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INTRODUCTION 

A comprehensive theory of superconductivi ty must account for a number 

of specif ic phenomena, among them the Meissner effect (Ç=_0,_wi.thi n_a. super

conducting body), zero electr ical resistance, the dependence of the tran

sit ion temperature upon isotopic mass, a second-order phase transit ion at 

the cr i t ical temperature ( in zero magnetic f ield), and the existence of an 

energy gap for single part icle-l ike excitat ions.* The theory proposed by 

Bardeen, Cooper, and Schrieffer (hereafter BCS) (1) in 1957 was able to 

account for al l  of the above phenomena, as well  as to provide a surpris

ingly good f i t  to exist ing experimental data. 

The BCS theory is based on the idea that phonons ( latt ice vibrations 

in a crystal) can mediate an attract ive interaction between electrons. 

The BCS theory assumes Bloch individual part icle wave functions for nor

mal state electrons; the specif ic model treated by BCS assumes a constant 

interaction energy between the electrons and as such applies specif ical ly 

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 str iking feature of the microscopic theory is the predict ion 

of an energy gap in the excitat ion spectrum. The existence of such a gap 

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

" i t  should be noted that only the simpler superconductors display 
al l  of the phenomena l isted. 
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At suff ic ient ly low temperatures, the presence of an energy gap would cause 

the specif ic 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 exponential  being direct ly related to the value of the 

energy gap. 

Energy gap behavior also had been observed by Richards and Tinkham (3) 

using far infrared radiat ion as a probe. They found that the absorption 

was zero unti l  the photon energy of the incident radiat ion became equal 

to the energy gap. The absorption then rose rapidly to the normal state 

value with increasing photon energy. 

One of the most sensit ive measurements of the energy gap is obtained 

via the technique of electron tunneling. Frenkel (4), in 1930, was the 

f i rst to suggest an experimental tunneli  configuration; however, i t  was 

not unti l  three decades later that Giaever and co-workers performed the 

f i rst tunneling experiments (5,6,7). Tunneling is a quantum mechanical 

effect which is related to barrier penetrat ion. When a classical barr ier 

has an extent which is less than that of an electronic wave function, a 

f ini te probabil i ty exists that the electron wi l l  be found on the opposite 

side of the barrier, i .e.,  that i t  wil l  have "tunneled" through the 

barrier. In the abovementioned experiments the classical barr ier 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 i f  one or both of 

the junction consti tuents 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 
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strength of the tunneling technique l ies in the fact that i t  provides a 

measure of the reduced single part icle density of states, from which 

information about the superconducting energy gap can be obtained. 

Bardeen (8), and Cohen, Fal icov, and Phi l l ips (9) have used dif ferent 

approaches to demonstrate that there is indeed a one-to-one correspondence 

between measured dif ferential conductance curves and the superconducting 

density of states, although the two are equal only at T=0. For non-zero 

temperatures, di f ferential conductance curves include kT thermal smearing, 

and Clem (10) has discussed this relat ionship between the superconducting 

density of states and measured dif ferential conductance curves. 

The early tunneling measurements were done on metals which formed 

acceptable oxides and which were easi ly evaporated, namely lead, t in, 

aluminum, and indium (11,12). Agreement with the BCS theory was good, 

although small  discrepancies existed. Deviat ions from BCS theory had been 

found for photon absorption data (13), as well  as specif ic heat data, and 

i t  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 deviat ions from BCS predict ions (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 

fol low the BCS approach, but include in their Hamilton!an an interaction 

energy between electrons in dif ferent energy bands, as well  as energy 

terms for electrons interacting within one band. The interaction energies 
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are label led and where the subscript s (d) denotes s- l ike 

(d-l ike) electrons. The calculat ion leads to the existence of an energy 

gap corresponding to each band. In the l imit of zero interband coupling 

(V^^=0), there appear two energy gaps and two dist inct transit ion tempera

tures unless N V = N.V,,,  where N and N, are the densit ies of states 
s ss d dd s d 

of the s and d bands. in the case of weak interband coupling, only one 

transit ion temperature can exist,  although two energy gaps are st i l l  evi

dent. in the l imit of very strong interband coupling, the smaller energy 

gap merges into the larger one when N^=Nj, leaving only one gap with a 

BCS-l ike temperature dependence, while for not equal to two energy 

gaps st i l l  exist.  For moderately strong interband coupling, the smaller 

gap l ies between the strong and weak interband coupling cases and depends 

upon the specif ic value of Figure 1 i l lustrates the cases 

discussed above. 

Garland also has considered the effect of mult iple bands on supercon

ducting propert ies (16). He assumes that the Fermi surface is separable 

into dist inct s and d regions. For the case of a "clean" superconductor, 

di f ferent and part ial ly decoupled energy gaps should exist,  both of which 

could be anisotropic. In this "clean" case, he predicts anomalies in the 

temperature-dependent cr i t ical f ield and specif ic heat curves. Such 

anomalies should be observable experimental ly. 

Garland also f inds that mixing of the s and d wave funct ions, as in 

the case of an impure sample, causes evidence of a second gap to disappear. 

He terms the impure case the "dir ty" l imit  and maintains that very few, 

i f  any, two band metals have been suff ic ient ly puri f ied to permit  
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obseivation of the second gap. However, no experimental ly usable cr i terion 

exists for dist inguishing between "clean" and "dirty" samples. Garland 

has used the definit ion of Anderson (17), who has taken the dividing l ine 

between the two classes to be that point at which the electronic mean free 

path is equal to the coherence length. I t  is not known whether this con

dit ion for a clean sample is required i f  separate energy gaps are to 

be observed. 

Many of the transit ion metals show evidence of being two-band super

conductors. In the fol lowing, a transit ion element wi l l  be taken as one 

which has completely f i l led or empty f  shel ls, and part ial ly f i l led d 

shel ls. The valence electrons are of s-type and d-type, with the d 

electrons being bound more t ightly so that they have considerably more 

local ized wave functions than the loosely bound s electrons. Because of 

the local ization of the d electrons, the density of states for them wi l l  

be relat ively high. Therefore, in these metals usually is assumed to 

be much greater than N^, where again (N^) is the density of states of 

d (s) electrons. Many theories approximate the rat io N^/ by zero. 

For the same reasons, the d electrons usually are assigned a much higher 

effect ive mass than the more mobile s electrons. 

i t  long has been understood that the overlap of s and d bands in the 

transit ion metals leads to an increased normal state resist ivi ty (18). 

This effect, which is due to the band overlap, occurs when s electrons 

(which are more mobile and therefore are the primary carr iers of current) 

are scattered into vacant d sites where their contr ibution to the conduc

t ivi ty is diminished. At low temperatures the resist ivi ty can be strongly 
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affected by electron-electron scattering, again due to very high d band 

2 
density of states at the Fermi level. This predicts a T dependence for 

the low temperature resist ivi ty, and a marked shif t  from the norma] 

law is expected and observed for many transit ion elements (18). Deviat ion 

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

lapping bands. 

Wilson (19) has calculated the temperature dependence of the elec

tr ical resist ivi ty due to s-d scattering. This scattering occurs when an 

s electron is scattered into the d band by a phonon (and is effect ively 

trapped there by the high density of states). At low temperatures this 

effect wi l l  depend upon the number of phonons avai lable and wi l l  vary as 

T^, while at very low temperatures (say T < 9^/kO, where 9^ is the Debye 

temperature) the effect begins to drop away exponential ly with tempera

ture. Webb (20), in his work on niobium, found that the T^ term provided 

the dominant contr ibution to the resist ivi ty from just above the transit ion 

temperature to about 50 K. 

There are experimental indications that superconductivi ty in the 

transit ion 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 superconductivi ty in the transit ion metals: 1) 

the intraband screened Coulomb interaction between s electrons, 2) intra-

band interactions arising from the exchange of virtual phonons, and 3) an 

attract ive effect ive interaction arising from the small  coupling tèrms 

between the s and d band gap equations. His calculat ions led to the 
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existence of an attract ive interaction between s electrons due to screening 

by the s-d electron cloud. However, the theory predicted a f i rst-order 

transit ion at the transit ion temperature and an energy gap much larger than 

exists. Perett i  (22) calculated a similar interaction between s electrons 

and found i t  to be attract ive. His calculat ions yielded an appropriate 

magnitude for the energy gap, the absence of an isotope effect, and a 

second-order transit ion. Although the issue is not sett led, i t  may be that 

superconductivi ty in the transit ion metals is not due str ict ly to the 

electron-phonon interaction. This being the case, one should not be dis

turbed i f  the transit ion metals show experimental deviat ions from the 

predict ions of the BCS theory. 

Direct indications of mult iple band behavior in the transit ion ele

ments are avai lable. Shen, Senozan, and Phi l l ips (23) measured the spe

ci f ic heat of single crystal samples of niobium, tantalum, and vanadium. 

