

have been discussed in detail by several, investigators.^2-85 Qf 

these methods, the interdigital electrodes are best suited for work 

in a vacuum at low temperatures. In these devices, an r.f. voltage 

is applied across interdigital electrodes to excite the surface waves. 

These electrodes, as shown in figure 4, are fabricated directly onto 

the surface of a piezoelectric substrate by photoetching of a thin 

metal film. The major limitation of the interdigital electrode 

21 
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Figure 4. Surface Acoustic Wave Device 
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technique is concerned with the fabrication of SAW devices for the 
o 

generation of very high frequencies (i.e., 10 H^ and up). The 

wavelengths associated with these high frequencies are \/ery short 

requiring both a higher resolution of the fingers and also a shorter 

distance between the centers of the fingers. In order to properly 

fabricate such SAW devices, expensive computer controlled electron 

beam guns are required. The 90 MHz devices used in this experiment 

were designed in this laboratory and fabricated by Texas Instruments, 

Inc. in Dallas, Texas. 

2.1.1 Design 

There are a number of materials available to the SAW component 

designer, the choice depends on the type of device to be prepared, 

the frequency of operation, the bandwidth, the time delay, and the 

system in which the device is to be used. The tradeoffs might be 

an obvious one of high electromechanical coupling vs. low tempera

ture coefficient of delay, or might involve other factors such as 

availability of sufficiently large substrates, signal rejection, 

acoustic energy loss, or cost. A tabulation of available materials 

and their parameters is given in table 1.86-88 

A parameter of primary importance to the SAW device design is 

the insertion loss. The insertion loss may be defined as a loss due 

to the electric to acoustic conversion loss for the transducer at 

each end of the substrate plus the acoustic transmission loss between 

transducers. The electromechanical conversion efficiency will deter

mine the fractional bandwidth for a given insertion loss. The 

relationship between bandwidth and conversion efficiency is obtained 
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by considering that electrically the interdigital transducer is 

equivalent to a static capacitance in series with a radiation 

impedance whose real part is frequency dependent. The electrical 

radiation Q of the transducer is given by:^^ 

Q=TTAf/4k^fQ 

where k^ is the electromechanical coupling constant and Af/fQ is the 

fractional bandwidth. As long as Q is less than the fractional band

width, the transducer may be readily impedance matched. However, 

minimum loss occurs if Af/fQ <2k//ir. The electromechanical coupling 

constant for surface acoustic waves cannot be readily calculated 

from the piezoelectric- and elastic-constants, but it can be related 

to the fractional change in surface wave velocity AV/VOO when a thin, 

massless conductor is deposited on the propagation surface^^*^*^ 

k^ = 2(l+eo/^p)^V/Voo(l-AV/Vc„) 

where ZQ and £p are the dielectric constants of free space and the 

piezoelectric material, respectively. Measurements^^ and calcula-

tions^^ of AV/VOO have been performed on a large number of materials; 

and as seen from values listed in table 1, Y-Z lithium niobate is 

the best available material for large fractional bandwidth and high 

electromechanical coupling constant. 

Another parameter is the temperature coefficient of delay. 

The time delay T of an acoustic delay line is given by 

T = i/y 
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where i is the propagation path length and v is the acoustic velocity. 

In cases where small variations in delay as a function of temperature 

are intolerable, the ST-cut, X-propagating quartz would be the best 

choice. 

For low temperatures such as used in this experiment, it was 

felt that most of the physical changes affecting i and v would be 

constant. The general conclusion drawn from the design parameters 

was that LiNb03 was best suited for this study due to the minimum 

insertion loss, high coupling coefficient, and the fact that the 

phonon scattering losses are small for frequencies of 90 MHz. 

The design of the interdigital electrodes is shown in figure 5. 

The beam width was chosen as 5mm so as to reduce the requirements on 

transducer alignment and avoid beam steering losses since LiNb03 

generally requires more careful orientation accuracy than other 

materials.^i The surface wave device is Y-cut with acoustic 

propagation along the Z-axis (YZ orientation), and the interdigital 

type electroacoustic transducers are five periods in length with a 

synchronous frequency of 90 MHz. The length was chosen so as to 

produce the optimum gain-bandwidth product for a strong-coupling 

material such as lithium niobate. Calculations for the number of 

periods (length of the transducer) have been published by Shaw^^ 

and by Tseng.^2 /\s the number of periods of the transducer is 

increased, the strength of acoustic coupling, the amplitude, and the 

radiation resistance increases; but at the same time the additional 

periods reduce the operating bandwidth since smaller and smaller 

shifts away from the center frequency are sufficient to cause 



10 mm 

2.5mm 

5.0 m m 

2.5 m m 

Figure 5. Design of SAW Device. 
YZ Lithium Niobate (10 x 25.4 x 1 mm). 
All spacings between lines and end of fingers are A/4 
All finger and line widths are x/4 thick. 
Thin film is represented by trie shaded region. 
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output from transducer elements at opposite ends of the array to 

cancel one another. 

The distance between each of the fingers was chosen equal to 

the finger width in order to increase the possibility of using the 

devices at higher frequencies in later experiments. 

Using the velocity of sound in lithium niobate as 3488 m/sec, 

the wavelength was calculated to be 41.6 microns for a 90 MHz trans

ducer. The resulting device had a center frequency f^ within a few 

kilohertz of the design frequency and yielded a good triple transit 

signal, so that attenuation measurements could be recorded for 

longer path lengths than the length of the film between the two 

transducers. A readable discussion of surface waves and devices 

has been published by R. M. White.^^ 

2.1.2 Fabrication Procedure 

The photolithography required for fabricating the SAW devices 

used in this work was produced at Texas Instruments in Dallas, 

Texas. The process of photolithography is a common means for pro

ducing these devices. The basic ingredient in this process is the 

photosensitive resist. One distinguishes between negative and 

positive resists on the basis of whether the exposing radiation 

causes polymer crosslinking or polymer chain scission to predominate. 

In the case of negative resist, the developing solvent removes the 

unexposed polymer; whereas in the case of positive resist, the 

exposed polymer is removed. The resist remaining after development 

serves to define a pattern that was transferred to a gold over 
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chrome film covering the lithium niobate. After etching of the metal 

film, the interdigital electrodes are left on the surface of the 

substrate. 

To photographically expose the desired pattern in the photo

resist, an appropriately designed mask is required. The pattern in 

the mask may be opaque or transparent, depending on whether the 

resist is positive or negative. The pattern for the mask in this 

case was opaque and was obtained by the method of electron beam 

lithography. In electron beam lithography^^ an electron-sensitive 

resist is illuminated with electrons to produce the pattern for the 

mask. A focused electron beam is then electronically scanned over 

the surface of a resist coated glass substrate to be used for the 

mask. The pattern is thus "written" onto the surface much like the 

process used in a scanning electron microscope. The technique is 

illustrated in figure 6. 

2.2 Cryogenic System 

2.2.1 Helium-3 Cryostat 

The temperatures which can be reached by pumping on He^ are 

limited by its vapor pressure-temperature relation and by the 

properties of the helium film. At all temperatures below its 

critical temperature (3.35K), the vapor pressure of He^ is greater 

than that of He^. At IK it is 35 times greater, and at 0.5K it is 

about 10^ times greater. In addition, at all temperatures which can 

be attained by pumping on liquid He"^, it does not show superfluidity, 

thus there is no film flowing up the pumping tube and evaporating on 

the warmer surfaces, as in the case of superfluid liquid He^. 
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The first description of a He^ cryostat designed for making 

measurements on other substances was given in 1957 by Seidel and 

Kessom.95 Three liters of He^ gas at NTP were used, which formed 

4cc of liquid at IK. With the natural heat leak into the system, a 

temperature down to 0.44K was reached by pumping on the vapor of the 

liquid He^. The construction of the He^ cryostat used in this 

experiment was based upon the design of others used in this labora-

tory9-i'+ with the necessary changes in design so that it could 

accommodate SAW devices. 

The cryostat described in this experiment has reached tempera

tures of 0.35K and is capable of sustained operation for a period of 

approximately four hours depending upon the amount of liquid He^ 

surrounding the cryostat and the rate at which it boiled away. A 

schematic representation of the cryostat is shown in figure 7. The 

structural parts have been identified, but most of the electrical 

circuit has been omitted to simplify the diagram. 

