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INTRODUCTION

A comprehensive theory of superconductivity must account for a number
of specific phenomena, among them the Meissner effect (B=0 within_a super-
conducting body), zero electrical resistance, the dependence of the tran-
sition temperature upon isotopic mass, a second-order phase transition at
the critical temperature (in zero magnetic field), and the existence of an
energy gap for single particle-like excitations.® The theory proposed by
Bardeen, Cooper, and Schrieffer (hereafter BCS) (1) in 1957 was able to
account for all of the above phenomena, as well as to provide a surpris-
ingly good fit to existing experimental data.

The BCS theory is based on the idea that phonons (lattice vibrations
in a crystal) can mediate an attractive interaction between electrons.

The BCS theory assumes Bloch individual particle wave functions for nor-
mal state electrons; the specific model treated by BCS assumes a constant
interaction energy between the electrons and as such applies specifically
to single conduction band, isotropic superconductors. The superconduct-
ing state is a special combination of Bloch states in which pairs of elec-
trons with opposite momenta and spin continuously make use of the electron-
phonon interaction to form a coherent state which is lower in energy than
the normal state.

A very striking feature of the microscopic theory is the prediction
of an energy gap in the excitation spectrum. The existence of such a gap

had been suggested by measurements of the electronic specific heat (2).

*l1t should be noted that only the simpler superconductors display
all of the phenomena listed.



At sufficiently low temperatures, the presence of an energy gap would cause
the specific heat to be dominated by a Boltzmann factor. The data then
would have an exponential dependence in that temperature region with the
argument of the exponentiél being directly related to the value of the
energy gap.

Energy gap behavior also had been observed by Richards and Tinkham (3)
using far infrared radiation as a probe. They found that the absorption
was zero until the photon energy of the incident radiation became equal
to the energy gap. The absorption then rose rapidly to the normal state
value with increasing photon energy.

One of the most sensitive measurements of the energy gap is obtained
via the technique of electron tunneling. Frenkel (4), in 1930, was the
first to suggest an experimental tunneli configuration; however, it was
not until three decades later that Giaever and co-workers performed the
first tunneling experiments (5,6,7). Tunneling is a quantum mechanical
effect which is related to barrier penetration. When a classical barrier
has an extent which is less than that of an electronic wave function, a
finite probability exists that the electron will be found on the opposite
side of the barrier, i.e., that it will have ''tunneled' through the
barrier. 1In the abovementioned experiments the classical barrier con-
sisted of the oxide of a metal, so that the tunnel junction was of the
form metal-metal oxide-metal. The authors argued that if one or both of
the junction constituents was a superconductor, any observed changes in
the tunneling current as a function of applied voltage would be the result

of a change in the superconducting density of states of the metals. The



strength of the tunneling technique lies in the fact that it provides a
measure of the reduced single particle density of states, from which
information about the superconducting energy gap can be obtained.

Bardeen (8), and Cohen, Falicov, and Phillips (9) have used different
approaches to demonstrate that there is indeed a one-to-one correspondence
between measured differential conductance curves and the superconducting
density of states, although the two are equal only at T=0. For non-zero
temperatures, differential conductance curves include kT thermal smearing,
and Clem (10) has discussed this relationship between the superconducting
density of states and measured differential conductance curves.

The early tunneling measurements were done on metals which formed
acceptable oxides and which were easily evaporated, namely lead, tin,
aluminum, and indium (11,12). Agreement with the BCS theory was good,
although small discrepancies existed. Deviations from BCS theory had been
found for photon absorption data (13), as well as specific heat data, and
it was suggested that the energy gap was anisotropic over the Fermi surface
(14). In conjunction with this, the suggestion also was made that two
gap energies, one large and one small, might provide an explanation for
experimental deviations from BCS predictions (15).

The notion of two energy gaps was introduced by Suhl, Matthias, and
Walker (hereafter SMW) (15) in an extension of the BCS theory to the case
where two bands of electrons in a metal overlap. |In their paper they
follow the BCS approach, but include in their Hamiltonian an interaction
energy between electrons in different energy bands, as well as energy

terms for electrons interacting within one band. The interaction energies



are labelled Vsd’ Vss’ and Vdd’ where the subscript s (d) denotes s-like
(d-1ike) electrons. The calculation leads to the existence of an energy
gap corresponding to each band. In the limit of zero interband coupling
(Vsd=0)’ there appear two energy gaps and two distinct transition tempera-
tures unless Ns\lSs = Ndvdd’ where Ns and Nd are the densities of states
of the s and d bands. In the case of weak interband coupling, only one
transition temperature can exist, although two energy gaps are still evi-
dent. 1In the limit of very strong interband coupling, the smaller energy
gap merges into the larger one when Ns=Nd’ leaving only one gap with a
BCS-1ike temperature dependence, while for Ns not equal to Nd two energy
gaps still exist. For moderately strong interband coupling, the smaller
gap lies between the strong and weak interband coupling cases and depends
upon the specific value of Vsd' Figure 1 illustrates the cases

diséussed above.

Garland also has considered the effect of multiple bands on supercon-
ducting properties (16). He assumes that the Fermi surface is separable
into distinct s and d regions. For the case of a ''clean'' superconductor,
different and partially decoupled energy gaps should exist, both of which
could be anisotropic. In this 'iclean'’ case, he predicts anomalies in the
temperature-dependent critical field and specific heat curves. Such
anomalies should be observable experimenta]iy.

Garland also finds that mixing of the s and d wave functions, as in
the case of an impure sample, causes evidence of a second gap to disappear.
He terms the impure case the '‘dirty'' limit and maintains that very few,

if any, two band metals have been sufficiently purified to permit



obseivation of the second gap. However, no experimentally usable criterion
exists for distinguishing between ''clean'' and ''dirty' samples. Garland

has used the definition of Anderson (17), who has taken the dividing line
between the two classes to be that point at which the electronic mean free
path is equal to the coherence length. 1t is not known whether this con-
dition for a clean sample is required if separate energy gaps are to

be observed.

Many of the transition metals show evidence of being two-band super-
conductors. In the following, a transition element will be taken as one
which has completely filled or empty f shells, and partially filled d
shells. The valence electrons are of s-type and d-type, with the d
electrons being bound more tightly so that they have considerably more
localized wave functions than the locosely bound s electrons. Because of
the localization of the d electrons, the density of states for them will
be relatively high. Therefore, in these metals Ny usually is assumed to
be much greater than N_, where again Nd (NS) is the density of states of
d (s) electrons. Many theories approximate the ratio Ns/ Ny by zero.

For the same reasons, the d electrons usually are assigned a much higher
effective mass than the more mobile s electrons.

It long has been understood that the overlap of s and d bands in the
transition metals leads to an increased normal state resistivity (18).
This effect, which is due to the band overlap, occurs when s electrons
(which are more mobile and therefore are the primary carriers of current)
are scattered into vacant d sites where their contribution to the conduc-

tivity is diminished. At low temperatures the resistivity can be strongly



affected by electron-electron scattering, again due to very high d band
density of states at the Fermi level. This predicts a T2 dependence for
the low temperature resistivity, and a marked shift from the normal T5
law is expected and observed for many transition elements (18). Deviation

5

from the low temperature T~ law can be taken as an indication of over-

lapping bands.

Wilson (19) has calculated the temperature dependence of the elec-
trical resistivity due to s-d scattering. This scattering occurs when an
s electron is scattered into the d band by a phonon (and is effectively
£rapped there by the high density of states). At low temperatures this
effect will depend upon the number of phonons available and will vary as

3

, while at very low temperatures (say T < 90/40, where GD is the Debye
temperature) the effect begins to drop away exponentially with tempera~
ture. Webb (20), in his work on niobium, found that the T3 term provided
the dominant contribution to the resistivity from just above the transition
temperature to about 50 K.

There are experimental indications that superconductivity in the
transition metals is not caused solely by the electron-phonon interaction.
Prominent among these indications is the absence or considerable reduction
of the isotope effect in these metals (21). Garland (16) considered three
possible mechanisms for superconductivity in the transition metals: 1)
the intraband screened Coulomb interaction between s electrons, 2) intra-
band interactions arising from the exchange of virtual phonons, and 3) an

attractive effective interaction arising from the small coupling terms

between the s and d band gap equations. His calculations led to the



existence of an attractive interaction between s electrons due to screening
by the s-d electron cloud. However, the theory predicted a first-order
transition at the transition temperature and an energy gap much larger than
exists. Peretti (22) calcuiated a similar interaction between s electrons
and found it to be attractive. His calculations yielded an appropriate
magni tude for the energy gap, the absence of an isotope effect, and a
second-order transition. Although the issue is not settled, it may be that
superconductivity in the transition metals is not due strictly to the
electron-phonon interaction. This being the case, one should not be dis-
turbed if the transition metals show experimental deviations from the
predictions of the BCS theory.

Direct indications of multiple band behavior in the transition ele-
ments are available. Shen, Senozan, and Phillips (23) measured the spe-
cific heat of single crystal samples of niobium, tantalum, and vanadium.
Their niobium data deviated sharply from the BCS prediction at low temp-
erature, but could be explained using a two energy gap scheme. The
tantalum and vanadium samples showed similar behavior, though not as pro-
nounced as with the niobium. Later, Sung and Shen (24) calculated the
specific heat curve using a SMW model and were able to fit the above data
to their calculations. They also calculated the effect of non-magnetic
impurities but were unable to fit the experimental data with their results.
They postulated that the electronic structure of transition metal impuri-
ties had to be taken into account to explain fully the experimental data.

Radhakrishnan (25) calculated the penetration depth as a function of

temperature using the two band model. He was able to fit data for niobium



by using parameters which Shen et al. had deduced. He also used the same
model to calculate the upper critical field (26); he again obtained a
reasonable fit to existing niobium data.

The thermal conductivity of single crystal niobium has been measured
by Carlison and Satterthwaite (27). They were able to explain anomalous
results in terms of a two gap model, but with different values from those
of Sung and Shen for the energy gap and relative density of states of the
second band. Tang (28) has pointed out that this analysis assumed that
interband interactions were zero, a generally unreasonable assumption.
Tang was able to correct the Carlison and Satterthwaite analysis to achieve
better agreement with Sgng and Shen.

In all of the results for niobium, the second energy gap ZAS was
much smaller than the larger one 2[%1, wi th A%/ Ad ~ 1/10, and Ns/ Nd'”
10-2. The fact that nearly all of the experimental evidence for a second
energy gap relates to niobium is at ]east.part]y due to the high transition
temperature of niobium. The high TC allows experimental access to very
low reduced temperatures.