Their niobium data deviated sharply from the BCS predict ion 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 

specif ic heat curve using a SMW model and were able to f i t  the above data 

to their calculat ions. They also calculated the effect of non-magnetic 

impurit ies but were unable to f i t  the experimental data with their results. 

They postulated that the electronic structure of transit ion metal impuri

t ies had to be taken into account to explain ful ly the experimental data. 

Radhakrishnan (25) calculated the penetrat ion depth as a function of 

temperature using the two band model. He was able to f i t  data for niobium 
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by using parameters which Shen ^  had deduced. He also used the same 

model to calculate the upper cr i t ical f ield (26); he again obtained a 

reasonable f i t  to exist ing niobium data. 

The thermal conductivi ty of single crystal niobium has been measured 

by Carlson and Satterthwaite (27). They were able to explain anomalous 

results in terms of a two gap model, but with dif ferent values from those 

of Sung and S hen for the energy gap and relat ive density of states of the 

second band. Tang (28) has pointed out that this analysis assumed that 

interband interactions were zero, a general ly unreasonable assumption. 

Tang was able to correct the Carlson and Satterthwaite analysis to achieve 

better agreement with Sung and Shen. 

In al l  of the results for niobium, the second energy gap 2was 

much smaller than the larger one 2,  with A^/ A^ ^ 1/10, and N^/ ^ 

_ 2 
10 - The fact that nearly al l  of the experimental evidence for a second 

energy gap relates to niobium is at least part ly due to the high transit ion 

temperature of niobium. The high T^ al lows experimental access to very 

low reduced temperatures. 

Sung and Wong (29) have calculated the effect of impurit ies in the 

two band model. In the l imit N « N, their results show that the d band 
s d 

propert ies are essential ly unchanged by the addit ion of impurit ies, but 

that the propert ies of the s band are highly sensit ive to impurity concen

trat ion. The effect of impurit ies is to increase the magnitude of the 

energy gap associated with the s band. These authors also point out that 

and are determined by the area of the Fermi surface covered by the 

separate bands. 
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One would expect that energy gap anisotropy should be observed in 

electron tunneling measurements. Zavaritski i  (30) studied the energy gap 

of t in and noted a signif icant variat ion i  n A ;  the superconducting energy 

gap parameter, with crystal lographic orientat ion. He then did a fair ly 

exhaustive study of A as a function of orientat ion and attempted to relate 

his results to the features of the Fermi surface of t in. The results were 

not conclusive, although apparent correlat ions exist between his data and 

parts of the t in Fermi surface. He suggested that a mult iple 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 Sherri l l  and Edwards (34), but had been 

attr ibuted to impurit ies 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

al ly reproducible structure was obtained and related to the general 

features of the niobium Fermi surface (as calculated by Mattheiss (38)). 

In addit ion, S hen 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 f i rmly establ ished. 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 
o 

oxide thickness of 20 A, 95 percent of the tunneling current is carr ied by 
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electrons whose momenta are within 10 degrees of the normal to the barrier, 

and Bennett (41) maintains that al l  of the electrons which contr ibute 

signif icantly to the tunneling current have velocit ies within 5 degrees 

of the surface normal. Dowman, MacVicar, and Waldram (42) suggest that a 

more l ikely conserved quanti ty 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 restr ict ion on the normal k vector. A further complication is added 

by the fact that in both of the above selection rules dif ferent parts of 

the Fermi surface can contr ibute simultaneously to the tunneling current. 

However, the part ial success of Dowman et al. ,  and Zavarîtski i ,  in the 

correlat ion of observed energy gaps with variat ions in the Fermi surface 

does indicate that the tunneling current in a given crystal lographic 

orientat ion is substantial ly related to a specif ic part of the 

Fermi surface. 

Tunneling into the transit ion 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 transit ion metals a tunneling experiment samples 
o 

the metal only within a small  distance (as l i t t le as 100 A) of the surface 

oxide (43), so surface purity is cr i t ical.  Surface effects alone could 

explain the high fai lure 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 transit ion metal tunnel junctions 

show acceptable characterist ics 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 al l  transit ion metal tunnel junc

t ions is that of "excess currents" (37,39). Within certain l imits (35), 

.MacVicar takes data in spite of these "excess currents", which she postu

lates may be due to t iny shorts through the junction oxide. Marcus (44) 

also has proposed the existence of metal l ic junction shorts as an expla

nation for subharmonic structure in two-superconductor junctions. 

The presence of zero-bias anomalies presents further dif f iculty with 

transit ion metal tunneling (45). The zero-bias anomaly is an increase in 

conductance, centered about zero bias, which can be attr ibuted to the 

presence of magnetic impurit ies 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 transit ion metals. 

Gupta and Loucks (4?) have calculated the electronic structure of thorium 

by the relat ivîst ic augmented-p1ane-wave method and have concluded that 

thorium and other of the l ighter actinides are similar to the transit ion 

metals and can be described by the same s-d energy band model. Thorium, 

the f i rst of the actinides, is an fee metal with valence 4. The valence 

2 2 
electrons are 6d and 7s ,  making the metal consistent with our previous 

definit ion of a transit ion metal.  With a melt ing point of 1800 °C and a 

low vapor pressure, thorium is an extremely dif f icult  metal to evaporate. 

I t  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 
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performed on thorium. Among those which are pert inent to our work are low 

temperature susceptibi l i ty and specif ic heat (48)^ resist ivi ty (49), elec

tronic structure by the de Haas-van Alphen effect (50), thermal conductiv

i ty (51), superconducting cr i t ical f ield (52), and anisotropy of the 

superconducting energy gap (53). These measurements wi l l  be discussed in 

the fol lowing pages. 

Gordon_et (48) measured the specif ic heat of thorium and found 

a rat io at the transit ion temperature of C (T ) /  yT =2.42, which is 
es c c 

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 cr i t ical f ield measurements. They obtained the 

value 2A(0) /  kT^ = 3-53, in good agreement with the BCS predict ion. The 

cr i t ical f ield curve is within 0.3% of the BCS predict ion at al l  tempera

tures, although a sl ight systematic deviat ion from BCS can be observed. 

In spite of the general agreement with BCS predict ions for their samples, 

the authors feel that the closeness of f i t  to BCS is probably fortuitous 

and that the effect may be the result of strong-coupling effects just 

cancell ing 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 

2 
( a  )= 0.021, as determined by a f i t  of their data to the theory of Markowitz 

and Kadanoff (54). However, the cr i t ical f ield data of Decker and 
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Fînnemore l ie 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 conductivi ty of thorium by Cappellett i  

and Finnemore (5 I )  were analyzed in terms of the theory of Bardeen, 

Rickayzen, and Tewordt (55)^ which is based on a BCS model. Their data for 

K /  K ,  where K and K are the superconducting and normal electronic 
es en es en ^ 

thermal conductivi t ies, l ie above the Bardeen _et _a2. predict ions for 

reasonable assumptions about the phonon contr ibutions. This result is 

expected for an anisotropic superconductor, since port ions of the Fermi 

surface with a small  gap tend to dominate the low temperature thermal con

ductivi ty. Assuming no scattering of the electrons by phonons, the closest 

f i t  to their data is obtained for the value 2 A(0)/ kT^ = 3.1$. 

Peterson ̂  (49) have measured the resist ivi ty of very pure thorium. 

Below 80 K the data can be f i t  to the Bloch-GrUneisen 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 r ise above the B1 och-GrLIneisen predict ion for 0^ equal to 135 K. At 

low temperatures, T/ < 1/6, the resist ivi ty data deviate from a single 

conduction band T^ dependence. The best f i t  was for a T^'^ behavior, and 

i t  wil l  be recal led (see page 6) that this type of deviat ion is indicative 

of two-band structure. 

The calculat ions of Gupta and Loucks (4?) 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 dist inct segments of the 
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surface: 1) a hole surface at the center of the Bri l louin zone shaped l ike 

a rounded cube, 2) hole surfaces on the symmetry l ines PL shaped l ike 

dumbbells, and 3) electron surfaces on the symmetry l ines FK shaped l ike 

pairs of lungs. i t  is readily seen that the Fermi surface varies markedly 

with crystal lographic orientat ion, 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 f igures can "nest" into one another. Such "nesting" might result in 

phonon and magnon spectra anomalies, or an inf luence on the arrangements of 

any impurity magnetic moments present in the metal (47). I t  is interesting 

to speculate about whether such an effect might be related to the non

magnetic behavior of cerium when i t  is dissolved in thorium ($6). 