In operation, the cryostat is enclosed in a double glass dewar 

system. The outer dewar is filled with liquid nitrogen at 77.4K 

which is insulated from room temperature by a permanent vacuum 

jacket. The inner dewar which is filled with liquid He^ also has a 

vacuum jacket to insulate the liquid helium from the liquid nitrogen. 

This vacuum jacket can be evacuated initially at the beginning of 

each run before the liquid nitrogen is introduced in the outer dewar. 

After transferring liquid He^ into the inner dewar, this region can 

be closed to the atmosphere and pumped with a large Stokes 105 cubic 

feet per minute vacuum pump to lower the temperature of the liquid 
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He^ to 1.4K (less than 5.0 torr). As gaseous He^ was admitted from 

an external storage tank into the He^ pumping line of the cryostat, 

it would condense and fall into the evaporation can below the sample 

table. At first the liquid He^ evaporated upon contact with the 

warmer He^ can. Through the process of condensation and evaporation, 

the heat was transferred from the He^ can to the liquid He^ bath 

surrounding the high vacuum can. As this reflux stage continued, the 

He^ can eventually became cold enough for the liquid He^ to remain in 

the bottom of the can. By reducing the pressure above the He^ liquid, 

the temperature of the sample and the sample table which was bonded 

to the liquid He^ can was lowered in temperature. This temperature 

could be slowly regulated by a corresponding change in the pressure 

above the He^ liquid. This regulation was obtained by means of a 

controlled leakage of He^ gas from the storage tank, back into the 

pumping line while continuing to pump on the liquid He"̂  system with 

a Welch 5.6 cubic feet per minute Duo-Seal model 1402 vacuum pump, 

which had special seals for use with gaseous He^. 

The lowest temperature could be obtained using the liquid He^ 

refrigerator, by minimizing the heat leaks into the liquid He^ can 

and maximizing the pumping rate through "the He^ pumping line. The 

length of time that the refrigerator could operate depended upon 

the total amount of He^ gas in the system, the efficiency with which 

the gas could be condensed and also upon the heat leak into the 

system. Optimum performance from the refrigerator represented a 

compromise of the above considerations. 
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An important factor in the construction of this cryostat was 

the size of the He^ pumping line. This line represented one of the 

principal paths for heat leaks into the high vacuum can. The design 

by Robbins and Marshal 1^ used a 0.5 in. inside diameter for this line 

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 larger heat 

leak and relatively higher pumping rate. The same diameter of type 

304 stainless steel tubing with a wall thickness of 0.010 inch was 

used in the present cryostat. But as in the design of a cryostat 

built earlier in this laboratory, it was desired to lengthen the 

time at which the refrigerator could operate at low temperatures. 

Thus it was decided to construct the cryostat with longer pumping 

lines so that the sample area could be submerged to a greater depth 

in the liquid He^ bath. The dimension of this pumping line from the 

top plate of the cryostat, which remains at room temperature, to the 

top of the high vacuum can was 70 cm. in length. 

Both the He^ pumping line and the high vacuum line entering the 

top of the high vacuum can were fitted with radiation traps which 

were modeled after the design of Wheatly.^^ jhese traps were epoxyed 

into the lines, using Stycast 2850FT low temperature epoxy,^^ at the 

point where the lines made contact with the upper lid of the high 

vacuum can. This insured that any electromagnetic radiation trans

mitted through the pumping lines would be absorbed by the traps, and 

the resulting heat was transferred to the liquid He^ bath. 
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The high vacuum line used for evacuating the high vacuum can was 

connected to an oil diffusion pump fitted with a liquid nitrogen cold 

trap. This pump reduced the pressure in the high vacuum can and pump-

-5 
ing line to below 10 torr before lowering the temperature of the 

cryostat. Once the He^ cryostat was placed in liquid He'̂  the pressure 

was reduced to below 10" torr. After the He-̂  can and sample reached 

liquid He temperatures, the high vacuum can was isolated from the 

diffusion pump. Then due to cryo-pumping, the high vacuum can reached 

a pressure of approximately 10"'^ torr as suggested by Garfunkel and 

Wexler.^Q 

The SAW devices used in this experiment required that two r.f. 

transmission lines be installed as part of this cryostat. The 

electrical impedance of the connecting coaxial cables and the input 

and output impedances of the electronic equipment used in the 

electrical circuit was 93 ohms. The transmission lines were fitted 

at the room temperature end with a female type BNC 93 ohm cable 

connector. The inner conductor of the transmission line was con

structed of 0.040 inch outside diameter cupro-nickel (70-30) tubing 

of 0.002 inch wall, thickness, and the outer conductor was 0.25 inch 

diameter, 0.010 inch thick 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 trans

mission line. The spacing of the Teflon discs was made in accordance 

with the design of transmission lines as given by Moreno,^^ and the 

materials were chosen to produce a minimal heat leak. 
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In order to reduce heat transmission to the sample, the r.f. 

transmission lines were designed so that they could be evacuated. 

The cupro-nickel tubing was vacuum sealed by soldering to the center 

connector of the BNC at the room temperature end and Stycast was used 

to position the tubing and make a vacuum seal to the top of the 0.25 

inch stainless steel tubing. At the area where the transmission line 

passed into the high vacuum can, a 1.0 inch long annular region was 

filled with Stycast. This was done for two reasons: First, to serve 

as a thermal short between the cupro-nickel tubing and the liquid He^ 

bath; and secondly, to serve as a radiation trap for any radiation 

coming from the room temperature end. In order to evacuate the upper 

section of the transmission line, two small holes were cut in the 

inner conductor above and below the Stycast at the top of the vacuum 

can. The transmission lines were then installed into the cryostat 

by soldering the 0.25 inch tubing to the top of the high vacuum can 

and to the top plate of the cryostat. 

Both of the transmission lines had electrical impedances which 

made acceptable matches to the 93î  impedance of the coaxial cables 

and electronic equipment. 

Other sources of heat leaks into the sample area were due to the 

many electrical leads which were used to monitor the resistances of 

the thermometers, and also to provide current for the sample heater 

and for the superconducting solenoid. At the room temperature end 

of the cryostat these wires were connected to a 36 pin Amphenol 

connector and extended through a 0.5 inch diameter copper tube at 
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the top of the cryostat where a low vacuum seal was made by sealing 

the copper tube with Stycast epoxy. The electrical leads were then 

encased in a plastic harness and wound along the high vacuum pumpout 

tube through the liquid He^ bath to the top of the high vacuum can. 

The leads in this region were made of American Wire Gauge (AWG) #36 

copper wire which were terminated at the low temperature region where 

each was soldered to AWG #38 niobium-titanium (54-48) alloy wire. 

This alloy becomes a superconductor for temperatures below 10.OK. 

The superconducting leads were each passed through a high vacuum seal 

into the high vacuum can. These vacuum seals were made by removing 

the insulation from each wire at the point where it passed into the 

can and by sealing the stripped wire to the feedthrough area of the 

can with Stycast. The Stycast provided the vacuum seal, electrical 

insulation, and a thermal ground at the top of the high vacuum can. 

This feedthrough area was raised above the top of the can by mounting 

it on a 2-inch long section of 0.5 inch diameter thin wall stainless 

steel tubing. Since the high vacuum can was heated before each 

experiment when the can was attached to the cryostat with a low 

temperature solder, the high vacuum feedthrough did not suffer damage 

due to this heating process. The superconducting leads were then 

attached, using Stycast, to a common thermal ground on the liquid He 

can. From this thermal ground the wires were separated and attached 

to the thermometers, the heater, and the superconducting solenoid. 

Superconducting leads were used because they produce no heat when a 
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current is sent through them while they are in the superconducting 

state. In addition, the wires have a somewhat lower thermal con

ductivity in the superconducting state than in the normal state.^^o 

The sample and high purity copper sample table were thermally 

contacted to the liquid Hê ^ vacuum can with Dow Corning DC-11 Bond^oi 

and Stycast,9^ respectively. The can itself was 2.5 inches in diameter 

and 0.375 inch in height. This configuration was used in order to 

obtain a maximum evaporation rate of liquid He^. This configuration 

also provided a short thermal path between the sample table and the 

He*̂  liquid. 

The cryostat discussed in this section regularly reached 

temperatures lower than 0.4K. 

2.2.2 Helium-3 Refrigerator Vacuum System 

The vacuum system can be separated into three units: the high 

vacuum system, the He-̂  pumping system, and the He^ pumping system. 