Sung and Wong (29) have calculated the effect of impurities in the
two band model. 1In the limit NS << Nd their results show that the d band
properties are essentially unchanged by the addition of impurities, but
that the properties of the s band are highly sensitive to impurity concen=-
tration. The effect of impurities is to increase the magnitude of the
energy gap associated with the s band. These authors also point out that

d

separate bands.

NS and N, are determined by the area of the Fermi surface covered by the



One would expect that energy gap anisotropy should be observed in
electron tunneling measurements. Zavaritskii (30) studied the energy gap
of tin and noted a significant variation in A, the superconducting energy
gap parameter, with crystallographic orientation. He then did a fairly
exhaustive study of A as a function of orientation and attempted to relate
his results to the features of the Fermi surface of tin. The results were
not conclusive, although apparent correlations exist between his data and
parts of the tin Fermi surface. He suggested that a multiple gap model
might help to explain his data.

MacVicar and Rose (31) observed structure in single crystal niobium
tunneling data which they interpreted as evidence of a possible second
gap. Similar structure had been previously observed by Giaever (32),
Townsend and Sutton (33), and Sherrill and Edwards (34), but had been
attributed to impurities or other sample imperfections. Further work by
Hafstrom, MacVicar, and Rose (35,36,37) has pointed more strongly to the
existence of a second gap in high purity single crystal niobium. Gener-
ally reproducible structure was obtained and related to the general
features of the niobium Fermi surface (as calculated by Mattheiss (38)).
In addition, Shen observed structure in tantalum tunneling experiments
(39) which could be due to the presence of a second energy gap.

The exact selection rules which govern the tunneling process are not
yet firmly established. A selection rule which often is used conserves
the group velocity of the electron normal to the barrier. Using this rule,
Clem (40) has shown that, for a metal-barrier work function of 1 eV and an

0
oxide thickness of 20 A, 95 percent of the tunneling current is carried by
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electrons whose momenta arewithin 10 degrees of the normal to the barrier,
and Bennett (41) maintains that all of the electrons which contribute
significantly to the tunneling current have velocities within 5 degrees

of the surface normal. Dowman, MacVicar, and Waldram (42) suggest that a
more likely conserved quantity in tunneling is the k vector in the repeat-
ed zone scheme of the metal normal to the barrier. They point out that
conservation of velocity normal to the barrier is not synonymous with
their restriction on the normal k vector. A further complication is added
by the fact that in both of the above selection rules different parts of
the Fermi surface can contribute simultaneously to the tunneling current.
However, the partial success of Dowman et al., and Zavaritskii, in the
correlation of observed energy gaps with variations in the Fermi surface
does indicate that the tunneling current in a given crystallographic
orientation is substantially related to a specific part of the

Fermi surface.

Tunneling into the transition metals long has been plagued with a
number of experimental problems. Bulk samples are used almost without
exception for these tunneling measurements, so that an oxide must be grown
on their surface. In the transition metals a tunneling experiment samples
the metal only within a small distance (as little as 100 Z) of the surface
oxidé (43), so surface purity is critical. Surface effects alone could
explain the high failure rate in obtaining ''good'" tunnel junctions. The
sampling depth for the tunneling electrons decreases with increasing dc
bias (39) and this could explain why many transition metal tunnel junctions

show acceptable characteristics in the region of the energy gap but are
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almost devoid of phonon effects at higher biases.

A problem which exists for nearly all transition metal tunnel junc-
tions is that of "excess currents' (37,39). Within certain limits (35),
.MacVicar takes data in spite of these 'excess currents', which she postu-
lates may be due to tiny shorts through the junction oxide. Marcus (L&)
also has proposed the existence of metallic junction shorts as an expla-
nation for subharmonic structure in two-superconductor junctions.

The presence of zero-bias anomalies presents further difficulty with
transition metal tunneling (45). The zero-bias anomaly is an increase in
conductance, centered about zero bias, which can be attributed to the
presence of magnetic impurities in or close to the oxide region (46). The
anomaly Is temperature-dependent and presumably not related to the density
of states of the superconductor.

One would expect thorium to be very similar to the transition metals.
Gupta and Loucks (47) have calculated the electronic structure of thorium
by the relativistic augmented-plane-wave method and have concluded that
thorium and other of the lighter actinides are similar to the transition
metals and can be described by the same s-d energy band model. Thorium,
the first of the actinides, is an fcc metal with valence 4. The valence
electrons are 6d2 and 752, making the metal consistent with our previous
definition of a transition metal. With a melting point of 1800 °¢ and a
low vapor pressure, thorium is an extremely difficult metal to evaporate.
It is not known whether thorium shows an isotope effect, since only one
abundant stable isotope exists.

A number of low temperature experimental measurements have been



performed on thorium. Among those which are pertinent to our work are low
temperature susceptibility and specific heat (48), resistivity (49), elec-
tronic structure by the de Haas-van Alphen effect (50), thermal conductiv-
ity (51), superconducting critical field (52), and anisotropy of the
superconducting energy gap (53). These measurements will be discussed in
the following pages.

Gordon et al. (48) measured the specific heat of thorium and found
a ratio at the transition temperature of Ces(Tc)/ ch= 2.42, which is
very close to the BCS value of 2.426. Their data did not extend below 1 K
for the superconducting phase, so no evidence of a smaller gap should be
expected. They deduced a number of experimental parameters from their
data and concluded that thorium was a surprisingly ideal superconductor.

Decker and Finnemore (52) calculated a number of experimental param-
eters for thorium based on critical field measurements. They obtained the
value 2A(0) / kTC = 3.53, in good agreement with the BCS prediction. The
critical field curve is within 0.3% of the BCS prediction at all tempera-
tures, although a slight systematic deviation from BCS can be observed.
In spite of the general agreement with BCS predictions for their samples,
the authors feel that the closeness of fit to BCS is probably fortuitous
and that the effect may be the result of strong-coupling effects just
cancelling anisotropy effects (40).

Anderson, Peterson, and Finnemore (53) found that thorium is an aniso-
tropic superconductor with a value of the mean-square anisotropy constant
<a2)==0.021, as determined by a fit of their data to the theory of Markowitz

and Kadanoff (54). However, the critical field data of Decker and
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Finnemore lie above the calculated curve corresponding to this measured
anisotropy constant. The discrepancy again could be caused by strong-
coupling effects (40).

Measurements of the thermal conductivity of thorium by Cappelletti
and Finnemore (51) were analyzed in terms of the theory of Bardeen,
Rickayzen, and Tewordt (55), which is based on a BCS model. Their data for
Kes/ Ken’ where Kes and Ken are the superconducting and normal electronic
thermal conductivities, lie above the Bardeen et al. predictions for
reasonable assumptions about the phonon contributions. This result is
expected for an anisotropic superconductor, since portions of the Fermi
surface with a small gap tend to dominate the low temperature thermal con-
ductivity. Assuming no scattering of the electrons by phonons, the closest
fit to their data is obtained for the value 2 A(0)/ kTC = 3.15,

Peterson et al. (49) have measured the resistivity of very pure thorium.
Below 80 K the data can be fit to the Bloch-Grineisen function with a
Debye temperature of 135 K (this value is lower than the value of approx-
imately 165 K usually obtained for thorium). At higher temperatures the
data rise above the Bloch-Griineisen prediction for GD equal to 135 K. At

low temperatures, T/ 6, < 1/6, the resistivity data deviate from a single

5

D

conduction band T~ dependence. The best fit was for a T3'5 behavior, and
it will be recalled (see page 6) that this type of deviation is indicative
of two-band structure.

The calculations of Gupta and Loucks (A7) have been confirmed by the

experimental results of Boyle and Gold (50). The calculated Fermi surface

of thorium is shown in Figure 2. There are three distinct segments of the
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surface: 1) a hole surface at the center of the Brillouin zone shaped like
a rounded cube, 2) hole surfaces on the symmetry lines TL shaped like
dumbbells, and 3) electron surfaces on the symmetry lines T'K shaped like
pairs of lungs. 1t is readily seen that the Fermi surfa;e varies markedly
with crystallographic orientation, and one should expect energy gap anisot-
ropy in thorium. Gupta and Loucks also mention that the cubical section

of the Fermi surface is of special interest because the opposite faces of
such figures can ''nest! into one another. Such ''nesting' might result in
phonon and magnon spectra anomalies, or an influence on the arrangements of
any impurity magnetic moments present in the metal (47). It is interesting
to speculate about whether such an effect might be related to the non-
magnetic behavior of cerium when it is dissolved in thorium (56).

While thorium conforms to the predictions of the BCS model in many
ways, there clearly are deviations which remain unexplained. We therefore
have undertaken to perform tunneling experiments on thorium, in spite of
the difficulties inherently associated with tunneling into transition
metals. The results are expected to contribute to our present under-

standing of the metal thorium.
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EXPERIMENTAL DETALLS

I ntroduction
Electron tunneling data in this experiment were obtained as X-Y re-
corder plots of di/dv vs v, where i represents the current through the tun-
nel junction, and v represents the voltage across it. The data are used to
obtain information about the reduced density of states of the samples ac-

cording to the following relationship for o, the normalized tunneling

conductance:
(di/dv)ns
¢ = ——05 | (2-1)
(dl/dv)nn

[

where the subscript ns indicates a normal metal-superconductor tunnel
junction.

The data were taken in a He-3 refrigerator shown in Figure 3 (the
glass double Dewar system, liquid helium inner and liquid nitrogen outer,
is not shown), the operation of which is relatively simple. He-4 condensed
into the He-4 reservoir is cooled by pumping on this liquid with a vacuum
pump to obtain temperatures near 1 K. He-3 then is condensed into the He-3
reservoir (or pot) and cooled similarly to obtain temperatures as low as
0.28 K. The higher vapor pressure of He-3 permits cooling below the lowest
temperatures obtainable with He-L alone.

Two types of tunnel junctions were measured, one type being a double
thin film junction, and the other being a single film on top of a bulk

sample. A double thin film junction is prepared by first evaporating
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a metal film onto a glass substrate, oxidizing it by exposure to air, and
then evaporating a second metal film at right angles to the first one. The
tunnel junction consists of the region where the two films overlap. A bulk
sample tunnel junction is prepared by first cleaning the surface of a bulk
sample, letting that surface oxidize, masking the surface in such a way as
to leave only a narrow strip exposed, and then cross-evaporating a thin
film. The tunnel junction is the region of overlap between the exposed
strip of sample and the thin film.