While thorium conforms to the predict ions of the BCS model in many 

ways, there clearly are deviat ions which remain unexplained. We therefore 

have undertaken to perform tunneling experiments on thorium, in spite of 

the dif f icult ies inherently associated with tunneling into transit ion 

metals. The results are expected to contr ibute to our present under

standing of the metal thorium. 
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EXPERIMENTAL DETAILS 

Introduction 

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 i t .  The data are used to 

obtain information about the reduced density of states of the samples ac

cording to the fol lowing relat ionship for a, the normalized tunneling 

conductance: 

(di/dv) 
a = 2^ ,  (2-1) 

(di/dv)nn 

where the subscript ns indicates a normal metal-superconductor tunnel 

junction. 

The data were taken in a He-3 refr igerator shown in Figure 3 (the 

glass double Dewar system, l iquid hel ium inner and l iquid nitrogen outer, 

is not shown), the operation of which is relat ively simple. He-4 condensed 

into the He-4 reservoir is cooled by pumping on this l iquid 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 cool ing below the lowest 

temperatures obtainable with He-4 alone. 

Two types of tunnel junctions were measured, one type being a double 

thin f i lm junction, and the other being a single f i lm on top of a bulk 

sample. A double thin f i lm junction is prepared by f i rst evaporating 
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a metal f i lm onto a glass substrate, oxidizing i t  by exposure to air ,  and 

then evaporat ing a second metal f i lm at r ight angles to the f i rst  one. The 

tunnel junct ion consists of the region where the two f i lms overlap. A bulk 

sample tunnel junct ion is prepared by f i rst  cleaning the surface of a bulk 

sample, let t ing that surface oxidize, masking the surface in such a way as 

to leave only a narrow str ip exposed, and then cross-evaporat ing a thin 

f i lm. The tunnel junct ion is the region of overlap between the exposed 

str ip of sample and the thin f i lm. 

The double thin f i lm junct ions were prepared in order to learn the 

technique of f i lm evaporat ion, and were measured in order to check the op

erat ion of the electronic detect ion system. The bulk sample junct ions were 

prepared on bulk thorium because the metal is extremely di f f icul t  to 

evaporate. 

The bulk thorium samples were cleaned in high vacuum by electron bom

bardment, were oxidized in si tu in pure oxygen, and were masked by paint ing 

the surface with Col lodion. The tunnel junct ions were completed by cross-

evaporat ion of a gold or s i lver f i lm. 

The electronic detect ion system is capable of measuring both di /dv and 

2 2 
d i /dv .  The second derivat ive is used pr imari ly to observe phonon effects 

on the density of states, which are smal l  and appear at  voltages greater 

than the energy gap. Our junct ions were such that phonon effects could not 

2 2 
be observed and comments pertaining to d i /dv wi l l  be offered solely in 

the interest of completeness. 

The tunnel junct ions were measured as part  of one arm in a br idge 

circui t .  The br idge was balanced at one point and as the character ist ics 
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of the junction changed with the bias voltage across i t  an operational 

ampli f ier provided voltage to a feedback loop which acted to maintain the 

original balance condit ion. As wi l l  be shown, the feedback voltage from 

the operational ampli f ier is proport ional to di/dv for the junction. This 

feedback voltage is sent to a lock-in ampli f ier whose dc output is pro

port ional to the ampli tude of the feedback voltage. The output of the 

lock-in ampli f ier is sent to the Y axis of the X-Y plotter, where i t  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 refr igerator shown in Figure 3- The detai ls of operation of such 

a system have been discussed elsewhere (57), and only comments part icular 

to this experiment wi l l  be included here. 

Short ly before the f i rst data were taken, the He-4 reservoir (or pot) 

was rendered inoperative by a block in the pumping l ine leading to i t .  The 

behavior of the system indicated that the block was at the top of the He-4 

pot, and i t  was assumed to be in the small  or i f ice there. After a number 

of dif ferent attempts fai led to unplug the l ine, i t  was decided to forego 

immediate repair in favor of obtaining data. The He-3 system therefore was 

operated ( in the case of al l  the data reported in this manuscript) by pump

ing on the l iquid hel ium in the hel ium Dewar and lett ing this bath serve 

as a replacement for the He-4 pot. 

The sample was mounted vert ical ly on a small  copper block which was 

direct ly connected to the He-3 pot. A single layer of Kimwipe was used for 

electr ical insulat ion, 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 i t  was desirable to keep the resistance of the tunnel junc

t ion leads as low as possible. This was accomplished via the combined use 

of copper and lead-coated manganin wires. The excel lent thermal conduc

t ivi ty of copper prohibits the sole use of copper leads, since they would 

al low 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 O.OO6 in. diam manganin wire. Below the superconducting tran

sit ion temperature of lead (where al l  the data were taken) the electr ical 

resistance of the lead is zero, and the thermal conductivi ty of the lead 

plus manganin is substantial ly lower than that of copper wire of a 

reasonable size. 

Al l  electr ical leads ran from a terminal str ip at room temperature to 

one of two terminal boards located just above the vacuum can ( in the hel ium 

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 f inal 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 relat ively small  for the above 

configuration. The estimated heat leak due to one of the manganin leads 

was 5 nW, whi le 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 i t  was estimated 

to be 10 nW, and thus insignif icant by comparison to heat leaks down 

the leads. 

Regardless of the estimated heat conductivi ty 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. 

Fol lowing Swenson (59), copper str ips were bonded to the same copper block 

which supported the sample. The str ips were electr ical ly 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 str ips, thus providing a heat sink to absorb any 

heat energy f lowing down the manganin wires. 

Temperature Control and Thermometry 

Once the hel ium bath was pumped down to a temperature sl ightly above 

that at which the data were to be taken, He-3 was condensed into the He-3 

potj  and the temperature of the junctions was control led by pumping on the 

l iquid in the He-3 pot through a f ixed system of valves, while 
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simultaneously counteracting the cool ing effect by supplying power to a 

50 n manganin heater. The temperature control circuit  used a 3-wire 

( lead compensated) Wheatstone bridge in which the resistance of a Speer 

carbon resistor ( label led SR-2) was balanced against a decade resistance 

box. The imbalance voltage was ampli f ied by a Keithley 153 microvoltmeter 

and sent to a transistor-control led 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 regulat ing system was oper

at ing properly and equil ibr ium had been reached, i t  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 measurements of the voltage drops across the thermometer i tself  and 

across a standard resistor contained in the thermometer current loop. The 

measuring currents through GR1592 were 10 j iA for temperatures above 1 K 

(approximately) and 1 j iA for lower temperatures. The voltages were 

measured with an approximate uncertainty of 0.2 | iV using a Leeds and North-

rup Type K-3 Potentiometer and a Hewlett-Packard Model 4l9A DC Null  Volt

meter. This corresponded to a temperature uncertainty of about 2 mK at 1.4 

K where the thermometer resistance and i ts 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 cal ibrated previously by Prof. 

D. K. Finnemore of this laboratory over the temperature range 0.3 K to 
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4.2 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 cal ibrat ion were 

f i t  to an equation of the form 

(In T) = 2 0.^ ( In R)" (2-2) 
n 

by minimizing the expression 

S = E { In T -  In (2-3) 
k 

in the least squares sense. The cr i teria for a good f i t  were that 

(T -  T^gj) should be small  for al l  data points, and that (dR/dT) and 

2 2 
(d R/dT ) for the calculated curve should be smoothly varying. A fourth 

order f i t  was chosen for the temperature range 0.3 K to 2.0 K with the 

standard deviat ion from the calculated curve being 2.4 mK. The f i t  con

stants are given in Table 1. 

Table 1. The f i t  constants for germanium thermometer GR1592 

0.3 to 2.0 K 

a(o) = 0.14695191145520 X 10^ 

0(1) = -0.59978171470915 X 10? 

Q(2) = 0.89901486460550 X 10° 

0(3) = 0.62347704137502 X 10-T 

a(4) = 0.15691061867330 X 10-2 
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Carbon resistor SR-2 was used as a secondary thermometer as well  as a 

temperature control sensor. The cal ibrat ion of carbon resistors can vary 

by a few percent when cycled between room and l iquid hel ium temperatures, 

and i f  they are used as primary thermometers they must be recal ibrated 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 

recal ibrat ion of SR-2 was done against the vapor pressures of l iquid 

He-4 and l iquid He-3. 

Sample Preparation 

I t  wil l  be recal led that the double thin f i lm tunnel junctions con

sisted of a metal f i lm which had been cross-evaporated over another oxi

dized metal f i lm. The substrates used for these junctions were glass 

microscope sl ides which were f ire-pol ished before use. Electr ical leads 

were inserted into indium blobs which had been placed on the substrate 

with a soldering iron heated just above the melt ing point of the indium. 

Metals were evaporated by resist ively heating tungsten f i lament baskets 

inside a conventional bel l  jar evaporation system (see Figure 4). The bel l  

jar was pumped to a vacuum or 10 ^ Torr, or better, by a modif ied Cenco 

Model No. 93422-17 3 in. dif fusion pump. The evaporation chamber was sep

arated from the dif fusion pump by both a cold trap and a baff le valve. 