The systems are shown in figure 8. Each of the systems will be des

cribed as part of the operating procedure for the He^ refrigerator. 

At the beginning of each experiment, the Hê ^ pump cutoff valve, 

the needle valve, and the Whitey micrometer needle valve were closed. 

This contained the He^ gas in the 5.6 CFM, model 1402 Welch Duo-Seal 

mechanical vacuum pump and storage tank. The high vacuum isolation 

valve and the connecting valve were opened to the high vacuum system 

which consisted of a liquid nitrogen cold trap with a Distillation 

Products 6.0-inch diameter oil diffusion pump backed by a 2.1 CFM 
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mechanical fore pump. With only the fore pump operating, the pressure 

in the high vacuum can and the He^ vacuum can was pumped out. The 

pressure was readily lowered to below 1 micron of Hg, and the connect

ing valve was closed separating the He^ vacuum system from the high 

vacuum system. The high vacuum system was then opened to the high 

vacuum can and was allowed to pump for at least 24 hours. During this 

time the vacuum jacket of the He^ dewar was evacuated with a portable 

pump, and the inner dewar was evacuated and back filled with He^ gas. 

When the pressure in the high vacuum can was reduced to 10"^ torr, 

liquid nitrogen was poured into the outer dewar and the system was 

allowed to cool for eight to twelve hours. The pressure in the can 

dropped to 5x10" torr when the temperature reached 78K. 

The inner dewar was opened and filled with liquid He^. Then the 

dewar was sealed as the He^ pump cutoff valve was simultaneously 

opened allowing the Stokes vacuum pump to lower the vapor pressure 

above the He^ liquid to around 2.4 torr (1.4K). At this pressure He^ 

liquid was a superfluid, and any leaks in the high vacuum system were 

readily detected. The high vacuum isolation valve was closed and 

cryo-pumping in the can lowered the pressure to approximately 

10"''° torr. 

To initiate the He^ 1iquification, the Hoke coarse needle valve 

and Whitey type 316 micrometer valve were opened to introduce the He"̂  

gas into the He condensing can and pumpline. It condensed on the 

wall of the He^ line above the high vacuum can and was collected at 

the bottom of the He*̂  can. Upon reaching the can, the liquid Hê ^ was 
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initially evaporated thereby carrying heat away from the can and the 

attached sample table. The He^ usually liquified completely in 

approximately one hour, and the refrigerator was ready for operation. 

The Welch Duo-Seal pump was then turned on and the pump cutoff valve 

opened. As the coarse and micrometer needle valves were closed, the 

pressure above the liquid He^ was reduced. The lowest temperature was 

reached when the needle valves were closed. The temperature could be 

increased by allowing He*̂  gas to leak back into the He^ line and the 

He^ can through one or both of the needle valves, thus causing an 

increase in pressure. By operating either of the two valves, the 

temperature could be cycled to either higher or lower temperatures 

between 1.4 and 0.38K. Temperatures could be selected and held by 

controlling the return rate of the Hê ^ to the He^ can. To shut down 

the operation of the refrigerator, the He^ could be boiled out of the 

can by using the heater and returned to the pump and the storage tank, 

and the valves were closed to store the gaseous He^ for later use. 

One could judge the amount of He^ gas which was stored by monitoring 
o 

the readings on an Ashcroft vacuum gauge connected to the He^ gas 

storage tank. The gauge was calibrated in inches of mercury and read 

zero inches at atmospheric pressure. When the storage tank was full, 

the He^ gas was stored at a reduced pressure of 5 inches of mercury; 
3 

and after condensation of the liquid He in the cryostat, the gauge 

indicated a reduced pressure of 23 inches of mercury. The liquid He^ 

and nitrogen are allowed to evaporate naturally until the cryostat 

approached room temperature. The cryostat could then be separated 
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from the vacuum system and the electronics by the use of a series of 

quick disconnect connections. 

2.2.3 Sample Table 

The SAW device with the sample is mounted on top of a solid pure 

copper block which was connected directly to the lid of the He^ can. 

The copper block or sample table is shown in figure 9. Attached to 

the table are the heater, the superconducting solenoid, and electri

cal contacts for the sample. The contacts were made of thin copper 

strips and made pressure contact with the lithium niobate substrate. 

Holes were drilled through the table, and leads from the transmission 

lines were soldered to the copper contacts and insulated from the 

table using Stycast 2850 FT low temperature epoxy. 

The substrates were bonded to the table using Dow Corning DC-11 

stopcock silicon grease.1°^ It has a vapor pressure of less than 

10"^ torr and provides a good thermal contact between the copper 

table and lithium niobate. 

A superconducting solenoid was fabricated using AWG #38 niobium-

titanium (54-48) alloy wire which becomes a superconductor for 

temperatures below lOK. The solenoid was designed to produce a 

magnetic field either parallel or vertical to the SAW device. The 

parallel field was produced by a solenoid which had an inner diameter 

of 0.50 inch and a length of 1.25 inches. The solenoid was mounted 

on the cryostat by sliding it over the circular section of the sample 

table thus completely enclosing the same area of the table which lay 
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Sample Arm 

Sample Area 
for 

SAW Device 

Electrical Contacts 

Germanium 
Thermometer 

^ ^ jf̂ t::::::: 

Carbon 
Resistance 

Thermometers 

Heater 

A. SAMPLE TABLE 

Vertical Field Axis 

Horizontal Field Axis 

B. SUPERCONDUCTING MAGNET 

Figure 9. Sample Table 

The superconducting magnet slides over the sample 
arm of the table and fully encloses the SAW device 
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along the axis of the solenoid. The solenoid was wound to produce one 

gauss per 1.1 milliamperes of current. The ver t ica l f i e l d was pro

duced by two c o i l s , one above and the other below the tab le. In 

order to produce a uniform f i e l d over the sample area, the diameter 

of each of the co i l s and the separation was one inch. The ca l ib ra

t ion of the ver t i ca l magnetic f i e l d was 12.4 milliamperes per gauss. 

2.3 Temperature Measurement and Control 

2.3.1 Thermometry System 

Temperature measurements during the taking of the acoustic 

attenuation data were obtained by using one-half watt Allen-Bradley^°^ 

carbon res is to rs . The reproduc ib i l i t y of these devices has not been 

c lear ly resolved. Or ig ina l ly Clement and Quinneli03,i04 reported 

that Allen-Bradley resistors were reproducible on repeated cycl ing 

between 4 and 300K, to wi th in ±4mK providing that they were not 

allowed to come into contact with ei ther gaseous or l i qu id helium 

and also i f they were not subjected to mechanical or thermal shock. 

However, Friedberg^o^ and Lindenfelt^oe indicate that several workers 

have found that s ign i f i can t changes can resul t i n the i r resistance 

values from such cycl ing in temperature. In l i g h t of th is lack of 

agreement on the subject of rep roduc ib i l i t y , a Wallace and Tiernan 

absolute pressure gauge was b u i l t in to the system to measure the vapor 

pressure of the l i q u i d He^ at the beginning of each experiment. 

Pressures were then converted to temperatures with the use of the T62 

He^ Temperature Tables prepared by Sherman, Sydoriak, and Roberts.^^^ 
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The Wallace and Tiernan gauge measured absolute pressure over 

a range of 20.00 torr to 0.10 torr with an accuracy of 0.33% of the 

full scale reading or an error or 0.066 torr (66 microns). Since 

Roberts and Sydoriak^o^ have shown that the correction between He^ 

pressures measured at room temperatures and the actual pressure 

above the He^ liquid was negligible for pressure measurements above 

1.00 torr, the actual calibration was carried out over the entire 

range of 20 torr to 1.0 torr which corresponds to temperatures of 

1.3K to 0.65K. 

Two values of carbon resistance thermometers (CRT) were used in 

this experiment; one with a room temperature resistance of 5.1$̂ , for 

use in the temperature region from 1.5K to 0.6K, the other CRT had a 

room temperature resistance of Z.lQ. and was used over the 0.6K to 

0.37K temperature range. The higher temperature for each range was 

determined by the fact that this was the point where the slope of a 

resistance versus temperature curve began to increase significantly, 

thus yielding a greater sensitivity for the measurement. The lower 

temperature was usually determined by Joule-heating within the CRT 

causing the CRT to no longer be in thermal equilibrium with the 

sample. 

Both the 2.7^ and the BAo. CRT were calibrated over the temper

ature range of 1.3K to 0.65K against the Wallace and Tiernan gauge. 