The double thin film junctions were prepared in order to learn the
technique of film evaporation, and were measured in order to check the op-
eration of the electronic detection system. The bulk sample junctions were
prepared on bulk thorium because the metal is extremely difficult to
evaporate.

The bulk thorium samples were cleaned in high vacuum by electron bom-
bardment, were oxidized in situ in pure oxygen, and were masked by painting
the surface with Collodion. The tunnel junctions were completed by cross-
evaporation of a gold or silver film.

The electronic detection system is capable of measuring both di/dv and
dzi/dvz. The second derivative is used primarily to observe phonon effects
on the density of states, which are small and appear at voltages greater
than the energy gap. Our junctions were such that phonon effects could not
be observed and comments pertaining to dzi/dv2 will be offered solely in
the interest of completeness.

The tunnel junctions were measured as part of one arm in a bridge

circuit. The bridge was balanced at one point and as the characteristics



17

of the junction changed with the bias voltage across it an operational
amplifier provided voltage to a feedback loop which acted to maintain the
original balance condition. As will be shown, the feedback voltage from
the operational amplifier is proportional to di/dv for the junction. This
feedback voltage is sent to a lock-in amplifier whose dc output is pro-
portional to the amplitude of the feedback voltage. The output of the
lock-in amplifier is sent to the Y axis of the X-Y plotter, where it is re-

corded as a function of applied dc bias voltage across the tunnel junction.

Cryostat

The data were taken over the temperature range 0.3 K to 1.5 K using
the He-3 refrigerator shown in Figure 3. The details of operation of such
a system have been discussed elsewhere (57), and only comments particular
to this experiment will be included here.

Shortly before the first data were taken, the He-U4 reservoir (or pot)
was rendered inoperative by a block in the pumping line leading to it. The
behavior of the system indicated that the block was at the top of the He-4
pot, and it was assumed to be in the small orifice there. After a number
of different attempts failed to unplug the line, it was decided to forego
immediate repair in favor of obtaining data. The He-3 system therefore was
operated (in the case of all the data reported in this manuscript) by pump-
ing on the liquid helium in the helium Dewar and letting this bath serve
as a replacement for the He-4 pot.

The sample was mounted vertically on a small copper block which was
directly connected to the He-3 pot. A single layer of Kimwipe was used for

electrical insulation, and GE7031 varnish was used to hold the sample
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in place and to provide thermal contact between the sample and the copper
block. There were no indications that such an arrangement was not
satisfactory.

The electron tunneling measurements were made by means of a bridge
technique, and it was desirable to keep the resistance of the tunnel junc-
tion leads as iow as possible. This was accomplished via the combined use
of copper and lead-coated manganin wires. The excellent thermal conduc-
tivity of copper prohibits the sole use of copper leads, since they would
allow excessive heat conduction into the sample from warmer parts of the
cryostat. The lead-coated manganin wire consisted of a 0.0005 in. coating
of lead on 0.006 in. diam manganin wire. Below the superconducting tran-
sition temperature of lead (where all the data were taken) the electrical
resistance of the lead is zero, and the thermal conductivity of the lead
plus manganin is substantially lower than that of copper wire of a
reasonable size.

All electrical leads ran from a terminal strip at room temperature to
one of two terminal boards located just above the vacuum can (in the helium
bath). The leads entered the vacuum can through nylon-epoxy seals (58).
The lead~coated manganin junction leads extended 30 cm inside the vacuum
can where they were joined to No. 36 copper wires which were immediately
anchored to the base of the He-3 pot with GE7031 varnish; they then dropped
to a final terminal board where they made solder contact to the leads
attached to the junctions. The leads to the germanium resistance thermom-
eter, the carbon resistance thermometer, and the sample heater were of

manganin wire. Once inside the vacuum can, these leads were thermally
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anchored at both the He-4 and He-3 pots with GE7031 varnish. The carbon
thermometer and sample heater leads were connected to those elements imme-
diately, while the germanium thermometer leads were anchored again to the
He-3 pot before connecting to the thermometer.

The heat leaks down the leads were relatively small for the above
configuration. The estimated heat leak due to one of the manganin leads
was 5 nW, while the total heat leak into the sample from the junction leads
was estimated to be less than 5 uW. The radioactive self-heating of the
thorium was another possible heat input to the sample, but it was estimated
to be 10 nW, and thus insignificant by comparison to heat leaks down
the leads.

Regardless of the estimated heat conductivity down the leads, accurate
thermometry demands that the leads attached to the germanium thermometer be
thermally anchored to a point at common temperature with the sample.
Following Swenson (59), copper strips were bonded to the same copper block
which supported the sample. The strips were electrically insulated from
the block by a thin nylon mesh and were cemented in place with Armstrong
A-6 epoxy. The manganin wires and the thermometer leads were soldered to
opposite ends of these strips, thus providing a heat sink to absorb any

heat energy flowing down the manganin wires.

Temperature Control and Thermometry
Once the helium bath was pumped down to a temperature slightly above
that at which the data were to be taken, He-3 was condensed into the He-3
pot, and the temperature of the junctions was controlled by pumping on the

liquid in the He-3 pot through a fixed system of valves, while
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simultaneously counteracting the cooling effect by supplying power to a
50 () manganin heater. The temperature control circuit used a 3-wire
(lead compensated) Wheatstone bridge in which the resistance of a Speer
carbon resistor (labelled SR-2) was balanced against a decade resistance
box. The imbalance voltage was amplified by a Keithley 153 microvoltmeter
and sent to a transistor-controlled heater power supply which turned the
heater current on or off whenever the SR-2 resistance became greater or
smaller than that of the decade box. When the regulating system was oper-
ating properly and equilibrium had been reached, it was possible to main-
tain the temperature constant to within £ 2 mK for periods of thirty
minutes or longer.

The resistance of the germanium thermometer, GR1592, was obtained
from measgrements of the voltage drops across the thermometer itself and
across a standard resistor contained in the thermometer current loop. The
measuring currents through GR1592 were 10 pA for temperatures above 1 K
(approximately) and 1 pA for lower temperatures. The voltages were
measured with an approximate uncertainty of 0.2 pV using a Leeds and North-
rup Type K-3 Potentiometer and a Hewlett-Packard Model 419A DC Null Volt-
meter. This corresponded to a temperature uncertainty of about 2 mK at 1.4
K where the thermometer resistance and its temperature derivative were at a
minimum for the temperature range of interest. The thermometer resistance
increased as lower temperatures were obtained, and therefore the tempera-
ture uncertainty decreased as well.

The resistance thermometer GR1592 was calibrated previously by Prof.

D. K. Finnemore of this laboratory over the temperature range 0.3 K to
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L.2 K using paramagnetic salt thermometry below 2 K and He vapor pressure

thermometry above 1.6 K (60). The R vs T values from this calibration were

fit to an equation of the form

(InT) = T ¢ (n R)" (2-2)

n
by minimizing the expression

2
S = % {InT-1In T al }k (2-3)

k
in the least squares sense. The criteria for a good fit were that
(T - Tca]) should be small for all data points, and that (dR/dT) and
(dZR/de) for the calculated curve should be smoothly varying. A fourth
order fit was chosen for the temperature range 0.3 K to 2.0 K with the
standard deviation from the calculated curve being 2.4 mK. The fit con-

stants are given in Table 1.

Table 1. The fit constants for germanium thermometer GR1592

0.3 to 2.0 K

Q(0) = 0. 14695191145520 x 102
Q(1) = -0.59978171470915 x 10]
Q(2) =  0.89901486460550 x 10°
Q(3) = 0.62347704137502 x 107"

0.15691061867330 x 10

a(h)
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Carbon resistor SR-2 was used as a secondary thermometer as well as a
temperature control sensor. The calibration of carbon resistors can vary
by a few percent when cycled between room and liquid helium temperatures,
ard if they are used as primary thermometers they must be recalibrated at
a few points during each low temperature run. GR1592 was inoperative in
the case of one tunnel junction (Au on Th No. 1), and for that case the
recalibration of SR-2 was done against the vapor pressures of liquid

He-4 and liquid He-3.

Sample Preparation

It will be recalled that the double thin film tunnel junctions con-
sisted of a metal film which had been cross-evaporated over another oxi-
dized metal film. The substrates used for these junctions were glass
microscope slides which were fire-polished before use. Electrical leads
were inserted into indium blobs which had been placed on the substrate
with a soldering iron heated just above the melting point of the indium.
Metals were evaporated by resistively heating tungsten filament baskets
inside a conventional bell jar evaporation system (see Figure 4). The bell
jar was pumped to a vacuum or 10-5 Torr, or better, by a modified Cenco
Model No. 93422-17 3 in. diffusion pump. The evaporation chamber was sep-
arated from the diffusion pump by both a cold trap and a baffle valve.

The bell jar was pumped to a roughing vacuum through a line which
bypassed the diffusion pump, cold trap, and baffle valve. There was a dan-
ger of introducing pump oil into the bell jar if the initial pumping rate
was great enough to cause vigorous back-streaming of the pump oil. A com-

promise therefore was necessary to ensure rapid evacuation of the



23

evaporation chamber, while simultaneously keeping pump oil back-streaming
to a minimum. There were no indications that junction properties were af-
fected by the procedure used to evacuate the bell jar.

The thin film junctions were all of the form AI-A1203—Meta]. The alu-
minum was evaporated first, after which the film was removed from the bell
jar and oxidized in a small oven which had been heated to approximately
100 °C. The oxidation time varied between 30 and 60 seconds, and during
this time a second metal was placed in the evaporator in another
tungs ten basket.

All film evaporations were masked by a piece of aluminum sheet into
which had been cut two 1 mm wide slits, separated by a distance of 6 mm,
thereby providing for the concurrent preparation of two junctions. The
mask was supported by four 10 cm long steel rods so that a typical boat-to-
substrate distance was 8 cm.

The tunneling measurements on pure thorium were done on samples pro-
vided by Prof. D. T. Peterson of this laboratory. The pure thorium is
obtained via the magnesium reduction of thorium tetrachloride, after which
it is arc-melted into an ingot and further purified by electron-beam mel t-
ing (61). This process is extremely consistent and the analysis of the
resulting pure thorium varies only slightly with different batches. The
analysis of one of the samples used in this experiment is given in Table 2.

The high vacuum system in which the thorium was processed was con-
structed of stainless steel and was equipped with an Ultek Model 20-092
100 liter/sec vac-ion pump. The system is illustrated in Figure 5. A de-

tailed discussion of the operation of the high vacuum system has been given
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by Stromberg (62), and only pertinent details will be presented here.