The bel l  jar was pumped to a roughing vacuum through a l ine which 

bypassed the dif fusion pump, cold trap, and baff le valve. There was a dan

ger of introducing pump oi l  into the bel l  jar i f  the ini t ial  pumping rate 

was great enough to cause vigorous back-streaming of the pump oi l .  A com

promise therefore was necessary to ensure rapid evacuation of the 
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evaporation chamber, whi le simultaneously keeping pump oi l  back-streaming 

to a minimum. There were no indications that junction propert ies were af

fected by the procedure used to evacuate the bel l  jar. 

The thin f i lm junctions were al l  of the form Al-AlgO^-Metal. The alu

minum was evaporated f i rst,  after which the f i lm was removed from the bel l  

jar and oxidized in a small  oven which had been heated to approximately 

100 °C. The oxidation t ime varied between 30 and 60 seconds, and during 

this t ime a second metal was placed in the evaporator in another 

tungsten basket. 

Al l  f i lm evaporations were masked by a piece of aluminum sheet into 

which had been cut two 1 mm wide sl i ts, 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 

i t  is arc-melted into an ingot and further purif ied by electron-beam melt

ing (6l).  This process is extremely consistent and the analysis of the 

result ing pure thorium varies only sl ightly with dif ferent 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 l i ter/sec vac-ion pump. The system is i l lustrated in Figure 5- A de

tai led discussion of the operation of the high vacuum system has been given 
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by Stromberg (62), and only pert inent detai ls wi l l  be presented here. 

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

1 mpurity Concentrat ion 1mpuri ty Concentrat ion 

C 46 Mn < 20 

0 122 Ni < 5 

N 22 Si < 20 

AI < 20 Ta Nd^ 

Ca < 30 Ti Nd 

Cr < 20 W Nd 

Fe < 6 Y Nd 

Mg < 20 U <0.9 

^Nd -  Not detected 

The vac-ion pump could not operate continuously at pressures above 

_5 
10 Torr; this made i t  necessary to reduce the pressure to that point by 

external means. A conventional Welch rotary pump was connected through a 

l iquid nitrogen-cooled copper l ine 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 f i lament (to 

be described later) was outgassed for 4 to 6 hours, after which the sample 

-8 
was heated in a vacuum no worse that 4 x 10 Torr. The best vacuum ob

tained during sample preparation was approximately 2x10^ Torr. 

The thorium samples were received in sheet form with typical 
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dimensions in mm of 1 x 12 x 12. A small  hole was dr i l led in one corner of 

the sample and i t  was mounted in the electron bombardment assembly as shown 

in Figure 6. The f i lament was made of 0.010 in. tantalum wire. The elec

trodes were made of O.O6O 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 i tself  was t ied in posit ion with 0.010 in. tantalum wire, and 

not spot-welded. 

After the apparent ult imate vacuum had been obtained, the f i lament 

current was reduced to i ts operating value of approximately 4 A. A pos

i t ive voltage was applied to the sample, and electrons emitted from the 

hot f i lament 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 f i lament to the 

sample.  The emiss ion current  ( f rom f i lament  to  sample)  was typ ica l ly  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. The sample was held at 

these temperatures for more than two days in most cases. 

Recrystal1ization in thorium begins to occur above 8OO °C. Thus, the 

sample preparation procedure in this experiment accomplished three objec

t ives: 1) the sample was outgassed and purif ied at elevated temperatures 

while under high vacuum, 2) the sample surface was cleaned by subl imation. 
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and 3) the sample was annealed in high vacuum at temperatures well  in ex

cess of the recrystal1ization temperature. During recrystal1ization, re

gions of single crystal tended to form, so that in most cases the thorium 

side of the tunnel junction consisted of a region which was wholly or part

ly single crystal.  

Visual appearance of the sample was the cr i terion which was used to 

decide when i t  was t ime to remove the sample from the high vacuum system, 

since during bombardment the sample surface gradually took on the look of 

an extremely well-pol ished metal.  In many cases i t  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, 

i t  was al lowed to cool for a period of 15 to 20 min before i t  was oxidized 

in situ. Oxygen was bled into the system unti l  the pressure increased to 

approximately 0.1 atm. This pressure was maintained for a period of 25 

min, after which t ime the oxygen pressure was increased to atmôspheric and 

the sample was removed. The sample remained in the ful l  oxygen atmosphere 

for approximately 5 min before i t  was exposed to air because four vacuum 

f lange bolts had to be removed prior to removal of the sample. 

The purpose of the above oxidation procedure was to create a uniform 
o 

oxide layer approximately 20 A thick which hopeful ly would prohibit  further 

rapid oxidation when the sample was introduced to air.  Air was used in the 

f i rst 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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process 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 k0, indicating that the oxide layer was prohibit ively 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 f ine copper leads were soldered into place. The 

best contacts to the thorium were achieved when the soldering iron was held 

at a temperature only sl ightly above the melt ing point of the indium. 

After the leads were attached to the thorium, the surface was painted 

with Collodion so as to leave an exposed str ip of oxidized thorium 1 to 2 

mm wide which extended between the attached leads (see Figure 7)- Collo

dion forms a very thin f i lm when applied in this manner, and the most cr i t

ical control of the masking procedure was achieved when the operation was 

performed under a microscope. Best results were obtained by using rela

t ively 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 local ly patching the Collodion f i lm. 

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

evacuation was begun immediately. The total elapsed t ime between removal 
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from the high vacuum system and subsequent evacuation of the bel l  jar 

ranged from 15 to ^5 minutes, depending on the dexteri ty and luck of the 

experimenter. The evaporation of the cross str ips was not attempted unti l  

-5 
the bel l  jar vacuum had reached or  passed 10 Tor r .  Such a vacuum was u-

sual ly attained within 4 to 5 hours, although in many cases the system was 

al lowed to pump overnight prior to evaporation. At al l  t imes, an adequate 

l iquid nitrogen level was maintained in the cold trap. 

The evaporation of the cross str ips completed the formation of the 

tunnel junctions. Evaporation was continued unti l  a visibly thick f i lm had 

been deposited, or unti l  the resistance of one of the junctions had reached 

a desirable value. Figure 7 i l lustrates the appearance of two completed 

tunnel junctions. 

The resistance of a tunnel junction could be monitored during evapo

rat ion 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 l ine on the osci l loscope display. A tunnel junc

t ion, even in the normal state of both metals, is not ohmic, and therefore 

the osci l loscope display is non-l inear. A "good" junction is characterized 

by desirable values of resistance (approximately 100 f i)  and capacitance 

(about 0.025 uf),  and by a non-l inear trace on the osci l loscope. 

Clip-on leads were connected to two junction leads and during evapo

rat ion the junction resistance was used as a guide for attaining the proper 

f i lm thickness. The voltage output of the osci l lator was kept very close 

to minimum value to ensure no electr ical effect on the junction during 
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evaporation. Heretofore, junction evaporation had been a relat ively bl ind 

process, but use of this bridge greatly increases the probabil i ty 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 probabil i ty of being rel iable. 

Tunnel junction propert ies tend to change rapidly with t ime at room 

temperature. Therefore, as soon as an acceptable junction was obtained, i t  

was mounted in the cryostat, the vacuum can was sealed, the system was 

evacuated, and the cryostat was immersed in l iquid nitrogen. The junction 

usually reached 77 K within 1 to 2 hours and at that temperature junction 

propert ies remain stable. After the junction had reached 77 K and a good 

vacuum around the sample had been attained, the double Dewar system was in

stal led and the sample was cooled to 4.2 K. Tunnel junctions usually re

mained stable for many days at l iquid hel ium temperatures. 

Electroni cs 

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 i f  desired, d^i/dv^). 

I f  a small  ac modulation voltage (frequency m, ampli tude m) is applied 

to the tunnel junction which is biased at dc voltage then due to the 

non-l inearity of the junction, the current through i t  can be expanded in a 

Taylor series: 

i  (v) = '  (v^) + (di/dv)^ m cos a)t+ - |(d^i/dv^) m^cos^wt+ . . . .  (2-4) 
o ^o 
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2 1 
Also, from simple tr igonometry, one can replace cos cut by -^( l  + cos Zcut). 

I t  is seen that, providing the modulation voltage amplitude m is constant, 

the component of junction current at frequency co is proport ions! to di/dv 

2 2 
and the component at frequency 2a> is proport ional to d i /dv .  I t  wil l  be 

shown that, by considering the ac component of this current at frequency 

CD, a measure of (di/dv) can be obtained. 
o 

The electronic detection system is i l lustrated 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 

pinase-sens i  t ive detector ( lock-in ampli f ier).  