In order to interpolate between the calibration points and to extend 

the resistance versus temperature data from .6K to .37K, the calibra

tion data were fit to the Clement-Quinneli°3 equation: 
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log R + K/log R = i + A 

where R is the resistance of the CRT, T is the experimental tempera

ture corresponding to the resistance, and A, B, and K are constants 

determined by a least squares fit of the data to this equation. 

Using the Clement-Quinnel equation and the values of A, B, and K for 

each thermometer, a complete table of resistance versus temperature 

values can be calculated for the temperature region of interest. 

In order to make temperature measurements at temperatures higher 

than 1.5K and to serve as a check on the calibration of the CRT, a 

Cryocal germanium probe thermometer with a calibration range from 

lOOK to 1.5K has been mounted in the sample table. All three ther

mometers were mounted into holes drilled into the copper sample 

table, and Dow Corning DC-11 silicon grease^^^ was used to bond the 

thermometers to the table and to provide thermal contact. 

The basic resistance measuring circuit can be seen in figure 11. 

The four-terminal resistance technique has been used. A constant 

current power supply provided a current to either a IK or a 10K±0.05% 

standard resistor in series with a CRT. The current could be con

tinuously adjusted from 0.3 microampere .to 1.0 milliampere. The 

respective voltage drop across the standard resistor and the CRT were 

simultaneously displayed on two Hewlett-Packard model 3440A digital 

voltmeters. From the accurately known current passing through the 

CRT and the voltage drop across it, a direct calculation of the 

resistance of the CRT could be made. The voltage was amplified by 

a Leeds and Northrup model 9835-B DC microvolt amplifier, and the 
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output of the amplifier then drove the X-axis of the X-Y recorder. 

Thus a continuous curve of the voltage height of an echo versus the 

resistance of the CRT was plotted by the X-Y recorder. 

2.3.2 Heater 

A variation of the temperature from .38K to 1.5K was obtained 

by regulation of the pressure above the He^ reservoir. For a greater 

range of temperatures a heater made from AWG #38 manganin wire 

(82 Cu - 15 MN - 3 Ni) was wound around the base of the sample table. 

The table area where the wire was to make contact was first covered 

with Stycast 2850 FT low temperature epoxy and allowed to dry. A 

length of the manganin wire having a room temperature resistance of 

32 ohms was soldered to two short copper leads and wound around the 

base of the sample table. Stycast was again applied to cover the 

manganin wire leaving only the copper leads exposed. This arrange

ment is wery durable since the copper wire is not as easily broken 

as the manganin. 

For currents of several hundred milliamperes temperatures of 

16K could be maintained. 

2.4 Ultrasonic Attenuation Measurements 

The method of measuring the attenuation of ultrasonic surface 

waves involves a modification of the pulse echo technique^"^^ which 

has been used in this laboratory for measurements involving both 

longitudinal and transverse waves. A thin film of zinc was deposited 

between the interdigital electrodes as shown in figure 4. A radio 

frequency electromagnetic pulse of the fundamental frequency (90 MHz) 
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was generated by a pulsed oscillator which was connected to the 

electrodes at one end of the lithium niobate substrate. The 

electrodes converted the r.f. electrical pulse into a mechanical 

surface wave pulse of the same frequency which propagates through 

the piezoelectric material and the zinc film to a second set of 

electrodes at the opposite end of the substrate, where part of the 

pulse was reconverted by the electrodes back into an electrical pulse. 

This is referred to as the single transit pulse or echo. The remain

ing energy from the initial pulse is then reflected, or reradiated, 

in the form of a surface wave. This wave is reflected by the sending 

electrode configuration and again received at the second set of 

electrodes. This pulse is referred to as the triple transit pulse 

due to the fact that it has passed through the zinc film between the 

electrodes three times. These echoes are conveyed as an r.f. pulse 

to an amplifier system and displayed on an oscilloscope. The actual 

display will show an initial pulse followed by the single transit 

pulse and the triple transit pulse. A typical pattern is shown in 

figure 10. The attenuation measured in this experiment was obtained 

by monitoring the height of the triple transit pulse as a function of 

the sample temperature. 

A quantitative expression can be obtained to describe the loss 

of amplitude of the ultrasonic pulse as a function of the distance it 

travels through the sample. This expression is the attenuation 

coefficient a, and it represents the energy lost in the sample. It 

will then be shown how the attenuation of the pulse in the sample can 
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be expressed in terms of the change in voltage height of the pulse 

displayed on the oscilloscope. Finally an expression for the ratio 

(_iL) of the attenuation in the superconducting state to the attenua-

tion in the normal state will be obtained and can be compared with 

the expression obtained from the BCS theory 

cts(T) 2 

an(T) ' e x p { M T l j + 1 

Experiments show that the fractional decrease in attenuation of 

the ultrasonic pulse as it passes through any homogenous substance is 

proportional to the distance traveled. In differential form 

da(x) _ . 

- -JM ~ "̂ ' 
where a(x) is the pulse amplitude and a is defined as the attenuation 

coefficient. The amplitude of the ultrasonic pulse is then found by 

solving the previous equation. 

a(s) = OQ exp (-as) 

a is the i n i t i a l amplitude of the ul trasonic pulse. This equation 
0 

can be put in linear form by taking the natural logarithm of both sides 

In a(s) = In a^ - aX 

For two different points in the sample x^ and x^ where x^<X2, the 

attenuation coefficient can be expressed as the difference of two 

equations such as the one above. 
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_ L _ 1 r^(^l^ 

^2 1 ^(^2^ 

The units of a are expressed in units of nepers per unit length. 

To express the attenuation as a function of logarithms of the base 

ten and in terms of the more commonly used units of decibels (dB) per 

unit length, the previous equation can be written as: 

If V is the voltage corresponding to the initial generation of the 

ultrasonic pulse, and V. is the voltage corresponding to the arrival 

of the echo which has traversed the sample j times, then since the 

stress amplitude is proportional to the voltage height displayed on 

the oscilloscope, 

"^ = jL logio V ^ 
J 

where L is the length of the film. 

Since it is the intent of this experiment to study a as a 

function of the temperature T, then 

/TN 20 , r ^0 . 

J 

The same form can be used for the attenuation in ei ther the normal, 

^^ (T) , or the superconducting s ta te , a5(T). 

20 . , ^0 
as(T) = j T lo9io ^y~(lT^ 

and 
20 Vo 

an(T) = jL log^Q (^^ /-.O 
j n ^ ' ' 
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Vj5(T) and Vjp(T) represent the voltages corresponding to the j 

length of the film traversed by the wave in the superconducting and 

the normal state. If these two equations are to represent only 

attenuation due to electron-phonon interactions, then we must sub

tract a temperature independent term a^ (the background or residual 

attenuation) from each equation. Then, 

o's(T) = jL loQio ^ V T I T T ^ • ̂ 'B 
js' 

The BCS theory assumes that at a temperature of zero Kelvin 

there are no unpaired electrons left to attenuate the ultrasonic 

wave, therefore 

as(0) = 0 

or 
20 VQ 

°̂B = jL ^09io ^V—(OT^ 

Using this expression for ag, the ratio ag/a^ can be obtained. 

Vj3(0) 

The normal state attenuation of zinc in the impurity limited 

region is independent of temperature. The measurements of attenua

tion are to be taken in the impurity limited region; therefore, the 

ratio ag/ap can be expressed in terms of experimental quantities 

which can be measured. 
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V. (0) 

a n 
V. (0) 

log {-^— } 
no V. (T ) 

jn c 

T is the transition temperature. 
c 

The electronic equipment used to measure the voltages in the 

above equation was modeled after the system utilized by Hemphill^^^ 

and has been reported previously by others using the pulse echo 

technique.^'^"^^ A block diagram of the equipment is shown in 

figure 11. It was designed to detect changes as small as 1 dB of 

attenuation as the temperature of the sample changes. In order to 

discriminate against any random electronic noise in the signal, a 

phase sensitive detection system was used. This system electronically 

chopped the signals of the sending and receiving systems at a fixed 

frequency so that the signals were detected at a chopping frequency 

of 50 Hz, and all other frequencies were discriminated against. This 

allowed for selective amplification for pulses which were transmitted 

through the sample without a corresponding amplification of the noise. 