Table 2. Typical chemical analysis of pure thorium (impurity
concentrations are given in ppm by weight)

Impurity Concentration Impurity Concentration
L6 Mn < 20

0 122 Ni < 5

N 22 Si < 20

Al < 20 Ta Na®
Ca < 30 Ti Nd

Cr < 20 W Nd

Fe < b Y Nd

Mg < 20 : U < 0.9
a

Nd - Not detected

The vac-ion pump could not operate continuously at pressures above
10-5 Torr; this made it -necessary to reduce the pressure to that point by
external means. A conventional Welch rotary pump was connected through a
liquid nitrogen-cooled copper line to produce a roughing vacuum which was
reduced further by means of an Ultek sorption pump. After the ion pump
started, the system was baked for 12 to 24 hours at 250 °C to remove gases
which had adsorbed onto interior surfaces of the system. The filament (to
be described later) was outgassed for 4 to 6 hours, after which the sample
was heated in a vacuum no worse that 4 x 10_8 Torr. The best vacuum ob-

9

tained during sample preparation was approximately 2 x 10 ° Torr.

The thorium samples were received in sheet form with typical
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dimensions inmm of 1 x 12 x 12. A small hole was drilled in one corner of
the sample and it was mounted in the electron bombardment assembly as shown
in Figure 6. The filament was made of 0.010 in. tantalum wire. The elec-
trodes were made of 0.060 in. tungsten rod, with the exception of the lower
part of the sample electrode, which was of similar size tantalum. Con-
nections between dissimilar materials were made by spot-welding, although
the sample itself was tied in position with 0.010 in. tantalum wire, and
not spot-welded.

After the apparent ultimate vacuum had been obtained, the filament
current was reduced to its operating value of approximately 4 A. A pos-
itive voltage was applied to the sample, and electrons emitted from the
hot filament were accelerated to the sample surface. The accelerating
voltage used varied from 1000 to 1400 V, depending upon such factors as
the surface area of the sample and the proximity of the filament to the
sample. The emission current (from filament to sample) was typically 60
mA, so that the power input to the sample was approximately 60 to 85 W.

Sample temperatures during preparation were estimated by visual com-
parison with the color scale of temperature (63), as well as with an opti-
cal pyrometer. At the power levels stated, the sample temperature was
estimated to be approximately 1000 to 1400 °c. bThe sample was held at
these temperatures for more than two days in most cases.

Recrystallization in thorium begins to occur above 800 . Thus, the
sample preparation procedure in this experiment accomplished three objec-
tives: 1) the sample was outgassed and purified at elevated temperatures

while under high vacuum, 2) the sample surface was cleaned by sublimation,
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and 3) the sample was annealed in high vacuum at temperatures well in ex-
cess of the recrystallization temperature. During recrystallization, re-
gions of single crystal tended to form, so that in most cases the thorium
side of the tunnel junction consisted of a regicn which was wholly or part-
ly single crystal.

Visual appearance of the sample was the criterion which was used to
decide when it was time to remove the sample from the high vacuum system,
since during bombardment the sample surface gradually took on the look of
an extremely well-polished metal. |In many cases it was possible to see
what were taken to be the grain boundaries of the single crystal regions
mentioned above.

Once the sample was ready for the preparation of the tunnel junctions,
it was allowed to cool for a period of 15 to 20 min before it was oxidized
in situ. Oxygen was bled into the system until the pressure increased to
approximately 0.1 atm. This pressure was maintained for a period of 25
min, after which time the oxygen pressure was increased to atmdspheric and
the sample was removed. The sample remained in the full oxygen atmosphere
for approximately 5 min before it was exposed to air because four vacuum
flange bolts had to be removed prior to removal of the sample.

The purpose of the above oxidation procedure was to create a uniform
oxide layer approximately 20 X thick which hopefully would prohibit further
rapid oxidation when the sample was introduced to air. Air was used in the
first attempts at oxidation and water vapor in the air was blamed for
catalyzing the excessive oxidation which occurred.

Shen has prepared tantalum samples for tunneling measurements by a
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nrocess similar to the one used here (39), but he oxidized his samples at
50 °¢c for 3 hours in a stream of oxygen. When we used this oxidation pro-
cedure with thorium, the tunnel junctions exhibited a resistance greater
than 100 kQ, indicating that the oxide layer was prohibitively thick.
Only high resistance junctions were obtained as well when the pressure ex-
ceeded 0.1 atm in the normal oxidation procedure.

Upon removal from the high vacuum system, the sample was disconnected
from the electron bombardment assembly, two indium solder contacts were
made to the thorium, and fine copper leads were soldered into place. The
best contacts to the thorium were achieved when the soldering iron was held
at a temperature only slightly above the melting point of the indium.

After the leads were attached to the thorium, the surface was painted
with Collodion so as to leave an exposed strip of oxidized thorium 1 to 2
mm wide which extended between the attached leads (see Figure 7). Collo-
dion forms a very thin film when applied in this manner, and the most crit-
ical control of the masking procedure was achieved when the operation was
performed under a microscope. Best results were obtained by using rela-
tively fresh Collodion (no more than a few weeks old).

When the Collodion was dry, indium blobs were deposited on the Collo-
dion and No. 36 copper leads were soldered into them. Lack of care during
this step could cause the hot indium to burn through the Collodion and to
short to the thorium. Usually such a fault could be remedied by removing
the indium and locally patching the Collodion fiim.

The sample then was placed on the evaporation mask in the bell jar and

evacuation was begun immediately. The total elapsed time between removal
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from the high vacuum system and subsequent evacuation of the bell jar
ranged from 15 to 45 minutes, depending on the dexterity and luck of the
experimenter. The evaporation of the cross strips was not attempted until

5

the bell jar vacuum had reached or passed 1077 Torr. Such a vacuum was u-
sually attained within 4 to 5 hours, although in many cases the system was
allowed to pump overnight prior to evaporation. At all times, an adequate
liquid nitrogen level was maintained in the cold trap.

The evaporation of the cross strips completed the formation of the
tunnel junctions. Evaporation was continued until a visibly thick film had
been deposited, or until the resistance of one of the junctions had reached
a desirable value. Figure 7 illustrates the appearance of two completed
tunnel junctions.

The resistance of a tunnel junction could be monitored during evapo-
ration by means of the simple ac bridge shown in Figure 8. The bridge
makes a two-terminal measurement, balancing the resistance and capacitance
of the tunnel junction against variable standard values. An ohmic resist-
ance yields a straight line on the oscilloscope diSp]ay. A tunnel junc-
tion, even in the normal state of both metals, is not ohmic, and therefore
the oscilloscope display is non-linear. A ''good' junction is characterized
by desirable values of resistance (approximately 100 Q) and capaci tance
(about 0.025 pf), and by a non-linear trace on the oscilloscope.

Clip-on leads were connected to two junction leads and during evapo-
ration the junction resistance was used as a guide for attaining the proper
film thickness. The voltage output of the oscillator was kept very close

to minimum value to ensure no electrical effect on the junction during
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evaporation. Heretofore, junction evaporation had been a relatively blind
process, but use of this bridge greatly increases the probability of
obtaining a measurable junction. Use of the bridge also enables one to
select for low temperature measurement only those junctions which have a
good probability of being reliable.

Tunnel junction properties tend to change rapidly with time at room
temperature. Therefore, as soon as an acceptable junction was obtained, it
was mounted in the cryostat, the vacuum can was sealed, the system was
evacuated, and the cryostat was immersed in liquid nitrogen. The junction
usually reached 77 K within 1 to 2 hours and at that temperature junction
properties remain stable. After the junction had reached 77 K and a good
vacﬁum around the sample had been attained, the double Dewar system was in-
stalled and the sample was cooled to 4.2 K. Tunne} junctions usually re-

mained stable for many days at liquid helium temperatures.

Electronics

The data obtained in this experiment were di/dv vs v traces from an
X-Y recorder. The measurements were made by applying an ac signal to the
tunnel junction and using harmonic detection techniques to measure di/dv
(and if desired, d%i/dv?).

If a small ac modulation voltage (frequency w, amplitude m) is applied
to the tunnel junction which is biased at dc vol tage vo, then due to the
non-linearity of the junction, the current through it can be expanded in a

Taylor series:

i(v) = i(vo)+-(di/dv)v-m cos wt4~%(d2i/dv2)v mzcoszwt+ cee. (2-4)
o o
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Also, from simple trigonometry, one can replace coszwt by-%(I + cos 2wt).
It is seen that, providing the modulation voltage amplitude m is constant, -
the component of junction current at frequency ® is propeorticnzl. to di/dv
and the component at frequency 2w is proportional to dzi/dvz. 1t will be
shown that, by considering the ac component of this current at frequency
w, a measure of (di/dv)V can be obtained.

The electronic deteztion system is illustrated in the block diagram in
Figure 9. The key components of the system are the ac bridge (to be de-
scribed below), one arm of which contains the tunnel junction, and the
phase-sensitive detector (lock-in amplifier).

In the lock-in amplifier, the signal at the input terminals is sent
through a narrow-band amplifier and then is mixed with a reference signal
driven by the same oscillator. The output of the mixer is passed through
an integrating RC time constant circuit thus providing a dc output signal
proportional to the amplitude of the ac signal at the input to the lock-in
device. Use of a lock-in amplifier has definite advantages over a tuned
circuit: 1) the center of the pass band is determined by the reference fre-
quency, 2) oscillator stability is not as severe a problem, since the cen-
ter of the pass band is always locked to the signal frequency via the
reference channel, so that if the input passband is not too narrow, a
slight oscillator frequency drift introduces only a small phase
angle change.

The lock-in amplifier provides high noise rejection, because of its
extremely narrow over-all pass bandwidth. The main contributions to noise

are white noise, which has a constant contribution per unit cycle
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bandwidth, and flicker noise, which is inversely proportional to the fre-
quency. The latter can be significantly reduced by using the oscillator

at a frequency well above dc, and in this experiment the oscillator fre-
quency was 1000 Hz. White noise voltage is proportional to the square root
of the pass bandwidth and can be limited to some degree by reducing the
pass bandwidth of the front-end amplifier in the lock-in device. However,
if the bandwidth is made too narrow, this imposes increasing stability
restrictions on the oscillator, thereby demanding that some compromise

be made.

The schematic diagram for the tunneling bridge is shown in Figure 10.
When measuring conductance (di/dv), frequency ® is used. Measurement of
dzi/dv2 requires frequency 2w, which is achieved by a frequency doubler
circuit connected to the oscillator. It is also necessary to set the fre-
quency input control on the lock-in amplifier to a value of 2w.