In the lock-in ampli f ier, the signal at the input terminals is sent 

through a narrow-band ampli f ier and then is mixed with a reference signal 

driven by the same osci l lator. The output of the mixer is passed through 

an integrating RC t ime constant circuit  thus providing a dc output signal 

proport ional to the ampli tude of the ac signal at the input to the lock-in 

device. Use of a lock-in ampli f ier has definite advantages over a tuned 

circuit :  1) the center of the pass band is determined by the reference fre

quency, 2) osci l lator stabi l i ty 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 i f  the input passband is not too narrow, a 

sl ight osci l lator frequency dri f t  introduces only a small  phase 

angle change. 

The lock-in ampli f ier provides high noise rejection, because of i ts 

extremely narrow over-al l  pass bandwidth. The main contr ibutions to noise 

are white noise, which has a constant contr ibution per unit  cycle 
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bandwidth, and f l icker noise, which is inversely proport ional to the fre

quency. The latter can be signif icantly reduced by using the osci l lator 

at a frequency well  above dc, and in this experiment the osci l lator fre

quency was 1000 Hz. White noise voltage is proport ional to the square root 

of the pass bandwidth and can be l imited to some degree by reducing the 

pass bandwidth of the front-end ampli f ier in the lock-in device. However, 

i f  the bandwidth is made too narrow, this imposes increasing stabi l i ty 

restr ict ions on the osci l lator, 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 m is used. Measurement of 

2 2 
d i /dv requires frequency 2m, which is achieved by a frequency doubler 

circuit  connected to the osci l lator. I t  is also necessary to set the fre

quency input control on the lock-in ampli f ier to a value of 2m. 

in Figure 10 the junction leads are label led i  ,  v ,  i^, and v^. The 

resistance and the capacitance of the tunnel junction are balanced against 

Rj and C^. is a decade capacitance box and consists of two 10-turn 

potentiometers connected in series. At balance, the input signal to the 

operational ampli f ier is zero, but as the tunnel junction characterist ics 

change with dc bias an imbalance occurs and a voltage appears at the input 

to the operational ampli f ier. This voltage is ampli f ied and current is fed 

back through the junction in such a way as to reduce the input dif ference 

voltage almost to zero. Thus, the feedback loop from the ampli f ier wi l l  

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

to the voltage across R^). This constant voltage condit ion 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 a> is proport ional only to di/dv. As wi l l  be 

shown below, the feedback current required to maintain the balance condi

t ion in the bridge is directly related to di/dv across the junction- The 

voltage producing this feedback current is sent to the lock-in ampli f ier 

and in turn i ts output is sent to the Y axis of the X-Y recorder. 

A simpli f ied 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 Cj=C^ balances the reactive part of the signal. The 

current i  wil l  be taken to consist only of ac contr ibutions, and A is the 

ampli f icat ion factor of the operational ampli f ier (A equals approximately 

50,000 here). We can write the equation 

e 
o 

A ( iRj -  iR^ -  ÔiR^) .  (2-5) 

Also, 

e 
o 

A (e^ -  e_) = 6i (R^ + Rj + iR^ (2-6)  

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

A {  i(R^ -  RJ - SiR^) }  = Si (R^ + R^) + iR^ ,  (2-7) 

which can be solved for 5i,  yielding 

Ôi 
i  { R^(_1 -A) + ARj } 

(2-8) 
Rf + R^ + AR^ 
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I f  we make the substi tut ion 

; (2-9) 

Rf + 

then Equation (2-8) can be writ ten as 

iB { (-1 -A) + AR , /  R. }  
6i  = ;  (2-10) 

1 + BA 

iBA .  R ,  
= [  - 7 -T + F" ]  • (2-n) 

1 + BA ^ ^t 

The minimum value of BA was approximately 700, corresponding to a minimum 

value for R^ of 150 Q (A = $0,000 and R^ = 10 kO), and therefore we can 

set BA/ (BA + 1) = 1. Since the conductance is the inverse of the resist

ance, we take = 1/ R^. Under these condit ions Equation (2-11) can be 

writ ten in the fol lowing form: 

6i = i  [  R^g^ -  1 ]  .  (2-12) 

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

some sl ight rearranging is done, the fol lowing result is obtained: 

e 
o îRd^9t + :  (Rd -  '  (2-13) 

I t  is seen from the above equation that the output voltage of the opera

t ional ampli f ier is l inear with respect to the tunnel junction conductance 

g^ at frequency co. The input signal to the lock-in ampli f ier and therefore 

the Y output of the X-Y recorder is proport ional to the tunnel junction 
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conductance g^. Al l  of the data analysis was done in terms of the normal

ized conductance CT = ^t /  ̂ t  
s n nn 

Since the output of the detection system is l inear in conductance, 

and hence in di/dv, only two points are necessary to cal ibrate 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 and C^. I t  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 

establ ished in one of two ways: 1) for temperatures below i t  can be 

establ ished at a dc bias so large that al l  traces of energy gap structure 

have disappeared, or 2) for temperatures above i t  can be establ ished at 

zero dc bias. The second cal ibrat ion point is taken with the junction re

moved from the circuit ,  corresponding to a value of zero conductance. 

Changes in the sensit ivi t ies of the lock-in ampli f ier and/or the Y axis of 

the X-Y recorder permit wide variat ion in the recorder deflect ion corre

sponding to a conductance change from the zero to the "unity" levels. 

I t  should be noted that improper phasing of the lock-in ampli f ier can 

lead to spurious results caused by the contr ibution of reactive imbalance 

to the intended measurement of resist ive variat ion. The experimental 

indication of a properly phased system is that a large reactive imbalance 

does not affect the resist ive 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 l inear sweep in t ime of the dc bias, as well  as range and 

vernier controls. I t  is also possible to determine the start ing posit ion 
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for the sweep. The primary element of the bias circuit  is another opera

t ional ampli f ier which acts as an integrator and permits the l inear sweep 

in t ime. 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, i t  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 

l imit of about 25 MeV. 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 nV corresponds to a peak-to-peak modulation level of approx

imately 70 l iV. Commonly appl ied modulation voltages were 30 to 50 HV 

peak-to-peak. 

The conductance bridge was checked for l inearity by replacing the 

junction with a decade resistor and paral lel capacitor. Ten ohm leads were 

used to simulate the actual junction leads. The resistance was varied 

between 50 0 and 10 k 0 and the bridge showed l inearity to within the width 

of the recorder pen trace. Rogers (64) has done more extensive checks on 

an identical bridge. He found conductance l inearity to within 0.1%, as 

well  as stabi l i ty to better than 1 part in 10^ per hour. He estimated 

that the cal ibrat ion procedure was accurate to about 1% for sample resist

ances between 100 and 1000 Q. In addit ion, he checked the effect of lead 

resistance changes on the output of the system. He found a fract ional 

change in conductance of less than 3 x 10 ^ per 1 ohm change in 

lead resistance. 
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THEORY 

BCS Theory 

The theory of superconductivi ty due to Bardeen, Cooper, and Schrieffer 

(BCS), along with many of i ts extensions, has been discussed in detai l  

elsewhere (1,65-67) and only a few of the basic ideas wi l l  be presented in 

this discussion. I t  was known that two electrons could experience an ef

fect ive attractive interaction due to the mutual exchange of virtual phon-

ons (68). When this attract ion 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 attract ive interaction between electrons, BCS for

mulated a wave function for the superconducting state which consisted of a 

l inear combination of normal state configurations with individual part icle 

Bloch states occupied in pairs of opposite momentum and spin. The wave 

function was of the form Y (u^^v^), where u^ and Vj^ are variat ional param-

2 
eters relat ing to the probabil i ty that the state k is occupied (  Vj^ is the 

2 
probabil i ty that the state k is occupied, and Uj^ is the probabil i ty that 

the state k is unoccupied). They minimized the free energy of the system 

with respect to the variat ional parameters and obtained the fol lowing 

relat ions for u, and v,:  
k k 

2 
u, 

2 
(3-1) 

2 
V, (3-2) 
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where is the energy of an ordinary Bloch state measured from the Fermi 

energy, and is given by the relat ion 

E ,  =  ( 4  +  4 ) ^  - < 3 - 3 )  

E|^ represents the excitat ion energy required to create an unpaired quasi-

part icle in the state k. The quanti ty is determined by the fol lowing 

self-consistency equation: 

\  ^ ;  (3-4) 
^ k '  k 

where is the magnitude of the attract ive interaction energy. is 

cal led the energy gap parameter and is equal to one half the value of the 

energy gap 2A|^ .  