During operation of the equipment as shown in the block diagram 

(figure 11), the Hewlett-Packard model 214A pulse generator operated 

in an internally-triggered mode at a frequency of 800 hertz. A 

signal from the pulse generator was used to trigger the Hewlett-

Packard model 175A oscilloscope, and simultaneously a 10 microsecond 

pulse was used as the input for the binary counter and the AND gate. 
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The 800 hertz input was dropped to +2.5 volts by a Zener diode, and 

the binary frequency divider divided the frequency by 16 (from 800 

hertz to 50 hertz). A 5 volt, 50 hertz square wave signal left the 

binary counter and was used both as the reference signal for the 

Princeton Applied Research model 121 lock-in amplifier and also by 

the AND gate to produce an 800 hertz pulse gated at 50 hertz. The 

output of the AND gate was used to trigger pulse generator number 

two. This generator was used to invert the gated 800 hertz trigger 

signal from the AND gate since the pulsed oscillator was more stable 

when triggered with a negative voltage. It also aided in the syn

chronization of the echoes and the horizontal sweep trigger signal 

at the oscilloscope. The signal from pulse generator number two was 

input as a trigger signal for the Arenberg pulsed oscillator which 

produced pulses of about two microseconds in duration. The voltage 

amplitude of the r.f. pulses was adjustable from a few volts to 

several hundred volts peak to peak. These pulses were then sent to 

the SAW device mounted in the cryostat. The signals from the SAW 

device were then detected and amplified by an Arenberg model VR-720 

VHF receiver. After video amplification, the signal was displayed 

on the cathode ray tube of a Hewlett-Packard model 175A oscilloscope 

which was equipped with a Hewlett-Packard model 1782A display scanner 

plug-in unit which was used to sample the amplitude of a point on the 

oscilloscope trace. In this experiment the sampling point was 

usually the top of the triple transit peak. Thus the output from the 

display scanner was a 50 hertz signal proportional in amplitude to 
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the voltage of the triple transit peak. This signal was then used 

as the input for the lock-in amplifier where it was compared with 

the 50 hertz reference signal from the binary counter. The lock-in 

amplifier produced a DC output signal which was proportional to the 

voltage of the triple transit pulse. This output was then displayed 

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

it was plotted against the voltage drop across a carbon resistance 

thermometer, used for temperature measurements, which was driving 

the horizontal axis of the recorder. 

The display scanner was calibrated for voltage output, and the 

frequency of the 800 and 50 hertz signals was measured using a 

Hewlett-Packard model 5245L electronic counter before each experiment. 

2.5 Sample Preparation 

The thin films were prepared using zinc metal from two sources. 

The source used at the beginning of the study was purchased from the 

A. D. McKay Company which furnished zinc ingots of 3-9 purity. The 

other source was purchased from a-inorganic Incorporated which pro

duced a marz-grade zinc of 5-9 purity. The zinc metal was evaporated 

by heating it with an electron beam within a residual atmosphere of 

10" to 10" torr. The thickness of the zinc thin film was controlled 

by using a Sloan digital thickness monitor model DTM-200. 

2.5.1 Thickness Monitor and Shutter System 

The thickness monitor was interfaced to a shutter system, designed 

for this experiment, to prevent the continued deposition of material 
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for a brief period after the power is shut off, which can result in 

thickness overshoot. 

The dual-activated shutter, shown in figure 12, allows the 

operator to obtain a steady-state evaporant condition before exposing 

the substrate to the evaporant. This allows for the deposition rate 

to be stabilized and for any volatile materials to be removed by the 

initial evaporation within contamination of the substrate. The 

thickness monitor sensor crystal was mounted to view the source 

continuously. The change in frequency of the sensor crystal serves 

to measure the thickness of the films. When a pre-selected thickness 

set-point is reached on the sensor crystal, the shutter will open as 

relay number one of the monitor is actuated. A second thickness 

set-point controlling relay number two is selected so that the desired 

thickness of the film (difference of the two set points) will be 

obtained. Upon actuation of relay number two, the shutter will close 

ending the evaporation cycle. 

Figure 13 shows the circuit used to control the shutter. The 

switch SI, fuse, light, transformer, and full wave rectifier form 

the DC power supply which furnishes approximately 14 volts to the 

switching circuit. The capacitors, CI and C2, are 10,000yfd at 

75 volts DC (Sprague part no. 36DX-7434L). When SI is actuated, both 

capacitors are charged; and upon actuating relay number one, the 

motor receives a voltage pulse from CI. The voltage across CI deter

mines the speed at which the shutter opens. Resistor Rl supplies a 

continuous voltage to the motor which is holding the shutter in the 
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View a 

A - Motor 
B - Shutter Plate 
C — Sensor Aperture 
D - Sample Aperture 

View b 

Figure 12. Shutter System 

View a -Sample is mounted on this side, 
View b - Evaporant is incident on this 

side of the plate. 
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Figure 13. Shutter Circuit 
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open position. The size of Rl is determined by the threshold voltage 

required to initiate rotation of the motor, thus preventing any 

bouncing action as the shutter encounters the shutter stop which 

defines the open position. Relay number two changes the polarity 

across the motor and uses the pulse from C2 to close the shutter. 

Resistor R2 controls the voltage supplied to hold the shutter in the 

closed position. The shutter is attached to the axis of a 6.2 volt 

DC motor, part number 41A147, manufactured by Globe Industries, Inc., 

Dayton, Ohio. 

2.5.2 Evaporation 

The lithium niobate substrates were cleaned, previous to 

evaporation, by immersing them in a very dilute solution of ferric 

chloride to remove any zinc from the surfaces. They were then 

washed in a bath of trichloroethylene to remove any oil or vacuum 

grease and rinsed in ethyl alcohol follov/ed by distilled water. 

The devices were then mounted behind a mask at a distance 10 inches 

above the point of evaporation. The mask left an area between the 

electrodes 19 mm by 10 mm uncovered by deposition of the zinc film. 

The zinc ingots were placed in a water cooled copper crucible, 

and the vacuum chamber which used a liquid nitrogen cold trap above 

the diffusion pump was lowered to a pressure of 10' torr. The zinc 

was then evaporated with a VB-4 electron beam gun manufactured by the 

Veeco Instrument Corporation. 
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2.6 Quality of the Thin Film Samples 

In order to get electron-phonon interactions in metallic thin 

films, it is essential for the films to be of rather high quality. 

In other words, for the surface wave electrons to interact with the 

electrons, it is essential for the electrons to make several revolu

tions around the Fermi surface before being scattered out of orbit 

by a collision. This distance that the electron travels between 

collisions is known as the electron mean free path and is primarily 

determined by thickness, temperature, and purity of the thin film. 

In thin films as in bulk samples, the electrons can make collisions 

with thermal lattice vibrations, impurities, or faults in the mater

ial. Consequently, high purity low strained samples at very low 

temperature are needed for electron-phonon interactions. In thin 

films another problem occurs which is only now being thoroughly 

studied. This pertains to the fact that wery thin films are often 

rather granular with very little connectivity. This adds another 

scattering mechanism for the electrons thereby greatly reducing 

their mean free paths. 

Several experiments were conducted to study the general quality 

of the thin zinc films used in this dissertation study. 

2.6.1 X-Ray Analysis 

Plating thin films with a preferential orientation onto a sub

strate is more of an art than an exact science. In many cases, if 

the thin film and the substrate are of the same type of structure. 
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the film will have the same orientation as the substrate. For the 

case of zinc plated onto a Y-Z lithium niobate substrate, it is 

difficult to predict the resulting orientation of the film. Thus, 

an X-ray study was undertaken to determine if there was indeed any 

preferred crystallite alignment in the zinc films. 

In order to conduct this study, the zinc films plated on the 

lithium niobate substrates were mounted on the specimen holder of 

a Norelco diffractometer manufactured by the North American Philips 

Company. Using Copper K radiation, the intensity of the Bragg 

peaks were recorded as a function of 29. Theta is the angle formed 

by the surface of the specimen and the incoming X-ray beam. 