In Figure 10 the junction leads are labelled i , v , i*, and v . The
resistance and fhe capacitance of the tunnel junction are balanced against
Rd and Cd. Cd is a decade capacitance box and Rd consists of two 10-turn
potentiometers connected in series. At balance, the input signal to the
operational amplifier is zero, but as the tunnel junction characteristics
change with dc bias an imbalance occurs and a voltage appears at the input
to the operational amplifier. This voltage is amplified and current is fed
back through the junction in such a way as to reduce the input difference
voltage almost to zero. Thus, the feedback loop from the amplifier will

operate to maintain a constant voltage across the tunnel junction (equal

to the voltage across Rd). This constant voltage condition is the one
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which permits us (see Equation (2-4)) to say that the component of the
junction current at frequency @ is proportional only to di/dv. As will be
shown below, the feedback current required to maintain the balance condi-
tion in the bridge is directly related to di/dv across the junction. The
voltage producing this feedback current is sent to the lock-in amplifier
and in turn its output is sent to the Y axis of the X-Y recorder.

A simplified form of the tunneling bridge is presented in Figure 11.
We assume that the capacitance completely dominates the reactive part of
the signal, so that Cd=Ct balances the reactive part of the signal. The
current i will be taken to consist only of ac contributions, and A is the
amplification factor of the operational amplifier (A equals approximately

50,000 here). We can write the equation

o
I

A (iR, - iR, - 8iRt) . (2-5)

o
I

Ale,-e) = & (R.+R)+ iR . (2-6)

Equations (2-5) and (2-6) can be combined to give

A { i(Rd - Rt) - SiRt) } = s&i (Rf + Rt) + iRt , (2-7)

which can be solved for 8i, yielding

i R (-1 -A) + AR
5 = — (R R : (2-8)

+ +
Rf Rt ARt
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| f we make the substitution

B = ——tf (2-9)

then Equation (2-8) can be written as

iB { (-1 -A) + AR,/ R, }

oi = } (2'10)
1 + BA
iBA R
- [ - % -1+ Eﬂ } . (2-11)
1 + BA t

The minimum value of BA was approximately 700, corresponding to a minimum
value for Rt of 150 0 (A = 50,000 and Rf = 10 k), and therefore we can

1. Since the conductance is the inverse of the resist-

set BA/ (BA + 1)

1/ R_. Under these conditions Equation (2-11) can be

ance, we take 9y ¢

written in the following form:

8i = i [Rg - 11 . (2-12)

When the above expression for i is substituted into Equation (2-6) and

some slight rearranging is done, the following result is obtained:

e, = iR ngt + i (Rd - R (2-13)

d ¢

It is seen from the above equation that the output voltage of the opera-
tional amplifier is linear with respect to the tunnel junction conductance
9, at frequency w. The input signal to the lock-in amplifier and therefore

the Y output of the X-Y recorder is proportional to the tunnel junction



34

conductance 9y- All of the data analysis was done in terms of the normal-
ized conductance o= 9t /9t .
sn nn

Since the output of the detection system is linear in conductance,
and hence in di/dv, only two points are necessary to calibrate the Y axis
of the X-Y recorder. One point, termed the ''unity' level, is some point
at which the tunnel junction is balanced by Rd and Cd. It is desirable
that the balance at this ''unity'' level be unaffected by the energy gap
structure of the superconductor. Therefore, this balance point is usually
established in one of two ways: 1) for temperatures below TC it can be
established at a dc bias so large that all traces of energy gap structure
have disappeared, or 2) for temperatures above TC it can be established at
zero dc bias. The second calibration point is taken with the junction re-
moved from the circuit, corresponding to a value of zero conductance.
Changes in the sensitivities of the lock-in amplifier and/or the Y axis of
the X-Y recorder permit wide variation in the recorder deflection corre-
sponding to a conductance change from the zero to the ''unity' levels.

It should be noted that improper phasing of the lock~in amplifier can
lead to spurious results caused by the contribution of reactive imbalance
to the intended measurement of resistive variation. The experiméntal
indication of a properly phased system is that a large reactive imbalance
does not affect the resistive balance, and vice versa.

The dc bias sweep circuit can be seen in Figure 12, which is a sche-
matic diagram for the entire electronic detection system. This bias cir-
cuit permits a linear sweep in time of the dc bias, as well as range and

vernier controls. |t is also possible to determine the starting position
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for the sweep. The primary element of the bias circuit is another opera-
tional amplifier which acts as an integrator and permits the linear sweep
in time. The output of the dc sweep circuit is fed to the junction and
to the X axis of the X-Y plotter.

In low temperature measurements, it is desirable to keep noise levels
below the level of kT thermal smearing. This kT smearing corresponds to
86 peV per K, and therefore a measurement at 0.3 K imposes a noise level
limit of about 25 peV. The noise level due to a 1000 Hz signal at the
junction is in the nanovolt region for resistances and detector bandwidths
encountered in our measurements. A root-mean-square junction modulation
voltage of 25 uV corresponds to a peak-to-peak modulation level of approx-
imately 70 nV. Commonly applied modulation voltages were 30 to 50 uV
peak-to-peak.

The conductance bridge was checked for linearity by replacing the
junction with a decade resistor and parallel capacitor. Ten ohm.leads were
used to simulate the actual junction leads. The resistance was varied
between 50 Q and 10 kQ and the bridge showed linearity to within the width
of the recorder pen trace. Rogers (64) has done more extensive checks on
an identical bridge. He found conductance linearity to within 0.1%, as
well as stability to better than 1 part in 104 per hour. He estimated
that the calibration procedure was accurate to about 19 for sample resist-
ances between 100 Q and 1000 Q. |In addition, he checked the effect of lead
resistance changes on the output of the system. He found a fractional
change in conductance of less than 3 x 10_4 per 1 ohm change in

lead resistance.
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THEORY

BCS Theory

The theory of superconductivity due to Bardeen, Cooper, and Schrieffer
(BCS), along with many of its extensions, has been discussed in detail
elsewhere (1, 65-67) and only a few of the basic ideas will be presented in
this discussion. |t was known that two electrons could experience an ef-
fective attractive interaction due to the mutual exchange of virtual phon-
ons (68). When this attraction between the electrons is greater than their
mutual Coulomb repulsion, bound pairs can be formed (69), and this notion
is central to the BCS theory.

After assuming an attractive interaction between electrons, BCS for-
mulated a wave function for the superconducting state which consisted of a
linear combination of normal state configurations with individual particle
Bloch states occupied in pairs of opposite momentum and spin. The wave
function was of the form ¥ (uk,vk), where Uy and v, are variational param-
eters relating to the probability that the state k is occupied ( vi is the
probability that the state k is occupied, and ui is the probability that
the state k is unoccupied). They minimized the free energy of the system
with respect to the variational parameters and obtained the following

relations for uk and vk:

2 1 €
o= g (1), (3-1)
k
2 1 €k
vie =2 01-) (3-2)
k
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where € is the energy of an ordinary Bloch state measured from the Fermi

energy, and Ek is given by the relation
1
z . (3-3)

Ek represents the excitation energy required to create an unpaired quasi-

particle in the state k. The quantity Ak is determined by the following

self-consistency equation:

V. A,
s, = T MK (3-4)
k! k
where ka, is the magnitude of the attractive interaction energy. Ak is

called the energy gap parameter and is equal to one half the value of the
energy gap 2Ak.
BCS assumed an isotropic superconductor, so that ka, is independent

of k, and they defined V by the following

kk'

<
I
<

for lek l < hcuc (3-5)

2

kk!
= 0 otherwise , (3-6)

where w_ is a cutoff value corresponding to a phonon frequency close to
wy 5 the Debye frequency. They assume further that the density of Bloch
states of one spin, N(0), remains constant over the region of interest
and equal to the value at the Fermi surface. In the weak-coupling limit,
the following expressions for the ground state energy and the energy gap

parameter of the superconductor are obtained:

W = - 2N(0) hzwi e‘Z/N(O)V s (3-7)
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e—l/N(O)V

A = Zhwc . (3-8)

It is also found that A goes to zero at a temperature T=Tc given by the
following relation:

28(0) _ 3.5 . (3-9)

kT
c

One also can obtain the density of states for the quasi-particle exci-
tations in a manner similar to that for a normal metal
on(E, ) on(e, ) e ) E

N(0) 5T for E =A , (3-10)
(E° - a7) <

oF de E

= 0 for E <A , (3-11)

where the expression for ¢ (E) is obtained from Equation (3-3), and
an(ek)/ d¢ is the density of normal Bloch states at the Fermi surface,
N(0). One normalizes this expression with respect to N(0) to obtain the
normalized superconducting density of states, given by

E

nS (E) = (EZ AZ) % hd (3‘12)

It is this density of states that electron tunneling measurements attempt
to observe, as will be seen shortly.

The Suhl, Matthias, and Walker (15) model of a two-band superconductor
assumes that the interaction energy between electrons can be different for

different energy bands. This energy corresponds to the term ka' in
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) V

Equations (3-4) through (3-6). They assume interaction energies L

dd’
and Vsd’ which correspond to phonon emission and absorption by s-s, d-d,
and s-d processes, respectively. A BCS approach is taken, with the inter-
action energies assumed constant and isotropic out to some cutoff point

in the phonon spectrum, and with excitatior energy relations similar to
Equation (3-3) for both the s and d band energy gaps. Self-consistency
equations are generated and solved (as in the BCS paper), and expressions
for the energy gaps of the two bands are obtained.

As was previously mentioned, the limit Vsd==0 yields two energy gaps
and two transition temperatures (unless NSVSS==NdVdd) corresponding to
curves A and A! in Figure 1. When VSd is non-zero but small, the smaller
energy gap takes the form shown by curve B and only one transition temper-
ature exists. As VSd increases, the dependence of that gap approaches
that shown by curve C, and in the strong interband coupling limit (VSd
large compared to Vss and Vdd) the smaller gap takes on the characteristics
of the larger gap, shown by curve A.

Even in the strong interband coupling limit, the SMW theory predicts
the existence of two different energy gaps unless Ns==Nd, in which case
both gaps display BCS temperature dependence and satisfy the BCS relation
2A(0) / ch==3.526. In general, the SMW model can be regarded as a spe-
cific treatment of energy gap anisotropy which may be applicable to super-

conductors displaying larger amounts of gap anisotropy than are considered

in many theories (40,54).