BCS assumed an isotropic superconductor, so that is independent 

of k, and they defined by the fol lowing 

"kk' '  " I Sk I  < ,  (3-5) 

= 0 otherwise ,  (3-6) 

where is a cutoff value corresponding to a phonon frequency close to 

CDg, 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 l imit,  

the fol lowing expressions for the ground state energy and the energy gap 

parameter of the superconductor are obtained: 

W = -  2N(0) g-2/N(0)V ^ (3.7) 
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û = 2.0^ . (3-8) 

I t  is also found that A goes to zero at a temperature T = T^ given by the 

fol lowing relat ion; 

= 3.526 . (3-9) 

One also can obtain the density of states for the quasi-part icle exci

tat ions in a manner similar to that for a normal metal 

ôn(E )  ôn(e.) ôe E 
-^ = N(0) r—:—r—r for E sA ,  (3-10) 

BE as BE '  _ ^2^2 

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

where the expression for e (E) is obtained from Equation (3-3), and 

ôn(ej^)/ôe is the density of normal Bloch states at the Fermi surface, 

N(0). One normalizes this expression with respect to N(O) to obtain the 

normalized superconducting density of states, given by 

ng(E) -  2 2 -  * (3-12) 
(E -  A") 

I t  is this density of states that electron tunneling measurements attempt 

to observe, as wi l l  be seen short ly. 

The Suhl, Matthias, and Walker (15) model of a two-band superconductor 

assumes that the interaction energy between electrons can be dif ferent for 

dif ferent energy bands. This energy corresponds to the term in 
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Equations (3-4) through (3-6). They assume interaction energies 

and 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 excitat ion energy relat ions 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 l imit ^ = 0 yields two energy gaps 

and two transit ion temperatures (unless N^V^^ = NjVj j)  corresponding to 

curves A and A' in Figure 1. When is non-zero but small ,  the smaller 

energy gap takes the form shown by curve B and only one transit ion temper

ature exists. As j  increases, the dependence of that gap approaches 

that shown by curve C, and in the strong interband coupling l imit (V^^ 

large compared to and V^^) the smaller gap takes on the characterist ics 

of the larger gap, shown by curve A. 

Even in the strong interband coupling l imit,  the SMW theory predicts 

the existence of two dif ferent energy gaps unless = N^, in which case 

both gaps display BCS temperature dependence and satisfy the BCS relat ion 

2A(0) /  kT^= 3-526. In general, the SMW model can be regarded as a spe

ci f ic 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. Classical ly, an 
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electron cannot penetrate into an insulat ing region; however, i f  the wave 

function of the electron extends through this forbidden barrier, there is 

a f ini te probabil i ty that the part icle wi l l  be found on the other side. 

This probabil i ty depends upon such factors as the thickness and height of 

the barrier, the densit ies of electron states on either side of the bar

r ier, 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 wi l l  discuss quali tat ively the current-

voltage characterist ics of the three cases. 

Figure 13a shows the case in which both metals are in the normal 

state. For T= 0, the shaded regions of occupied states f i l l  up to the 

Fermi energy and then cut off  sharply. An applied voltage across the junc

t ion has the effect of moving one Fermi level relat ive to the other, and 

one can see that the number of electrons which can tunnel increases in 

proport ion to the applied voltage; hence, the current should increase 

l inearly with applied voltage as shown in the f igure. 

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 f low unti l  the 

applied voltage corresponds to an energy value of .  i f  the current is 

proport ional to the density of states, the singulari ty in the superconduc

t ing density of states gives r ise 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 excitat ion of electrons causes a current to f low 

before the applied voltage reaches a value corresponding toA^, as shown 

in the f igure. The superconducting energy gap is strongly temperature-

dependent and the current-voltage characterist ics 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 wi l l  f low unti l  the bias voltage reaches a 

value such that eV equals (A^-A^), at which point the current r ises rap

idly. As the voltage increases further, the number of electrons avai lable 

for tunneling remains the same but the density of avai lable states de

creases, thereby causing a decrease in the current with applied voltage. 

At a voltage corresponding to an energy of (A^ +Ag ) the current again 

r ises very rapidly with increasing applied voltage unti l  i t  assumes a volt

age dependence again corresponding to the normal state of both metals. I t  

is seen that the posit ions of the ini t ial  current peak and the subsequent 

minimum provide a measure of ZAg, the magnitude of the smaller of the 

two energy gaps. 

The calculat ion of the current f lowing across a tunnel junction is 

based on the assumption that the transit ion of electrons from one side of 

the barrier to the other can be treated as an ordinary quantum-mechanical 

barr ier penetrat ion problem. Then the transit ion probabil i ty from a state 

k on one side of the barrier ( left) to a state k'  on the other side (r ight) 

can be wr i  tten as 

Pkk' = i f  IM I  ;  (3-13) 



42 

where N' is the density of states on the r ight side and f '  is the Fermi 

function giving the probabil i ty that the state k'  is occupied. One can 

determine the current from left  to r ight by summing over the occupied 

states on the left  and mult iplying by the electronic charge. When a volt

age V is applied to the junction, the resultant tunneling current wi l l  be 

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

i (V) = Ae { N^(E) f(E) NgtE -  eV)[1 -  f(E -  eV) ]  

-  [N,(E) f(E -  eV) NgOE -  eV) (1 -  f(E))] ]  dE ,  (3-14) 

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

col lect terms to obtain 

i(V) = Ae ]  N,(E) NgfE -  eV) [  f(E) -  f(E -  eV) ]  dE .  (3-15) 

This is the general expression for the current f lowing 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, (E) is replaced by the superconducting 

density of states given by Equations (3-10) and (3-11). At T = 0 al l  the 

contr ibution to the tunneling current wi l l  come within the energy region 

E = 0 to E = e\I,  so for T = 0 we have, after evaluating the integral in 

(3-15) above, 

i (V) = Ae N,(0) N2(0) {  (eV)^ -  .  (3-16) 

From this we can obtain the normal-superconducting dif ferential 
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conductance 

(eV) 

[  (eV)2 _ A" ]  
(di/dv) = Ae^ N,(0) N (0) = 5—3" ;  (3-17) 

and the normalized conductance is given by 

(di/dv) (eV) 

— 2—n 
(3-18) 

( d i / d v ) [  ( e V )  -  A  ]  ^  

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 dif ferentiated to obtain an ex

pression for the conductance of a tunnel junction. Bermon (70) writes 

Equation (3-15) in a sl ightly dif ferent form (for the case of a normal-

superconducting junction) 

i(V)ns = T LZ Ps(E) [  f(E -  eV) + f(E) ]  dE ,  (3-19) 

where C., is the conductance with both metals in the normal state, and 

p^(E) is the reduced superconducting density of states (Equation (3-12)) 

This can be dif ferentiated with respect to the bias voltage to obtain 

axp (^) 

(dl/dv)ns = S J!:  [  ]  dE .  (3-20) 

:-e\ i  
kT 
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This expression gives the normalized dif ferential conductance for an n-s 

tunnel junction containing a BCS model superconductor. In the fol lowing 

chapter when i t  is stated that we calculated the BCS conductance fol lowing 

Sermon, that calculat ion wi l l  be the numerical evaluation of the above 

integral using the computer program which Bermon has included in his 

manuscri pt.  
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RESULTS AND DISCUSSION 

Introduction 

The electron tunneling data f o r  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, 

g i  ven by 

(di/dv) 
a = . (4-1) 

(dl/dv)^n 

The fol lowing 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 

I  eV I  < A, where A is the energy gap parameter. An extrapolat ion to 

T= 0 of the a vs t  curve, where a is the normalized conductance at zero 
o o 

bias voltage and t  is the reduced temperature T/ T^, did not reach zero 

conductance for most of our junctions. Therefore, the contr ibution to 

di/dv from a paral lel conductance mechanism was subtracted from the data 

before the analysis was attempted. Unless otherwise specif ied, al l  data 

reported in the fol lowing wil l  have been normalized and corrected for the 

presence of paral lel conductance. The uncorrected data are avai lable 
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upon request. 

The analysis of the data must rely most heavi ly on the normalized 

conductance curves themselves. in addit ion, 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 numerical ly this relat ionship 

for a superconductor with a BCS density of states opposite a normal metal.  

The crystal lographic structure of the tunnel junctions was determined 

by examination of standard Laue. X-ray dif fract ion patterns. These data 

indicate that the degree to which the bulk sample (thorium) is single 

crystal in nature has a str iking effect on the conductance curves which 

one obtai ns. 