The diffraction pattern was analyzed for indications of pre

ferred orientation. The only grains which can contribute to the 

hkjL reflections are those with (hk£) planes parallel to the substrate 

surface. If the texture is such that there are \/ery few such grains, 

the intensity of the hkii reflection will be abnormally low. If a 

given reflection should be of abnormally high intensity, this would 

indicate that the corresponding reflecting planes were preferentially 

oriented parallel or nearly parallel to the sheet surface. As shown 

by the data of table 2, it can be seen that there is preferred 

orientation of the (OOJI) plane of the crystallites in the zinc film 

parallel to the surface of the lithium niobate substrate. 
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TABLE 2. Comparison of relative intensities 
for zinc powder and zinc film on lithium niobate. 
The relative intensities for zinc powder are taken 
from the Standard Powder Diffraction File published 
by the American Society for Testing and Materials. 

hkl 

002 

100 

101 

004 

I/Io ^ 
(powder) 

53 

40 

100 

2 

(5000A film) 

100 

12 

34 

30 
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2.6.2 Auger Analysis of the Zinc Thin Films 

The zinc thin films were plated from a 99.9999% pure zinc ingot, 

in a vacuum, by using an electron beam to vaporize the zinc. Also 

precautions were taken to avoid plating the material evaporated from 

the surface layer of the zinc ingot which could contain contaminants. 

Thus, the samples were considered to be of rather high purity. One 

problem which occurs in the plating of most thin films is that of 

oxidation. Lithium niobate contains a considerable amount of oxygen 

in its structure resulting in the possibility that some of this 

oxygen may be released to combine with the zinc as the substrate is 

heated by the hot zinc striking it. 

Since this was our first attempt to study thin films in this 

laboratory, it was decided that an Auger depth profile analysis should 

be conducted on the zinc films. In particular v/e wanted to know the 

oxygen content as a function of depth in the zinc thin films. This 

work was performed at Texas Instruments, Inc., Dallas, Texas, using 

an ion gun (model 20-045) and an Auger analyzer (model 10-155) which 

were manufactured by Physical Electronics, Inc. 

In this profile analysis an inert gas ion beam is used to sputter-

etch the specimen while Auger analysis is simultaneously performed on 

a point at the center of the etched crater. At any instant the Auger 

signal originates within a few Angstroms of the freshly exposed sur

face. Thus, changes in Auger signal amplitude that occur while etching 

indicates changes in specimen composition with depth. The thin film 

analyzer automatically measures and plots the amplitudes of up to six 
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selected Auger signals as a function of time. The resulting readout 

is called a Depth Composition Profile. 

The Auger spectra conducted on these zinc films were recorded 

using a primary electron energy of 500 eV, a 5yA beam current, and 

a beam size of several mils. All of the spectra were recorded using 

a 5 eV/sec sweep rate, 300 msec time constant and 6 eVpp modulation 

voltage. The ion beam energy was varied from 500 to 2000 eV during 

the recording of each spectra. After a sputter time of 0.5 min., 

in which surface contamination was removed, the only elements present 

were zinc and oxygen. The percentage of oxygen as a function of 

sputter time is shown in table 3. The maximum depth of the profile 

was approximately 1000 to 1200 angstrom units. 
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TABLE 3 

AUGER ANALYSIS 

3000A Zinc 

Sputter Time 
(min.) 

0 

0.5 

1.0 

1.5 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

Film 

Percent 
Oxygen 

29.5 

5.6 

5.3 

5.3 

5.3 

6.3 

7.2 

8.1 

9.0 

9.1 

10,000A Zi 

Sputter Time 
(min.) 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.5 

4.5 

5.5 

6.5 

8.5 

10.5 

12.5 

nc Film 

Percent 
Oxygen 

34.9 

22.0 

11.0 

7.7 

6.5 

5.3 

4.3 

3.6 

3.6 

4.4 

5.9 

6.5 

6.7 



III. RESULTS AND ANALYSIS OF DATA 

There are many mechanisms within a solid which are responsible 

for the absorption of ultrasonic energy from a sound wave propagating 

through it. Most of these mechanisms are yery insensitive to tempera

ture changes within the material. The electron-phonon interactions 

within a normal state metal will exhibit a moderate temperature 

dependence at low temperatures. When a material becomes superconduct

ing, the ultrasonic attenuation due the electron-phonon interactions 

becomes highly temperature dependent. In fact, it is a measure of 

this temperature dependence of the ultrasonic attenuation in both 

the normal and superconducting states that is utilized in calculating 

the superconducting energy gaps. 

3.1 Attenuation of Surface Waves in Lithium Niobate 
as a Function of Temperature 

It would not be expected that lithium niobate would exhibit any 

temperature dependence for the attenuation of surface ultrasonic 

waves propagating on its surface. However, to eliminate any uncer

tainty in this regard, the ultrasonic attenuation of surface waves 

propagating on an unplated lithium niobate substrate was conducted 

over the temperature range of 0.38K to 14.5K. This is the only 

temperature range of importance for superconducting energy gap 

studies in zinc. 

Figure 14 shows the transmitted values of the voltage for the 

single transit pulse over the temperature range studied. Rather than 
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making an absolute attenuation measurement, we were only interested 

in any relative changes due to changes in the temperature. Changes 

in the measured voltage would indicate a change in the ultrasonic 

attenuation. The data were recorded under the same conditions as 

were used for the experiments involving the zinc films except that 

the area between the interdigital electrodes on the SAW device was 

clean. The acoustic pulse traveled on the surface of the lithium 

niobate, thus any change in attenuation as a function of temperature 

was due to the SAW device. 

The data displayed in figure 14 are consistent with several data 

runs. The height of the pulse was constant except for very small 

changes in the region from 2.5K to 1.5K where the voltage change was 

0.1 volt for a 58 volt pulse. Attenuation data from zinc films 

evaporated onto the lithium niobate were used for the calculation of 

the energy gap of zinc. The change in the values of the gap when 

corrections were made for the 0.1 volt change was within limits of 

error. Since the voltage changes produced only small changes in the 

calculations and any correction would be difficult to justify, no 

correction due to the presence of the lithium niobate was made on 

the data in this dissertation. 

3.2 Analysis of Ultrasonic Attenuation Data 

As described in section 2.4, the ultrasonic attenuation coeffi

cients and values for the effective energy gaps were calculated using 

data measured from X-Y recorder plots of voltage changes of one of the 
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pulses (Y-axis) as a function of the resistance (X-axis) of a carbon 

resistance thermometer (temperature). Figure 15 illustrates the type 

of curve acquired during an experimental investigation. The curve is 

produced by monitoring either the single transit or the triple transit 

pulse as the film is lowered in temperature from the normal state to 

the superconducting state. The same curve is also produced when rais

ing the temperature and returning the sample to the normal state from 

the superconducting state. The analysis of these data consists of 

interpretating these recorder tracings in terms of the BCS theory by 

using the voltages indicated in figure 15. The ratio of the super

conducting state attenuation to the normal state attenuation as dis

cussed in section 2.4 is 

a,(T) 

Vjs(O) 
log {-^ } 

1° Vj3(T) 

logio { } 

The ratio of a (0)/a (0) cannot be determined unless V (0) and 
s n js . 

V- (T ) are known for each experimental curve. This ratio is 
J n u 

necessary for the calculation of the parameter A ( 0 ) , the value of the 

T=0 K. energy gap. A program for the IBM VS/370 computer was used to 

analyze the data. The value of V^^{0) was varied to minimize the 

standard deviation of a least squares fit to the equation: 
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LoQe {2(a^/a )-l} = { ^ } G(t)/t 

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

introduction of the function G(t) enables the temperature dependence 

of the data to be expressed in terms of the limiting effective energy 

gap A ( 0 ) . The function G(t) has been tabulated for an ideal super

conductor from the BCS theory by Mulschlegel.^^ (Figure 16). This 

table of values has been found to be reproduced by the equation 

developed by Clem:^^o 

G(t) - 1.7367(l-t)^ {l-0,4095(l-t) - 0.0626(l-t)2} 

This analytical form reproduces Mulschlegel's values for G(t) with 

an error of less than 0.1% for t>0.4 and less than 0.5% for t=0.3. 

In the analysis of the data for this study using Clem's equation, 

the lowest reduced temperature used was t=0.4, thus the error in 

calculated values of G(t) was always less than 0.1%. 

A plot of Logg {2(ap/a3)-l} as a function of G(t)/t should be a 

straight line where the slope of the line is the effective energy gap 

at zero Kelvin predicted by the BCS theory. 

3.3 Results 

The superconducting energy gaps were experimentally measured for 

two zinc films with thicknesses of 3000A and 10,000A. In an initial 

experiment in this investigation, an attempt was made to study the 

energy gaps of much thinner zinc films. However, due to the dis

continuous nature of the thin films, the electron mean free paths were 
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Figure 16. Reduced Temperature as a Function of G ( t ) / t for 
a BCS Superconductor Based on Mulschlegel's 
Numerical Table. 
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too short to give reliable electron-phonon interaction data. This 

resulted in an anomalous behavior of the ultrasonic attenuation data. 