Electron Tunneling

Electron tunneling is a quantum-mechanical effect. Classically, an
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electron cannot penetrate into an insulating region; however, if the wave
function of the electron extends through this forbidden barrier, there is
a finite probability that the particie will be found on the other side.
This probability depends upon such factors as the thickness and height of
the barrier, the densities of electron states on either side of the bar-
rier, and the applied voltage.

A tunnel junction, as we have seen, consists of two metals separated
by a thin oxide layer. The tunneling current as a function of applied bias
voltage depends markedly on whether neither, one, or both of the metals is
in the superconducting state. We will discuss qualitatively the current-
voltage characteristics of the three cases.

Figure 13a show; the case in which both metals are in the normal
state. For T=0, the shaded regions of occupied states fill up to the
Fermi energy and then cut off sharply. An applied voltage across the junc-
tion has the effect of moving one Fermi level relative to the other, and
one can see that the number of electrons which can tunnel increases in
proportion to the applied voltage; hence, the current should increase
linearly with applied voltage as shown in the figure.

Figure 13b shows the case in which one metal is superconducting and
the other is in the normal state. At T=0, no current can flow until the
applied voltage corresponds to an energy value of A]. If the current is
proportional to the density of states, the singularity in the superconduc-
ting density of states gives rise to a rapid increase in current with
applied voltage, after which the current approaches the same voltage de-

pendence as when both metals are in the normal state. At temperatures
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above zero, the thermal excitation of electrons causes a current to flow
before the applied voltage reaches a value corresponding to A1, as shown

in the figure. The superconducting energy gap is strongly temperature-
dependent and the current-voltage characteristics of a tunnel junction con-
taining one or more superconductors vary with temperature.

When both metals of the tunnel junction are in the superconducting
state (Figure 13c), no current will flow until the bias voltage reaches a
value such that eV equals.(A]-Az), at which point the current rises rap-
idly. As the voltage increases further, the number of electrons available
for tunneling remains the same but the density of available states de-
creases, thereby causing a decrease in the current with applied voltage.

At a voltage corresponding to an energy of (Ai*wﬁz) the current again
rises very rapidly with increasing applied voltage until it assumes a volt-
age dependence again corresponding to the normal state of both metals. It
is seen that the positions of the initial current peak and the subsequent
minimum provide a measure of ZA? , the magnitude of the smaller of the

two energy gaps.

The calculation of the current flowing across a tunnel junction is
based on the assumption that the transition of electrons from one side of
the barrier to the other can be treated as an ordinary quantum-mechanical
barrier penetration problem. Then the transition probability from a state
k on one side of the barrier (left) to a state k' on the other side (right)

can be written as

TN R TR C I D (3-13)
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where N' is the density of states on the right side and f' is the Fermi
function giving the probability that the state k' is occupied. One can
determine the current from left to right by summing over the occupied
states on the left and multiplying by the electronic charge. When a volt-
age V is applied to the junction, the resultant tunneling current will be

the sum of the two one-way currents. Therefore we can write the current as

(V) = Ae [T {N(E) F(E) Ny(E - eV)[1 - F(E - ev)]

- INJ(E) F(E - eV) Ny(E - ev) (1 - f(E))] JdE , (3-14)

where we take E as the energy measured from the Fermi level. We can

collect terms to obtain
V) = Ae [TEN(E) Ny(E - eVv) [ F(E) - F(E - eV) ]dE . (3-15)

This is the general expression for the current flowing through a tunnel
junction as a function of applied bias voltage.

To obtain the current in a normal-superconducting junction such as
was measured in this experiment, N1(E) is replaced by the superconducting
density of states given by Equations (3-10) and (3-11). At T=0 all the
contribution to the tunneling current will come within the energy region
E=0 to E=eV, so for T=0 we have, after evaluating the integral in

(3-15) above,

HW) = Ae N (0) N,(0) { (en)? - a2 37

} (3-16)

From this we can obtain the normal-superconducting differential
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conductance
(di /av) 2 N, (0) N, (0) = (3-17)
di/dv = Ae N,(0) N_(O T 3-17
ns 1 2 [ (eV)Z _ A2 12 ?
and the normalized conductance is given by
(di/dv)ns (eV)
o = —= = ST (3-18)
(di/dv)nn [ (ev)" -4 ]2

Thus we see that at T=0 the normalized conductance is exactly equal to
the superconducting density of states.

For temperatures above zero the Fermi functions are no longer sharp
and the equivalence of the density of states and the normalized conduct-
ance no longer exists. In that case one is forced to revert to the
integral in Equation (3-15), which can be differentiated to obtain an ex-
pression for the conductance of a tunnel junction. Bermon (70) writes
Equation (3-15) in a slightly different form (for the case of a ﬁormal—

superconducting junction)
C .
i) o= = TP (E) [ F(E - ev) + F(E) 1dE (3-19)
ns e J-w Ps ?

where CN is the conductance with both metals in the normal state, and
ps(E) is the reduced superconducting density of states (Equation (3-12)).
This can be differentiated with respect to the bias voltage to obtain
exp 2
@i/dv) = ¢, [T° o (E)= al 1d
a&Vls = N I- o Ps kT [ E . (3-20)

{exp (-E—"ﬁ—v) + 112




This expression gives the normalized differential conductance for an n-s
tunnel junction containing a BCS model superconductor. In the following
chapter when it is stated that we calculated the BCS conductance following
Bermon, that calculation will be the numerical evaluation of the above
integral using the computer program which Bermon has included in his

manuscript.
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RESULTS AND DISCUSSION

I ntroduction
The electron tunneling data for a given tunnel junction consist of a
number (approximately 10) of single temperature X-Y recorder traces of the
tunneling conductance, di/dv, as a function of applied dc bias voltage.
A di/dv trace always was taken with the sample in the normal state and the

data analysis was done in terms of the normalized tunneling conductance,

given by
(di/dv)ns (51)
¢ = ———S_ 1
(di/dv)
nn

The following discussion is based on the data obtained on nine
tunnel junctions.

As the temperature of an n-s junction is lowered the normalized con-
ductance within the energy gap region decreases, and at T=0 the conduct-
ance of the junction should equal zero for bias voltages such that
|eV l <A, where A is the energy gap parameter. An extrapolation to
T=0 of the o, VS t curve, where S, is the normalized conductance at zero
bias voltage and t is the reduced temperature T/ Tc’ did not reach zero
conductance for most of our junctions. Therefore, the contribution to
di/dv from a parallel conductance mechanism was subtracted from the data
before the analysis was attempted. Unless otherwise specified, all data
reported in the following will have been normalized and corrected for the

presence of parallel conductance. The uncorrected data are available



upon request.

The analysis of the data must rely most heavily on the normalized
conductance curves themselves. In addition, however, we have plotted %,
as a function of reduced temperature. This minimum value of the normalized
conductance curve should be related to the value of the energy gap param-
eter, and in fact Bermon (70) has calculated numerically this relationship
for a superconductor with a BCS density of states opposite a normal metal.

The crystallographic structure of the tunnel junctions was determined
by examination of standard Laue X-ray diffraction patterns. These data
indicate that the degree to which the bulk sample (thorium) is single
crystal in nature has a striking effect on the conductance curves which
one obtains.

The most acceptable fit to the data has been obtained in terms of the
Suhl, Matthias, and Walker (15) model of a two-band superconductor. The
results are not decisive, and the conclusions reached will be suggestive
only. Nevertheless, we will attempt to show how our results indicate the
presence of two-gap behavior in single crystal thorium and single-gap
behavior in polycrystalline samples. We also will discuss our results in

view of other experimental results on thorium.

Results
The tunnel junctions can be categorized by inspection of their Laue
patterns into three groups: 1) those for which the thorium in the junction
area was single crystal, 2) those for which the thorium pattern displayed
a single crystal pattern superimposed on a polycrystalline background,

and 3) those for which the thorium sample was fully polycrystalline. The

.
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X-ray diffraction results are given in Table 3, along with the transition

temperatures of the junctions. 1t is seen that four of the nine tunnel

junctions contained single crystal thorium; these are Au on Th Nos. 5 and

6, and Ag on Th Nos. 1 and 2. Junction Au on Th No. 9 was strictly poly-

crystalline, while the remaining junctions involved thorium which was part-

ly single crystal and partly poiycrystalline, with the exception of Au on

Th No. 4, for which no Laue pattern was obtained.

Table 3. X-ray diffraction results and transition temperatures
for the tunnel junctions
Junction Orientation Crystalline TC(K)
state

Au on Th No. 1 Mixed® 1.316
Au on Th No. 4 1.387
Au on Th No. 5 [110jb Single 1.394
Au on Th No. 6 1ol Single 1.385
Au on Th No. 7 Mixed® 1.362
Au on Th No. 8 Mixed® 1.332
Au on Th No. 9 Poly 1.39
Ag on Th No. 1 0ff axis® Single 1.375
Ag on Th No. 2 [IOOjb Single 1.335

aPartially single crystal
Pyithin 10° of the axis
“Approximately 20° from 1007, [110], and [111] axes
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The plots of o, Vs t for the tunnel junctions appear in Figures 14-16.
The solid curve in each cace is that calculated using Equation (3-20) and
a BCS temperature dependence for the energy gap as tabulated by
Muhlschlegel (71). OQne can see from Figure 14 that the conductance minima
of the four single crystal sample tunnel junctions display a common temp-
erature dependence. Figure 16 shows that three of the junctions exhibit a
temperature dependence which is very similar to the solid BCS curve; these
junctions are the ones for the polycrystalline sample (Au on Th No. 9), the
sample for which we have no Laue pattern (Au on Th No. 4), and one of the
partly single crystal samples (Au on Th No. 1). In the following, as a
matter of convenience, we shall refer to these junctions as BCé-]ike. The
remaining two junctions, both of which exhibited a mixed X-ray pattern,
show a dependence (Figure 15) which is intermediate between the curve for
the single crystal samples and the solid BCS curve.

The tunnel junctions which will be discussed in detail are three
which exhibit the three types of behavior displayed in Figures 1h-16. The
three sets of normalized conductance curves for those junctions, one set
for each of these types of behavior,'are shown in Figures 17-19. When
referring to these and similar curves, we will call the region between the
symmetric maximum points the gap region, and we will label the regions of
the maxima the shoulders of the di/dv trace. Although there are differ-
ences in shape in the shoulder regions for tunnel junctions of a given
type, they all do exhibit the same o, VS t dependence and all lowest
temperature traces fall very close to the same curve in the gap region.