The most acceptable f i t  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 wi l l  be suggestive 

only. Nevertheless, we wi l l  attempt to show how our results indicate the 

presence of two-gap behavior in single crystal thorium and single-gap 

behavior in polycrystal1ine samples. We also wi l l  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 polycrystal1ine background, 

and 3) those for which the thorium sample was ful ly polycrystal l ine. The 
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X-ray dif fract ion results are given in Table 3; along with the transit ion 

temperatures of the junctions. I t  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 str ict ly poly-

crystal l ine, while the remaining junctions involved thorium which was part

ly single crystal and part ly poiycrystal1ine, with the exception of Au on 

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

Table 3. X-ray dif fract ion results and transit ion temperatures 
for the tunnel junctions 

Juncti  on Ori entat ion Crys tal l ine 
s tate 

T^(K) 

Au on Th No. 1 Mixed^ 1.316 

Au on Th No. 4 1.387 

Au on Th No. 5 [110]b Single 1.394 

Au on Th No. 6 

1 
1 

O
 

Il 
u

 O
-

S ingle 1.385 

Au on Th No. 7 Mixed^ 1.362 

Au on Th No. 8 Mixed^ 1.332 

Au on Th No. 9 Pol y 1.39 

Ag on Th No. 1 Off axis° Single 1.375 

Ag on Th No. 2 [ ioo]b Single 1.335 

^Part ial ly single crystal 

^Within 10° of the axis 

^Approximately 20° from [100], [110], and [ i l l ] ,  axes 
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The plots of vs t  for the tunnel junctions appear in Figures 14-16. 

The sol id curve in each case is that calculated using Equation (3-20) and 

a BCS temperature dependence for the energy gap as tabulated by 

Muhlschlegel (71)• One 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 sol id BCS curve; these 

junctions are the ones for the polycrystal1ine sample (Au on Th No. 9), the 

sample for which we have no Laue pattern (Au on Th No. h), and one of the 

part ly single crystal samples (Au on Th No. 1). In the fol lowing, as a 

matter of convenience, we shal l  refer to these junctions as BCS-l 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 sol id BCS curve. 

The tunnel junctions which wi l l  be discussed in detai l  are three 

which exhibit  the three types of behavior displayed in Figures 14-16. 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 

referr ing to these and similar curves, we wi l l  cal l  the region between the 

symmetric maximum points the gap region, and we wi l l  label the regions of 

the maxima the shoulders of the di/dv trace. Although there are dif fer

ences in shape in the shoulder regions for tunnel junctions of a given 

type, they al l  do exhibit  the same vs t  dependence and al l  lowest 

temperature traces fal l  very close to the same curve in the gap region. 

Furthermore, general characterist ics of a given junction, such as relat ive 
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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 detai l ,  since these 

curves were taken as representative of al l  the tunnel junctions within 

that type. The traces for Au on Th No. 6 in Figure 17 correspond to the 

single crystal junctions l isted in Figure 14; the Au on Th No. 7 curves in 

Figure 18 are representative of the part ly 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-l ike junctions (Figure 16). 

D i  scuss ion 

Several thin f i lm tunnel junctions were measured to establ ish our 

abi l i ty to evaporate thin f i lms successful ly, and to veri fy the proper 

operation of the electronic detection system. The value of the reduced 

energy gap parameter of aluminum as obtained from an Al-AlgO^-Pb junction 

is shown in Figure 20. The value of the gap parameter was determined 

from the sum and dif ference peaks of the Pb and A1 gap contr ibutions 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 Al-Al^O^-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 cal ibrat ion procedure used for the tunneling bridge appears to be 

val id, since both of the above junctions showed the expected value of zero 

conductance at lowest temperatures. The l inearity of the bridge had been 

checked previously, so the above results establ ished the satisfactory 
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operation of the electronics. Specif ical ly, this showed that the paral lel 

conductance which was observed in the case of the thorium tunnel junctions 

was not due to spurious electr ical measurements. 

The origin of the paral lel 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 paral lel with the 

tunnel junction is that the corrected data show consistent behavior. The 

fol lowing relat ion was used to correct the data to obtain the normalized 

conductance of a tunnel junction: 

(di/dv) -  (di/dv),,  
a = ;  (4-2) 

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

where (di/dv),,  is the estimated paral lel conductance contr ibution. The 

value of (di/dv),,  for each junction is given in Table 4. I t  is seen from 

the table that the value of the correction was dif ferent for each junction, 

and yet the corrected results for each type of junction l ie close to a 

single vs t  curve. Figure 21 is a comparison of normalized conductance 

curves before and after the paral lel 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 metal l ic shorts through the junction oxide often is 

suggested as a cause for the excess conductance of tunnel junctions. 

Marcus (44) and Rowel 1 and Feldmann (73) have presented evidence for the 

existence of such metal l ic shorts in superconductor-superconductor tunnel 
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junctions, and while their arguments are related to superconducting 

bridges, the possibi l i ty 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 si lver for the cross-

evaporated f i lm. We tr ied aluminum, t in, indium, and lead, and in al l  

Table 4. Paral lel conductance corrections for the tunnel junctions 

Junction (di/dv),,  

approx 0.15 

0.190 

0 . 0  

0.099 

0 . 3 1 1  

0.659 

0.148 

0.168 

0.832 

Au on Th No. 1 

Au on Th No. 4 

Au on Th No. 5 

Au on Th No. 6 

Au on Th No. 7 

Au on Th No. 8 

Au on Th No. 9 

Ag on Th No. 1 

Ag on Th No. 2 

cases the resistances of the junctions never fel l  below 10 kQ. This sug

gests that the gold and si lver (heavier atoms with higher energies asso

ciated with a higher melt ing point) may penetrate part way into the oxide. 

Such penetrat ion would reduce the effect ive oxide thickness, thus in

creasing the probabil i ty of tunneling, but i t  could also lead to metal l ic 

shorts through the oxide. 

Zel ler and Giaever (74) have embedded small  t in 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 t iny spheres went superconducting. 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 i t ,  

the possibi l i ty 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 S hen (39) does not report on the 

magnitude of the effect in his experiments, MacVicar and Rose (35) state 

a cr i terion 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 paral lel conductance pres

ent in that junction was approximately 0.10, of the same magnitude as the 

corrections made in this experiment. 

The paral lel conductance correction was chosen to be that value of 

(di/dv),,  in Equation (4-2) which caused the 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 extrapolat ion, and this 

is the major uncertainty associated with the conductance values. One can 

estimate the size of the conductance uncertainty associated with the 

paral lel conductance correction by examining Equation (4-2). The quanti ty 

(di/dv)is always very close to 1.00. The possible error in the con

ductance values is least when (di/dv)is large and (di/dv),,  is small ;  

the possible error is greatest when (di/dv)is small and (di/dv),,  Is 
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large. Therefore the uncertainty due to the conductance corrections wi l l  

be largest at lower temperatures and for junctions having the largest 

corrections; the uncertainty wi l l  be smallest at higher temperatures and 

for the junctions with the least paral lel conductance corrections. The 

error bars shown in Figures 14 and 15 represent typical estimated uncer

taint ies for a paral lel conductance correction of 0.20. 

A theoretical f i t  to the data must reproduce both the vs t  and the 

normalized conductance curves in their entirety at al l  temperatures. The 

approach taken was f i rst to f ind calculated curves which could f i t  the 

vs t  graphs and second to use the f i t  parameters in the calculat ion of 

conductance curves over the range of experimental dc bias. The curves of 

Figures 14 and 15 could not be f i t ted using a single energy gap with BCS 

temperature dependence. Therefore, the SMW notion of two energy gaps 

was adopted as a guide. 

The ini t ial  work was done with the conductance minimum curve for the 

single crystal junctions (Figure 14). As a f i rst step, two dif ferent 

energy gaps wi th BCS reduced temperature dependence and a common T^ were 

used. This common transit ion temperature was assumed since the Vgj = 0 

l imit (giving two dif ferent transit ion temperatures as shown In Figure 1) 

seemed physical ly unreasonable. Al l  of the attempts fai led to yield a 

good f i t  to the conductance minimum curve for these single crystal junc

t ions. 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, i t  was not possible to achieve suff icient curvature by this 

method to match the experimental conductance minimum curve. 
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Next, a f i t  to the data was attempted using two energy gaps with two 

transit ion temperatures, both of which had BCS temperature dependence. The 

shapes of the vs t  curves were reproduced much better using this ap

proach, and the closest f i t  was obtained for energy gap parameter values 

of 0.190 and 0.090 meV, and for an equal contr ibution from each gap. How

ever, this calculated vs t  curve showed too much curvature in the region 

of the transit ion temperature for the smaller gap. The two-band theories 

(15,29) suggest that the larger gap does not change markedly with increas-

ing j  for pure samples (I5) or with increasing impurity concentrat ion for 

impure samples (29). Hence, as a f inal 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 

f i t  to the 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 dif ferential conductance curves 

corresponding to these values of the energy gap parameters, and this was 

done using a modif ied version of Bermon's (70) computer program which cal

culates dif ferential conductance curves based on the BCS density of states. 

As was mentioned previously, the normalized conductance traces are very 

similar for al l  single crystal samples and were calculated only for the 

experimental temperatures of junction Au on Th No. 6. The f i ts at four 

representative temperatures shown in Figure 23 are quite good within the 

energy gap region but show some deviat ion in the region of the shoulders 

(the deviat ion in the shoulder region wi l l  be discussed in more detai l  
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later). The str iking fact is that the f i ts are of nearly the same accuracy 

at al l  temperatures. 

