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Superconducting Energy Gap of Thorium Determined by Electron Tunneling*
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Electron-tunneling measurements have been performed over the temperature range 0.4-1.4 K
on Th-ThO,-Au tunnel junctions fabricated on the surface of polycrystalline thorium substrates.
Both the temperature dependence of the energy gap and the voltage dependence of the tunnel-
ing density of states agree rather well with the theoretical predictions for a weak-coupling

superconductor.
ity of states.

I. INTRODUCTION

Transition-metal superconductors form a class
of materials with widely varying properties, and
as a class they are one of the least understood. Be-
cause their properties are dominated by the pres-
ence of d bands at the Fermi level, they frequently
show characteristics which differ from those
of the s-p-band superconductors.! In fact, it has
been suggested that the fundamental mechanism
responsible for superconductivity in these materials
is different from that in the s-p-band materials. 2
Unfortunately, however, experimental work to con-
firm or refute this suggestion has been scarce be-
cause the superconducting properties of the tran-
sition metals are very sensitive to oxygen impur-
ities and samples are difficult to prepare.

Early measurements for Ta and Nb ® showed a
well-behaved energy gap but high-quality tunnel
junctions were more difficult to prepare than in
the s-p-band superconductors. Attempts to pre-
pare junctions by evaporation of the transition met-
al have been largely unsuccessful, but Shen* has
shown that it is possible to obtain high-quality junc-
tions by depositing a thin film of silver over a fresh-
ly cleaned and oxidized surface of bulk tantalum.
One of his junctions showed less than 0. 3% of the
normal-state conductance in the region of the gap,
and several also showed structure in the tunneling
density of states at higher voltages which correlat-
ed well with the neutron-diffraction phonon density
of states. Shen concluded that the electron-phonon
interaction is the only mechanism needed to explain

No significant phonon-induced structure was observed in the tunneling dens-

the superconducting properties of tantalum.

MacVicar® and Hafstrom and MacVicar® have used
a similar method to prepare single-crystal niobium
junctions, and find evidence for a highly anisotropic
energy gap. They interpret their data in terms of
the two-band model of Suhl, Matthias, and Walker®
and suggest the presence of two distinct gaps in
“clean” samples. For these cases, the magnitude
of the energy gap associated with the d band is ten
times the magnitude of the one associated with the
s band. Similar measurements for rhenium’ also
show anisotropy but the magnitude is smaller than
for Nb, less than 30%.

We have prepared Th-ThO;-Au junctions by a
method similar to that of Shen and report here the
first electron-tunneling measurements of the energy
gap of superconducting thorium. Results for poly-
crystalline samples show an excitation spectrum
fairly close to the BCS® prediction.

II. EXPERIMENTAL

Tunnel junctions were prepared on the surface
of parallelepiped-shaped (1x12x12-mm) pieces of
pure thorium which were provided by Peterson of
the Ames Laboratory.® Spectroscopic analysis of
the starting material showed that the main impuri-
ties were C and O at 46 and 122 ppm by weight,
respectively. The most prevalent magnetic impuri-
ties were Cr, Mn, and Fe at levels less than 20,
20, and 6 ppm, respectively. To prepare the junc-
tion, the sample was mounted in a high-vacuum
system and the surface was cleaned by electron
bombardment from a hot tantalum filament. During
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FIG. 1. Normalized conductance curves for a poly-

crystalline Th-ThO,-Au tunnel junction (BAH-2). The
transition temperature T, for this junction is 1.387 K.

the cleaning process the temperature was slowly
increased to about 1200 °C while maintaining a pres-
sure always lower than 4x10°® Torr. In the early
stages of the cleaning process, there was copious
outgassing from the sample surface. After two
days of cleaning at temperatures near 1200 °C and
pressures lower than 1x10°® Torr, the sample was
cooled to room temperature and the surface was
oxidized in sifu with dry oxygen at 0.1 atm for about
20 min. This initial oxide layer reduced subsequent
oxidation when the substrate was removed from the
high-vacuum system. Many samples prepared in
this way showed distinct thermal faceting and the
grain sizes were often as large as several milli-
meters. Samples with very small grain size, on
the order of a few hundredths of a millimeter,
showed the most reproducible tunneling results and
only these are reported here. After oxidation, Cu
leads were attached to the thorium with indium sol-
der. Part of the surface of the thorium was then
coated with collodion and a second pair of contacts
was placed on top of the collodion. The substrate
and lead connections were then placed in a conven-
tional bell-jar evaporator and a strip of Au was
deposited to complete the junction. The resistance
of the junction was monitored during evaporation.
The final junction area was approximately 2 mm?,
Electron-tunneling conductance curves were ob-
tained using a bridge system reported by Rogers. !°
This circuit has the advantage of yielding directly
the conductance, dI/dV, and its derivative, d*I/dV2.
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III. RESULTS

Normalized conductance curves for one of the
polycrystalline junctions reported here (BAH-2)
are shown in Fig. 1. There appears to be an
additional conductance in parallel with the tunneling
processes, which, if Ohmic, could be subtracted
from the data as a constant, independent of bias
voltage and temperature. For the junctions report-
ed here, this parallel conductance ranges between
14 and 19% of the normal-state conductance. The
origin of this parallel conductance is not well un-
derstood but we believe the effect is due to very
small metallic bridges through the oxide layer.