Furthermore, general characteristics of a given junction, such as relative
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shoulder height and trace width, do not vary irregularly over the tempera-

ture range measured. For these reasons the normalized conductance curves
of only one junction within each type were analyzed in detail, since these
curves were taken as representative of all the tunnel junctions within
that type. The traces for Au on Th No. 6 in Figure 17 correspond to the
single crystal junctions listed in Figure 14; the Au on Th No. 7 curves in
Figure 18 are representative of the partly single crystal junctions of
Figure 15; and the curves for Au on Th No. 4 shown in Figure 19 are taken

as representative of the BCS-like junctions (Figure 16).

Discussion

Several -thin film tunnel junctions were measured to establish our
ability to evaporate thin films successfully, and to verify the proper
operation of the electronic detection system. The value of the reduced
energy gap parameter of aluminum as obtained from an A]-A]203-Pb junction
is shown in Figure 20. The value of the gap parameter was determined
from the sum and difference peaks of the Pb and Al gap contributions as
previously discussed (page 41). These results predict a zero temperature
energy gap value of 2A= 0.344 meV and are in good general agreement with
the results of Douglass and Meservey (72). An A]-A1203—Al junction gave a
zero temperature estimate of the aluminum energy gap of 0.350 meV, which
is in good agreement with our previous result.

The calibration procedure used for the tunneling bridge appears to be
valid, since both of the above junctions showed the expected value of zero
conductance at lowest temperatures. The linearity of the bridge had been

checked previously, so the above results established the satisfactory
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operation of the electronics. Specifically, this showed that the parallel
conductance which was observed in the case of the thorium tunnel junctions
was not due to spurious electrical measurements.

The origin of the parallel conductance which was subtracted from the
thorium data is not known. The strongest evidence (in this experiment)
that the effect is indeed an independent mechanism in parallel with the
tunnel junction is that the corrected data show consistent behavior. The
following relation was used to correct the data to obtain the normalized

conductance of a tunnel junction:

(di /d - (di/dv),,
o = Wos - WA (4-2)

(di/dv) - (di/dv),

where (di/dv),, is the estimated parallel conductance contribution. The
value of (di/dv),, for each junction is given in Table 4. It is seen from
the table that the value of the correction was different for each junction,
and yet the corrected results for each type of junction lie close to a
single o, Vs t curve. Figure 21 is a comparison of normalized conductance
curves before and after the parallel conductance correction was made, and
one can see that the essential shape of the conductance curve remains un-
changed, thus indicating that the physical information is not removed from
the curve by the correction.

The existence of metallic shorts through the junction oxide often is
suggested as a cause for the excess conductance of tunnel junctions.
Marcus (44) and Rowell and Feldmann (73) have presented evidence for the

existence of such metallic shorts in superconductor-superconductor tunnel
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junctions, and while their arguments are related to superconducting
bridges, the possibility of normal metal bridges (gold in our case) in tun-
nel junctions is just as strong. A number of attempts at junction fabri-
cation were made using metals other than gold or silver for the cross-

evaporated film. We tried aluminum, tin, indium, and lead, and in all

Table L. Parallel conductance corrections for the tunnel junctions

Junction (di/dv),,
Au on Th No. 1 approx 0.15
Au on Th No. L 0.190
Au on Th No. 5 0.0
Au on Th No. 6 0.099
Au on Th No. 7 0.311
Au on Th No. 8 0.659
Au on Th No. 9 0.148
Ag on Th No. 1 0.168
Ag on Th No. 2 0.832

cases the resistances of the junctions never fell below 10 k. This sug-
gests that the gold and silver (heavier atoms with higher energies asso-
ciated with a higher melting point) may penetrate part way into the oxide.
Such penetration would reduce the effective oxide thickness, thus in-
creasing the probability of tunneling, but it could also lead to metallic
shorts through the oxide.

Zeller and Giaever (74) have embedded small tin spheres in tunnel
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junction oxides. Their data on such junctions showed a normal state re-
sistance peak (or conductance minimum) at zero bias which increased when
the tiny spheres went superc¢onducting. The junctions in our experiment
showed no such normal state effect and inasmuch as we are concerned with
mechanisms which could increase the conductance rather than decrease it,
the possibility of superconducting thorium bridges through the thorium
oxide was ruled out.

Irrespective of the cause, excess tunneling conductance has been
documented by other experimenters. While Shen (39) does not report on the
magnitude of the effect in his experiments, MacVicar and Rose (35) state
a criterion for rejecting tunnel junctions which show, in their opinion,
too much ''excess current''. We have estimated from the published data on
one of their best junctions that the amount of parallel conductance pres-
ent in that junction was approximately 0.10, of the same magnitude as the
corrections made in this experiment.

The parallel conductance correction was chosen to be that value of
(di/dv),, in Equation (4-2) which caused the o, Vs t curves to extrapolate
to zero at t=0. Since the experimental temperatures did not extend much
below 0.3 K, there was room for some error in the extrapolation, and this
is the major uncertainty associated with the conductance values. One can
estimate the size of the conductance uncertainty associated with the
parallel conductance correction by examining Equation (4-2). The quantity
(di/dv)nn is always very close to 1.00. The possible error in the con-
ductance values is least when (di/dv)nS is large and (di/dv), is small;

the possible error is greatest when (di/dv)ns is small and (di/dv),, is
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large. Therefore the uncertainty due to the conductance corrections will
be largest at lower temperatures and for junctions having the largest
corrections; the uncertainty will be smallest at higher temperatures and
for the junctions with the least parallel conductance corrections. The
error bars shown in Figures 14 and 15 represent typical estimated uncer-
tainties for a paraliel conductance correction of 0.20.

A theoretical fit to the data must reproduce both the O, VS t and the
normalized conductance curves in their entirety at all temperatures. The
approach taken was first to find calculated curves which could fit the %
vs t graphs and second to use the fit parameters in the calculation of
conductance curves over the range of experimental dc bias. The curves of
Figures 14 and 15 could not be fitted using a single energy gap with BCS
temperature dependence. Therefore, the SMW notion of two energy gaps
was adopted as a gquide.

The initial work was done with the conductance minimum curve for the
single crystal junctions (Figure 14). As a first step, two different
energy gaps with BCS reduced temperature dependence and a common TC were
used. This common transition temperature was assumed since the Vsd==0
limit (giving two different transition temperatures as shown in Figure 1)
seemed physically unreasonable. All of the attempts failed to yield a
good fit to the conductance minimum curve for these single crystal junc-
tions. Although the mixture of the two energy gaps as described does
deviate from the single-gap BCS curve in the direction of the experimental
results, it was not possible to achieve sufficient curvature by this

method to match the experimental conductance minimum curve.
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Next, a fit to the data was attempted using two energy gaps with two
transition temperatures, both of which had BCS temperature dependence. The
shapes of the o, VS t curves were reproduced much better using this ap~
proach, and the closest fit was obtained for energy gap parameter values
of 0.190 and 0.090 meV, and for an equal contribution from each gap. How-
ever, this caiculated S, vs t curve showed too much curvature in the region
of the transition temperature for the smaller gap. The two-band theories
(15,29) suggest that the larger gap does not change markedly with increas-
ing Vsd for pure samples (15) or with increasing impurity concentration for
impure samples (29). Hence, as a final approximation, we assumed the
larger gap to have A (0) = 0.190 meV and a BCS temperature dependence, and
then determined values of the smaller gap parameter which gave a close
fit to the g, VS t curves. These gap parameter values are shown in
Figure 22 where the curves for the two energy gaps are suggestive of
curves A and A' in Figure 1.

The next step was to calculate the differential conductance curves
corresponding to these values of the energy gap parameters, and this was
done using a modified version of Bermon's (70) computer program which cal-
culates differential conductance curves based on the BCS density of states.
As was mentioned previously, the normalized conductance traces are very
similar for all single crystal samples and were calculated only for the
experimental temperatures of junction Au on Th No. 6. The fits at four
representative temperatures shown in Figure 23 are quite good within the
energy gap region but show some deviation in the region of the shoulders

(the deviation in the shoulder region'will be discussed in more detail
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later). The striking fact is that the fits are of nearly the same accuracy
at all temperatures.

Figure 22 indicates that the second energy gap goes to zero at a
transition temperature near 1.0 K, while it is more reasonable physically
for the second gap to have a high temperature tail extending to t=1 as is
shown by curve B in Figure 1. |f the second gap followed this type of
curve (indicated by the solid circles in Figure 22) instead of going to
zero, the change in the calculated conductance curves for those tempera-
tures would be approximately 1 to 2%. Since a change of this magnitude is
within the estimated uncertainties, it is impossible to state definitely
whether or not a second transition temperature should be present with
the second gap.

The gap mixing ratio of 1:1 was retained and a similar fitting pro-
cedure was attempted on the conductance minimum curve of the partly single
crystal junctions shown in Figure 15. The conductance minimum curve for
these junctions was fitted using energy gaps shown in Figure 24, with the

calculated conductance minimum curve shown by the dashed line in Figure 15.

Again we imposed a BCS reduced temperature dependence on the larger gap and
the temperature dependence of the smaller gap was dictated by the best fit.
The entire differential conductance curves then were calculated and the
quality of the fits to junction Au on Th No. 7 was similar to that ob-
tained for the single crystal junctions. The fits at four temperatures

are shown in Figure 25. The energy gaps shown in Figure 24 resemble the
moderate interband coupling curves C and A of Figure 1.

The conductance minimum plot for three of the tunnel junctions was
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BCS-like as is shown in Figure 16. Junction Au on Th No. 4 was chosen as
a representative junction of this group, and the energy gap parameter val-
ues which produce the conductance minimum values for the junction are
shown in Figure 26. The single-gap conductance curves calculated from
these energy gaps are shown in Figure 27 for some representative tempera-
tures. The junctions of this type were poiycrystaliine, or nearly so, and
the results resemble the case of a single energy gap in the strong inter-
band coupling limit discussed by SMW (curve A in Figure 1).

The analyses which have provided the best fits to the tunneling data
have shown a surprising correspondence to the predictions of SMW for dif-
ferent values of Vsd in a pure superconductor. 1In addition, a correlation
appears to exist between the crystalline state of the bulk sample and the
three tvpes of observed tunneling characteristics, although an explanation
for this correlation is not immediately evident.

The analysis in terms of two energy gaps which suggest two different
transition temperatures is appropriate only for those junctions in which
the thorium was completely single crystal in the junction region. The
energy gaps obtained are similar to those for the case of Vsd being zero or
very small in the SMW theory; also, unless the two gaps have these differ-
ent températures dependences a reasonable calculated fit to the data can-
not be obtained.