3.3.1 Transition Temperature Determination 

The transition temperature was determined in each film studied 

by observing (see figure 15) the temperature at which the echo volt

age height abruptly changed from the normal state to the supercon

ducting state and vice versa. Using this procedure, the transition 

temperatures, T^, for a 3000A and a 10,000A zinc film were determined 

to be 1.5±.01K and 1.3U.01K, respectively. 

3.3.2 Energy Gap Determinations for the 3000A and 10,000A Zinc Films 

Figures 17 and 18 are plots of Log^ {2(ap/ag)-l} as a function of 

G(t)/t for the 3000A and 10,000A zinc films, respectively, where the 

frequency of the surface waves was 90 MHz. These plots are represent

ative of data taken at these frequencies. The actual data from which 

these plots were calculated are contained in Appendix B. It is ob

served in these plots that for each film the entire reduced temperature 

range, 1.0<t<0.40 was fit well with one slope indicating the existence 

of a single energy gap for each film thickness. The value of 2A ( 0 ) in 

units of KnT was 4.17±0.20 for the 3000A film and 3.81±0.20 for the 
o C 

10,000A film. The stated error given with each value of 2A(0) has 

been estimated from the reproducibility of the energy gap from one 

data set to another. 
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3.3.3 Ultrasonic Attenuation of Surface Waves in Zinc Films with 
Thicknesses Less Than IQOQA^ ~~ 

Figure 19 shows the typical results obtained for the ultrasonic 

attenuation of surfaces waves in zinc films with thicknesses less 

than lOOOA. The initial hump in front of the apparent BCS behavior 

is a rather confusing anomaly. It appears as though the film is 

attempting to go superconducting at a rather high transition tempera

ture (T(,=26K) and then returns to the normal state where it eventually 

makes a transition at a lower temperature. After considerable dis

cussion with many experts on surface wave devices, we were able to 

rule out the possibility of this anomaly being due to the electronics 

or to the surface wave device. In a discussion with Dr. A. C. 

Anderson of the University of Illinois at Urbana, he pointed out that 

he had observed similar unpredictable anomalies in electrical re

sistivity measurements for yery thin films. His studies had indicated 

that the anomalies were associated with yery short mean free paths for 

the electrons due to the discontinuous nature of the yery thin films. 

At present this is the assumed explanation of this anomaly. 

Since an understanding of this behavior could constitute a disserta

tion study within itself, only a limited number of additional 

experiments were conducted on films with thicknesses less than lOOOA. 

These experiments indicated that the height of the front peak 

decreases with respect to the lower temperature peak as the thickness 

of the film increases. The thicker films become more BCS-like in 

appearance (see figure 15) as the region in front of the apparent 

superconducting transition becomes flat as expected for the impurity 

limited region. 



78 

Voltage 
(Volts) 

r60 

58 + 
+ + + 

56 

54 

52 

50 

48 ^ 

46 

+ 
+ 

-•• 

+ 

-44 

-42 

-40 

-38 

-36 

-34 

-. 1 —1 1 1 1 1 -J 

+ 

1 1 

•f 

1 

+ 

+ 

+ + 

1 1 i 1 
28 26 24 22 20 18 16 14 12 10 8 6 4 2 o 

Temperature (K) 

Figure 19. Typical Recorder Trace of Voltage Versus Temperature for 
Zinc Films Less than lOOOA Thick. 



79 

3.3.4 Conclusion 

The purpose of this dissertation which was to investigate the 

feasibility of studying the electron-phonon interactions of surface 

waves propagating in films of superconducting zinc has been accom

plished. This laboratory now has a He^ refrigerator designed to 

lower surface acoustic wave devices to a temperature of 0.38K. 

These surface acoustic wave devices have been designed in order to 

transmit surface ultrasonic waves through films and record the 

attenuation of the wave as a function of temperature. The analysis 

of these data has been presented using the Bardeen, Cooper, and 

Schriefer theory of superconductivity, and values of the effective 

energy gap have been calculated. The comparison of these data with 

previous results is difficult since no surface wave data for zinc 

have been published. A yery general comparison will be made between 

these surface wave data and bulk wave data previously published by 

this laboratory even though such an attempt may be of limited value 

at present. 

These values of the effective energy gap will be compared with 

earlier bulk measurements made by Cleavelin and Marshall^o and by 

Breashears and Marshal 1.^^ To make this comparison, refer to figure 

20 and remember that for the zinc films a preferred orientation of 

the hexagonal unit cells exists. Most of the unit cells lie with 

their {OQOi} planes parallel to the lithium niobate substrate. 

Since the surface waves are propagating parallel to the surface of 

the substrate as shown in figure 1, then the direction of sound 

propagation q would statistically pass through a larger number of 
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unit cells along the <1120> axis or the <I0T0> axis or some 

intermediate angle between these axes. Surface waves have particle 

motion along the direction of propagation which will be referred to 

as the longitudinal component in this discussion and motion at right 

angles to the substrate surface and in the sagittal plane which will 

be referred to as the transverse component. 

The longitudinal component of the surface wave in this case 

would be investigating statistically the same direction as the 90 MHz 

data of Cleavelin and Marshall for q || <I12"0> or q |( ^0T0> . Only 

q II <112"0> data for 90 MHz were taken by Cleavelin and Marshall. 

(Table 4). 

The transverse component of the surface wave would be investigat

ing statistically the same direction as the q || (ll2"o) and t \\ (oOOl) 

data of Breashears and Marshall (e is the polarization vector). 

(Table 5). 

This investigation has been primarily concerned with measuring 

the average energy gap in superconducting zinc films and investigating 

the feasibility of using surface ultrasonic waves in this laboratory. 

Later work should be done in two areas in order to more fully under

stand the phenomena associated with zinc films. There should be a 

study made in order to produce films of higher purity thus removing 

more oxygen from the films and also the production of epitaxial films 

could take advantage of the unique character of surface waves for 

sampling certain directions in these films.. Since the mean free path 

is important in thin films, a magneto acoustic analysis of the attenu

ation of surface waves should be conducted. 
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TABLE 4 

EFFECTIVE ENERGY GAP 2A(q, 0), AND APPARENT SECOND GAP 2A*(q, 0), 
IN UNITS OF klr AS A FUNCTION OF FREQUENCY AND DIRECTION 

CLEAVELIN AND MARSHALL^o 

Average 
qi 

Frequency 
(MHz) 

2A*(q, 0) 2A(q, 0) 
(kT^) 

II <oooi> 

180 
650 
1010 

9.0 
32.0 
50.3 

3.00±0.10 
3.00±0.10 
3.02±0.10 

II ^ 0 T 0 > 

0.39 
1.15 
1.92 
2.69 

9.0 
31.5 
51.1 
70.6 

2.48±0.20 
— 

— 

— 

2.74±0.10 
2.78±0.10 
2.94±0.20 
2.82±0.10 

->-
<I120> 

0.13 
0.38 
0.64 
0.90 
1.15 
1.41 
1.67 
1.92 
2.18 

9.4 
31.5 
53.0 
70.6 
90.5 

110 
130 
150 
170 

3.58±0.20 

4.66±0.20 
4.80±0.20 
5.00±0.20 
4.42±0.20 

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 
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TABLE 5 

SUPERCONDUCTING ENERGY GAP A(5, 0), APPARENT SECOND GAP A*(J 0) 
AS A FUNCTION OF FREQUENCY AND DIRECTION ^ ̂ ^' °^' 

BREASHEARS AND MARSHALL'S 

Frequency 
(MHz) 

q II <0001> and t 

9.1 
30.8 
50.1 

q II (oOOl) and t 

10.1 
30.7 
48.5 

q II <0001> and t 

10.8 
29.8 
48.0 

q II <10T0> and e 

10.7 
30.6 
50.0 

q II (ll2'0> and t \ 

10.7 
30.0 
49.5 
70.0 
89.2 

A*(q, 0) 
(kT,) 

II <ioTo> 

— 

Ii ^oTo) annealed 

——— 

II <112"o) annealed 

— 

II <T120> 

1.68±0.10 

II <oooi> 

2.11±0.20 

2.26±0.20 

A(q, 0) 
(kT^) 

1.64±0.20 
1.66±0.20 
1.64±0.20 

1.46±0.15 
1.59±0.15 
1.51±0.15 

1.50±0.20 
1.50±0.10 
1.5U0.20 

1.42±0.20 
1.52±0.15 
1.63±0.15 

• 

1.45±0.20 
1.57±0.20 
1.52±0.20 
1.65±0.20 
1.75±0.20 
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APPENDIX A 

RAYLEIGH WAVE PROPAGATION^^ 

A plane harmonic Rayleigh wave on the boundary between a solid, 

isotropic, elastic half-space and a vacuum is experimentally obtained 

by using electroacoustic transducers of the interdigital type mounted 

at the ends of a YZ lithium niobate substrate as shown in figure 5. 