If this single factor, a constant for any one junc-
tion, is subtracted from the data, then one obtains
the results in Fig. 2, shown for five representative
temperatures. The data, represented by the open
circles, are in good agreement with the BCS theoret-
ical curves derived by a technique outlined by Ber-
mon'? and shown by the solid lines. At the lowest
temperatures, the experimental conductance rises
less abruptly in the region of 0.1-mV bias than
BCS predict, but this would be expected for a super-
conductor with an anisotropic energy gap. Ander-
son, Peterson, and Finnemore'® have shown from
measurements of the transition temperature 7,
as a function of electronic mean free path that thor-
ium has a mean-squared anisotropy constant of
(@®=0.021." Therefore, the energy gap over dif-
ferent parts of the Fermi surface might vary be-
tween 3.1 and 3.9%7., where % is the Boltzmann
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FIG. 2. Comparison of the data (open circles) and the

theoretical BCS curves for polycrystalline Th-ThO,-Au
tunnel junction (BAH-2).
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BAH-2 compared to the BCS curve for 2A(0) =3.47kT,.

constant. With this much anisotropy, it is not
surprising that the low-temperature and low-bias-
voltage measurements differ from the BCS pre-
diction.

The values of the energy-gap parameter which
cause the measured and theoretical conductance
curves to coincide at zero bias voltage are shown
in Fig. 3. These yield a value for the energy gap
of 24(0)=3.47kT,, in good agreement with critical-
field measurements due to Decker and Finnemore.

The characteristics of the other junctions (BAH-1
and BAH-3) are very similar to those shown for
junction BAH-2. The conductance curves for dif-
ferent junctions agree well when compared at com-
mon temperatures. In addition, Fig. 4 shows that
the zero-bias conductance values of the three junc-
tions agree well with each other over the whole
temperature range, and that the temperature de-
pendence is close to the BCS prediction. It should
be stressed that the three junctions agree with the
BCS curve even though different amounts of paral-
lel conductance have been subtracted from each
junction.

A careful search was made for phonon-induced
structure in the tunneling density of states but no
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FIG. 4. Temperature dependence of the zero-bias con-
ductance for polycrystalline thorium tunnel junctions.
Transition temperatures for BAH~-1 and BAH-3 are 1. 316
and 1.39 K, respectively.

significant structure was found. One sample showed
an apparent structure which ended at 11-mV bias,
but this effect did not repeat in other samples.
Reese, Sinha, and Peterson, ! using neutron-dif-
fraction techniques, have determined the phonon

end point in thorium to lie at 13.1 mV, which cor-
relates loosely with our observations. At these
bias voltages, one expects the tunneling electrons

to sample the bulk material only up to distances

of approximately 100 Z\, 17 and apparently these junc-
tions are not sufficiently clean at those distances.
This again reflects the difficulty of preparing good
junctions.

The tunneling results reported here are somewhat
preliminary in that we have not been able to elimin-
ate parallel-conductance effects and we have not
sorted out all the anisotropy effects. The data,
however, do represent the first electron-tunneling
measurements on thorium and they indicate an
excitation spectrum fairly close to BCS.
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The Maki contribution to the conductivity above the superconducting transition temperature is

regularized within the framework of the BCS theory.

This is achieved through the renormal-

ization of the impurity-scattering vertex by inclusion of the effects of pair fluctuations. The

conductivity is evaluated for a thin film.
normal resistance per square.

It depends only on the reduced temperature and the
Fair agreement is found with Al films over a wide temperature

range. Agreement is not found with experiments on Bi, Pb, and Ga films, which apparently

contain a strong additional pair-breaking effect.

The temperature range in which interactions

among fluctuations become important in the Maki conductivity is generally larger than that

given by the Ginzburg criterion.

I. INTRODUCTION

Many experiments on the electrical conductivity
of superconducting thin films above the transition
temperature! can be successfully described by a
phenomenological theory of superconducting fluc-
tuations? or an equivalent microscopic calculation
by Aslamazov and Larkin (AL).3® According to this
theory the excess conductivity ¢ due to supercon-
ducting fluctuations above the transition tempera-
ture T, of a thin film is given by the relation

o'=04=e?/16dt , (1)

where ¢ is the reduced temperature, ¢=1n(7/T,)
~(T-T,)/T,, and d is the thickness of the film.

The AL theory is based on a diagrammatic ex-
pansion of the conductivity tensor in terms of in-
dependent fluctuations. Among the first-order dia-
grams, all of which are required for gauge invar-
iance, there are two which give rise to a strongly
temperature-dependent conductivity. One, general-
ly called the AL diagram, leads to the expression
in Eq. (1). The second, firstdiscussed by Maki, *

is shown in Fig. 1. The conductivity associated
with this diagram in one and two dimensions is
infinite for all temperatures above 7,. This un-
physical divergence is removed if a pair-breaking
effect is present in the system.® In fact, recent
experiments on aluminum films®7 in the presence
of a magnetic field are well described by a formula
derived by Thompson®:

0’ =0hL+0yr ,
oyr = (€%/8d) In(/8)/(t - ©)

Here oy is the contribution to the electrical con-
ductivity of the Maki diagram, and 6 is the sum of
the two pair-breaking parameters 6, and 6;, cor-
responding to the well-known pair-breaking effect
of the external magnetic field and an intrinsic pair-
breaking mechanism, respectively. In Eq. (2) ¢ is
defined as before but refers to the actual transition
temperature T,, which is related to the transition
temperature T in the absence of pair-breaking
effects by the relation T,=T,y(1 — 6). In the case
of aluminum films the intrinsic pair-breaking

(2)