One partly and one wholly polycrystalline sample are well described in
terms of one energy gap which has a BCS temperature dependence. This case
of a single energy gap appears to correspond to the strong interband coup-

ling limit with NS==Nd in the SMW theory. |t equally as well could be the
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result of impurity or grain boundary scattering having removed the anisot-
ropy that obviously exists in the case of the single crystal data.

The temperature dependence of the smaller gap used to fit the partly
single crystal junction data is close to that of curve C which is sketched
in in Figure 1 as the moderate interband coupling case, but this is prob-
ably coincidentai. The energy gap dependence in the moderate interband
coupling case should lie between curves B and A in the figure, and the
position of curve C is only one of a large number of possibilities. |If
poiycrystallinity introduced scattering, one would expect the smaller
energy gap to increase and the larger gap to decrease towards a common
limiting value (75). The smaller gap does not increase with polycrystal-
line structure, and the larger gap does increase, so that an analysis in
terms of impurity effects seems inadequate for these partly single
crystal samples.

In the SMW theory Vs is a microscopic quantity which is related to

d
the local coupling between s and d electrons, and one does not expect it to
be changed significantly by the presence of grain boundaries. Furthermore,
the SMW theory considers only the case of pure samples, and it is not
reasonable to assume that an increase in scattering could lead to an in-
crease in the coupling energy between s and d electrons. The resemblance
of our results to the SMW theory for the moderate and strong interband
coupling cases should be considered fortuitous.

On the other hand, an explanation of our results in terms of grain

boundary scattering of the electrons, while it could account for single

energy gap behavior in the polycrystalline case, seems unable to explain
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the case of the partly single crystal tunnel junctions. We cannot suggest
other explanations and are forced to present our results without an
accompanying satisfactory explanation for them.

The correlation between crystalline structure and the three types of
tunneling behavior observed is complete with the exception of one partly
single crystal junction which shows BCS-1ike characteristics. The X-rays
with which the Laue patterns were obtained penetrate much deeper into the
sample than do the tunneling electrons (a complete discussion of X-ray
diffraction has been given by Cullity (76)), and one can argue (though not
strongly) that polycrystalline regions in a sample tend to predominate near
the surface (77), so that in this case it would be possible for tunneling
electrons to see a strictly polycrystalline sample while the deeper pene-
tration of the X-rays allows them to see both single and polycrystalline
regions. This could be a possible explanation for the BCS-like tunneling
behavior of one of the partly single crystal junctions.

The penetration into the bulk sample by the tunneling electrons is
much less for the transition elements than for many other metals (43), and
this is the reason why surface purity is critical to the preparation of
good tunnel junctions on these elements. This fact also serves to reem-
phasize the difficulties in obtaining trouble-free tunneling data on the
transition metais.

There are a number of difficulties associated with the analysis of
the data. One must consider the deviation of the data from the calculated
conductance curves in the shoulder regions (see Figures 23, 25, and 27).

Deviations from BCS predictions in the shoulder regions are common in
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tunneling measurements, even in the case of simpler metals than the transi-
tion elements. Such deviations were seen in the early mezcurements by
Giaever, Hart, and Megerle (11), who postulated that the effect was due to
a smearing of the energy gap. 1t would not be surprising that effects
other than thermal smearing could influence the singularity in the density
of states at the gap edge. Anisotropy in the energy gap might produce &
broadening of the shoulders. A slightly energy-dependent gap parameter
could produce such deviations also, but the effect must be regarded as

not fully explained. -

The reason for analyzing the data primarily in terms of the minimum
point on the conductance curves is related to this shoulder problem. For
the case of two energy gaps, both of which contribute to the conductance,
it is very difficult to estimate the contribution to the conductance of the
separate energy gaps unless one has a detailed picture of the normalized
conductance associated with each gap. On the other hand, the minimum point
of the conductance curve is well-defined and can be related easily to
values of the energy gaps via Bermon's calculations. The minimum of the
conductance curve is therefore the most convenient parameter to use as a
stepping-stone towards the calculation of entire conductance curves.

The equal weighting of the two gaps in our data analysis was arrived
at after a large number of attempts in which parameters such as energy gap
magni tude, transition temperature, and relative contribution of the s and
d bands were varied over a large range. The best fit to the conductance
curves and the conductance minimum curves dictated a relative contribution

of 0.502 for the d band and 0.498 for the s band (this does not imply
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equality of the thermodynamic densities of states, NS and Nd). This result
was assumed to remain unchanged for both of the two-gap analyses. The
experimental evidence for two energy gaps in niobium, which has an outer

4 551, indicates that Ns<:< Nd. The outer

electronic configuration of 4d
electronic configuration of thorium is 6d2 752, and in view of this fact,
one might expect thorium to have a larger value of NS/ Nd than is suggested
for niobium. 1t also is possible that tunneling selection processes result
in a much higher value of Ns than would be observed in measurements of
thermodynamic variables.

The results of this experiment suggest that if the SMW two energy gap
theory is applicable to thorium, it applies only to single crystal samples.
Experiments on other transition metals which indicate the presence of a
second gap have been done on single crystal samples almost without excep-
tion. This is true of the thermal conductivity data on niobium due to
Carlson and Satterthwaite (27), the specific heat measurements on niobium,
tantalum, and vanadium by Shen, Senozan, and Phillips (23), and the elec-
tron tunneling measurements on niobium by Hafstrom and MacVicar (37). The
only exception to the single crystal criterion is the specific heat data
of Shen et al. on a polycrystalline niobium sample; these data did indicate
the presence of a second gap, although the effect was not as pronounced
as in the case of the single crystal sample.

Unfortunately, since all previous experimental data on thorium have
been obtained using polycrystalline samples, no direct confirmation of our
results is possible. The normal state resistivity data of Peterson et al.

(49) do suggest that thorium is a two-band metal. Their low temperature
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data display a T temperature dependence, which is close to the T
pendence predicted for the resistivity of an s-d band metal. This T
dependence is not evident in the published paper (49) because of the large
temperature rangehover which the data were plotted, so a low temperature
plot of the data is shown in Figure 28 to illustrate it. This result
generally supports our two-band analysis of thorium.

Anderson, Peterson, and Finnemore (53) have measured the anisotropy

in polycrystalline rods of thorium. An expression for the anisotropy

cons tant (az) is given by the relation

( (Ap B <% >av)2>av

: , (4-3)
(8, ey

(a®y =

where Ap is the value of the energy gap at a point on the Fermi surface.
Our data suggest energy gap parameter values of 0.190 meV and 0.090 meV,
and a variation in A of this magnitude gives a value of (a2)==0.127, when
the s and d parts of the Fermi surface are weighted equally (this may not
be a reasonable assumption). A value of (a2)= 0.021 was obtained by
Anderson et al., however this result was obtained by using the theory of
Markowitz and Kadanoff (54), which was not designed to treat large amounts
of anisotropy. The Anderson et al. value may be an underestimate and the
correct value may lie between the two values of (az) suggested above.

it is difficult to draw conclusions from the thermal conductivity
data for thorium obtained by Cappelletti and Finnemore (51). The BCS
theory was extended by Bardeen, Rickayzen, and Tewordt (BRT) (55) to a

treatment of thermal conductivity, and the thorium data do not follow the
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BRT curve. The data lie close to the BRT curve (for a superconductor with
a transition temperature of 1.36 K) near TC, but lie above it for all
temperatures below 0.9 Tc' This sort of behavior is to be expected for a
superconductor with an anisotropic energy gap, since the contributions due
to a smaller gap tend to dominate at low temperatures. The samples used
by Cappelietii and Finnemore were definitely polycrystalliine, so we do not
expect anisotropy effects as large as those observed for our single
crystal samples.

Critical field data on thorium due to Decker and Finnemore (52) lie
within 0.3% of the BCS prediction on a standard plot of the deviation from
a fiducial parabola. These data were obtained from two samples with
resistivity ratios of 1200 and 35. The results for the two samples were
very nearly identical and only those for the purer sample are reported in
the literature. We examined the sample with the lower resistivity ratio
under a microscope énd found the grain sizes to be approximately 0.02 mm.
In addition, the high resistivity ratio sample, which was 3 mm in diam by
25 mm long, should have contained crystallites with dimensions no larger
than 1 to 2 mm (77). |In view of the fact that the grain sizes in the
high resistivity ratio sample could be close to the same size as the area
of our tunnel junctions, one might expect some degree of twc-gap behavior.
In fact, a calculation of the electronic specific heat using the observed
critical field curves does show a suggestion of an extra contribution to
the specific heat around T=1 K, which is the same temperature as the
apparent transition temperature of the second gap in part of our

data analysis.



63

Clem (75) has calculated the critical field curve for a superconductor
having two energy gaps and two transition temperatures appropriate to our
single crystal samples (Ts.,O.S Td and AE,VO.S Ad) and Ns==Nd. This cal-
culation may be appropriate to a superconductor for which our analysis
(of the single crystal junctions) is valid. In the calculation, the
maximum deviation from the BCS single gap prediction comes at a reduced
temperature of approximately 0.5 and should be about 5% (a very large
effect). This was not observed for Decker and Finnemore's samples, and
this suggests that Ns is not equal to Nd for thorium. Specific heat data
on single crystal thorium would help to answer a number of the questions

which our work has introduced.
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CONCLUDI NG REMARKS

The results of this experiment strongly suggest that thorium does
not have an isotropic energy gap. |t has been shown that other experi-
mental data on thorium are consistent with a two-band electronic structure,
similar to the transition metals. The present data have been analyzed in
terms of a two-band model of a superconductor, and in fact the SMW theory
seems appropriate for thorium single crystals.

We have found a correlation between apparent two energy gap behavior
and the crystalline structure of the sample. Single crystal samples seem
to show a strong two-gap effect, while polycrystalline samples display
single energy gap BCS-like characteristics. This correlation implies
that future electron tunneling measurements should be performed on single
crystal samples, and since our results were obtained on bulk thorium
samples, the same suggestion appears to be in order for some bulk sample
thermodynamic measurements, such as the specific heat.

We have not been able to offer a conclusive explanation for our
results. However, we feel that the results do warrant further attempts

to observe the two-gap nature of thorium.
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FIGURES
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Figure 1. Behavior of the energy gap in a two band superconductor (after SMW). Curve
A: BCS dependence of A,; Curve A': A_in the intraband limit (v d=0); Curve
B: As for weak interband coupling; Curve C: As for moderately strong
interband coupling
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Figure 2. Fermi surface of thorium
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