The Z axis is the axis of propagation, and the Y axis is perpendicular 

to the plane of the substrate. The half-space is the region where Y 

is greater than zero. For the region occupied by the half-space, one 

can introduce the scalar potential <^ and the vector potential \p of the 

displacements, so that the particle displacement vector V is written 

in the form 

V = V(f) + vXip (A.l) 

Inasmuch as the wave is plane and the motion does not depend on the 

coordinate x, only the component of the vector potential along the 

X axis has a non-zero magnitude, we can denote this component simply 

by \p. The potentials (j) and i> are the potentials of the longitudinal 

and shear waves, respectively, and satisfy (for harmonic processes) 

the following wave equations: 

-1+ ---+ kH = 0 (A.2) 
az2 3y2 ^ 

+ + k2i|; = 0 
3z2 3y2 
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Substituting these expressions into equations (A.2), two 

d i f ferent ia l equations for the functions of F(y) and G(y) can be 

obtained 

^ - (k^-k2) F(y) = 0 
dy 

g | M . (K .̂,.) 3(y) = 0 

The two linearly independent solutions of each of the above equations 

are exp (±/k^-k^ y) and exp (±/k^-k^ y) with the assumption that 

k2>k2>k2. Then the solutions with positive radicals in the exponent 

will correspond to motion increasing with depth; the solution with 

negative radicals will correspond to exponentially decaying motion, 

which is the description of a surface wave. 

Consequently, the expressions for <^ and ii assume the form 

^ = Ae-^V(^^-^) 

-sy i(kz-a)t) 
i|; = Be ^ 

where q2 = k2-k2; s2 = k2-k2; A and B are arbitrary constants 
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where k = a)/p/(x+2y) and k^ = co/p/y are the wave numbers for longi

tudinal and transverse modes, respectively, o) is the circular 

frequency, X and p are the elastic Lame constants, p is the density 

of the medium. 

The components of U and W of the particle displacement along the 

Z and Y axes, respectively, and the stress components a , a , a 

may be represented in terms of <^ and ^p according to the equations 

3^ 91 
^ 3Z 3y 

9y 9z 

(A.3) 

-ZZ=^(3,2^ 3y2^ ' ^^^3Z2 • 3Z3y' 

yy S z ^ 3y2 "̂  3y2 3z3y 

,32^ ^ 3 ^ 3ilN 

zy 3Z3y 3z2 3y^ 

For solutions of equations (A.2) which correspond to a plane 

harmonic wave propagating in the positive Z direction, let 

^f . i(kz-a)t) 
(J) = F(y)e 

i(kz-a)t) 
^ = G(y)e 
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The conditions of the problem demand that stresses a and a qo 
yy zy =* 

to zero at the boundary of the half-space (plane y = 0). Substituting 

the expressions for * and * into these conditions, we obtain relations 

linking A, B, and the wave number k. As a result, 

(A.5) 

* = i A ] ^ e i ( ^ ^ - t ) - ^ y 

The characteristic equation by which k can be determined has the form 

4k2qs -(k2+s2)2 = 0 (A.6) 

upon transformation, it reduces to the form'+i 

n^ - 8n^ + 8 (3-2c2)n2 - 16 (1-^2) = Q (A.7) 

where 

n = k^/k = c/c^; ^ = k^/k^ = c^/c^; c^ and c^ 

are the phase velocities of longitudinal and transverse waves. 

The above equation (A.7) is called the Rayleigh equation. It 

has six roots, the values of which depend on the Poisson ratio v for 

the given elastic medium. The Rayleigh waves correspond to the root 

Hf̂ j which lies between zero and one. It can be shown that for any 

values of v corresponding to real media (0<v<0.5) Equation (A.7) 
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has one and only one such root. This bears out the validity of the 

assumption k2>k2>k2 and, in addition, demonstrates the possible 

existence of a Rayleigh wave on the free surface of an elastic 

half-space. The following is an approximate expression for this 

rootiii 

0.874 + 1.12v \ = rr, (A.8) 

As V varies from 0 to 0.5, the Rayleigh wave phase velocity varies 

monotonically from 0.874c^ to 0.956c.. 

The expressions (A.5) describing a Rayleigh wave show that it 

consists of two inhomogeneous waves, one longitudinal and one trans

verse, which propagate along the boundary of the half-space with 

identical velocities and attenuate with depth according to the laws 

exp (-/k2- k2 y ) , longitudinal mode, and exp (-/k2-k2 y), transverse 

mode. 

In the limit q£«l in superconductors, the ratio a^/a^ for 

longitudinal waves and the ratio a^/a^ for transverse waves^^.n^ 

follow the BCS relation 

^/"n = ^s/^n = 2f(A) (A.9) 

where a is the superconducting and normal attenuation for either 

transverse or longitudinal waves and f(A) is the Fermi function. 

Equation (A.9) has been confirmed by many experiments.n3 
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For wavelengths which are large compared to the crystalline 

regions of evaporated films, the films can be treated as isotropic 

materials, and the absorption a of the Rayleigh waves is simply 

related to a^ and a^ by the expressionii'+ 

a = a^ a^ + a^ a^ 

where, as Poisson's ratio varies from zero to one-half, a^ varies 

from 0.72 down to 0.02 and a^ varies from 0.63 up to 1.05.us 

Under these conditions, the ratio a /a is equal to the ratio 

a^/a^ for surface waves. 

a^ a^ g^ + a^ g^ gt a^ + at(a^/g^) g^ 

7 %^ â  + at at " 7 777(777)" " 7 
n n n n n n n 

This relationship has been confirmed experimentally by Kratzig.us 
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APPENDIX B 

The data contained in this appendix were taken directly from 

the X-Y recorder plots of the ultrasonic attenuation data in the 

superconducting state at intervals of 0.02 reduced temperature. 

Then as previously discussed, the values of the energy gap were 

presented in section 3.3.2. 
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3000A 

t V 

1.00 

.98 

.96 

.94 

.92 

.90 

.88 

.86 

.84 

.82 

.80 

.78 

.76 

.74 

.72 

.70 

TABLE : B-1 

Fi lm, 90 MHz, Tr ip le Transit 
T^ =1 .51 K 

(vo l ts ) 

68.22 

68.76 

69.40 

70.13 

70.60 

71.02 

71.38 

71.70 

72.02 

72.32 

72.60 

72.96 

73.28 

73.45 

73.68 

73.90 

t 

0.68 

.66 

.64 

.62 

.60 

.58 

.56 

.54 

.52 

.50 

.48 

.46 

.44 

.42 

.40 

.38 

.36 

Echo 

V (vol ts) 

74.12 

74.30 

74.44 

74.58 

74.68 

74.88 

74.98 

75.05 

75.15 

75.24 

75.32 

75.40 

75.48 

75.51 

75.53 

75.56 

75.59 
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10. 

t 

1.00 

.98 

.96 

.94 

.92 

.90 

.88 

.86 

.84 

.82 

.80 

.78 

.76 

.74 

.72 

.70 

TABLE B-2 

OOOA Fi lm, 90 MHz, Tr ip le Transit 
T^ =1 .31 K 

V (vo l ts) 

38.81 

39.37 

40.01 

45.83 

41.08 

41.54 

41.98 

42.27 

42.61 

42.84 

43.23 

43.56 

43.85 

44.11 

44.30 

44.55 

t V 

0.68 

.66 

.64 

.62 

.60 

.58 

.56 

.54 

.52 

.50 

.48 

.46 

.44 

.42 

.40 

.38 

.36 

Echo 

(vol ts) 

44.76 

44.98 

45.19 

45.38 

45.48 

45.56 

45.67 

45.74 

45.84 

45.92 

46.02 

46.06 

46.12 

46.18 

46.26 

46.31 

46.34 