Figure 22 indicates that the second energy gap goes to zero at a 

transit ion temperature near 1.0 K, while i t  is more reasonable physical ly 

for the second gap to have a high temperature tai l  extending to t  =1 as is 

shown by curve B in Figure 1. I f  the second gap fol lowed this type of 

curve ( indicated by the sol id 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 uncertaint ies, i t  is impossible to state definitely 

whether or not a second transit ion temperature should be present with 

the second gap. 

The gap mixing rat io of 1 :  1 was retained and a similar f i t t ing pro

cedure was attempted on the conductance minimum curve of the part ly single 

crystal junctions shown in Figure 15» The conductance minimum curve for 

these junctions was f i t ted using energy gaps shown in Figure 24, with the 

calculated conductance minimum curve shown by the dashed l ine 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 f i t .  

The entire dif ferential conductance curves then were calculated and the 

quali ty of the f i ts to junction Au on Th No. 7 was similar to that ob

tained for the single crystal junctions. The f i ts at four temperatures 

are shown in Figure 2$. 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-l ike 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 polycrystal l ine, or nearly so, and 

the results resemble the case of a single energy gap in the strong inter-

band coupling l imit discussed by SMW (curve A in Figure 1). 

The analyses which have provided the best f i ts to the tunneling data 

have shown a surprising correspondence to the predict ions of SMW for dif

ferent values of ^ in a pure superconductor. In addit ion, a correlat ion 

appears to exist between the crystal l ine state of the bulk sample and the 

three types of observed tunneling characterist ics, although an explanation 

for this correlat ion is not immediately evident. 

The analysis in terms of two energy gaps which suggest two dif ferent 

transit ion 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 being zero or 

very small  in the SMW theory; also, unless the two gaps have these dif fer

ent temperatures dependences a reasonable calculated f i t  to the data can

not be obtained. 

One part ly and one wholly polycrystal1ine 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

l ing l imit with Ng = N^ in the SMW theory. I 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 f i t  the part ly 

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 coincidental.  The energy gap dependence in the moderate interband 

coupling case should l ie between curves B and A in the f igure, and the 

posit ion of curve C is only one of a large number of possibi l i t ies. I f  

poiycrystal1inity introduced scattering, one would expect the smaller 

energy gap to increase and the larger gap to decrease towards a common 

l imit ing value (75). The smaller gap does not increase with polycrystal-

1ine structure, and the larger gap does increase, so that an analysis in 

terms of impurity effects seems inadequate for these part ly single 

crystal samples. 

In the SMW theory is a microscopic quanti ty which is related to 

the local coupling between s and d electrons, and one does not expect i t  to 

be changed signif icantly by the presence of grain boundaries. Furthermore, 

the SMW theory considers only the case of pure samples, and i t  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 i t  could account for single 

energy gap behavior in the polycrystal1ine case, seems unable to explain 
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the case of the part ly single crystal tunnel junctions. We cannot suggest 

other explanations and are forced to present our results without an 

accompanying satisfactory explanation for them. 

The correlat ion between crystal l ine structure and the three types of 

tunneling behavior observed is complete with the exception of one part ly 

single crystal junction which shows BCS-l ike characterist ics. 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 

dif fract ion has been given by Cull i ty (76)), and one can argue (though not 

strongly) that polycrystal l ine regions in a sample tend to predominate near 

the surface (77), so that in this case i t  would be possible for tunneling 

electrons to see a str ict ly polycrystal l ine sample while the deeper pene

trat ion of the X-rays al lows them to see both single and polycrystal l ine 

regions. This could be a possible explanation for the BCS-l ike tunneling 

behavior of one of the part ly single crystal junctions. 

The penetrat ion into the bulk sample by the tunneling electrons is 

much less for the transit ion elements than for many other metals (43), and 

this is the reason why surface purity is cr i t ical to the preparation of 

good tunnel junctions on these elements. This fact also serves to reem-

phasize the dif f icult ies in obtaining trouble-free tunneling data on the 

trans i t ion metals. 

There are a number of dif f icult ies associated with the analysis of 

the data. One must consider the deviat ion of the data from the calculated 

conductance curves in the shoulder regions (see Figures 23, 25, and 27). 

Deviations from BCS predict ions in the shoulder regions are common in 
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tunneling measurements, even in the case of simpler metals than the transi

t ion elements. Such deviat ions were seen in the early measurements by 

Giaever, Hart,  and Megerle (11), who postulated that the effect was due to 

a smearing of the energy gap. i t  would not be surprising that effects 

other than thermal smearing could inf luence the singulari ty in the density 

of  states at  the gap edge.  Anisotropy in  the energy gap might  produce a 

broadening of the shoulders. A sl ightly energy-dependent gap parameter 

could produce such deviat ions also, but the effect must be regarded as 

JO-

not ful ly explained. 

The reason for analyzing the data primari ly 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 contr ibute to the conductance, 

i t  is very dif f icult  to estimate the contr ibution to the conductance of the 

separate energy gaps unless one has a detai led 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 easi ly to 

values of the energy gaps via Sermon's calculat ions. The minimum of the 

conductance curve is therefore the most convenient parameter to use as a 

stepping-stone towards the calculat ion of entire conductance curves. 

The equal weighting of the two gaps in our data analysis was arr ived 

at after a large number of attempts in which parameters such as energy gap 

magnitude, transit ion temperature, and relat ive contr ibution of the s and 

d bands were varied over a large range. The best f i t  to the conductance 

curves and the conductance minimum curves dictated a relat ive contr ibution 

of 0.502 for the d band and 0.498 for the s band (this does not imply 
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equali ty of the thermodynamic densit ies of states, and N^). 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 

electronic configuration of 4d^ 5s\, indicates that << N^. The outer 

2 2 
electronic configuration of thorium is 6d 7s ,  and in view of this fact, 

one might expect thorium to have a larger value of N^/ than is suggested 

for niobium. I t  also is possible that tunneling selection processes result 

in a much higher value of than would be observed in measurements of 

thermodynamic variables. 

The results of this experiment suggest that i f  the SMW two energy gap 

theory is applicable to thorium, i t  applies only to single crystal samples. 

Experiments on other transit ion metals which indicate the presence of a 

second gap have been done on single crystal samples almost without excep

t ion. This is true of the thermal conductivi ty data on niobium due to 

Carlson and Satterthwaite (27), the specif ic heat measurements on niobium, 

tantalum, and vanadium by Shen, Senozan, and Phi l l ips (23), and the elec

tron tunneling measurements on niobium by Hafstrom and MacVicar (37). The 

only exception to the single crystal cr i terion is the specif ic heat data 

of Shen et on a po1 ycrystal 1 ine 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 al l  previous experimental data on thorium have 

been obtained using polycrystal1ine samples, no direct confirmation of our 

results is possible. The normal state resist ivi ty data of Peterson et al.  

(49) do suggest that thorium is a two-band metal.  Their low temperature 
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3 5 3 
data display a T temperature dependence, which is close to the T de-

3. 5 
pendence predicted for the resist ivi ty of an s-d band metal.  This T 

dependence is not evident in the published paper (49) because of the large 

temperature range over which the data were plotted, so a low temperature 

plot of the data is shown in Figure 28 to i l lustrate i t .  This result 

general ly supports our two-band analysis of thorium. 

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

in polycrystal1ine rods of thorium. An expression for the anisotropy 

2 
constant (a > is given by the relat ion 

<a^ = ^ (4-3) 

>L 

where 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, 

2 
and a variat ion in A of this magnitude gives a value of (a )= 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 (a )= 0.021 was obtained by 

Anderson et a_[.,  however this result was obtained by using the theory of 

Markowitz and Kadanoff ($4), which was not designed to treat large amounts 

of anisotropy. The Anderson ^  value may be an underestimate and the 

2 
correct value may l ie between the two values of (a )  suggested above. 

I t  is dif f icult  to draw conclusions from the thermal conductivi ty 

data for thorium obtained by Cappellett i  and Finnemore (5?). The BCS 

theory was extended by Bardeen, Rickayzen, and Tewordt (BRT) (55) to a 

treatment of thermal conductivi ty, and the thorium data do not fol low the 



62 

BRT curve. The data l ie close to the BRT curve (for a superconductor with 

a transit ion temperature of 1.36 K) near but l ie above i t  for al l  

temperatures below 0.9 T^. This sort of behavior is to be expected for a 

superconductor with an anisotropic energy gap, since the contr ibutions due 

to a smaller gap tend to dominate at low temperatures. The samples used 

by Cappellett i  and Finnemore were definitely polycrystal l ine, so we do not 

expect anisotropy effects as large as those observed for our single 

crystal samples. 

Cri t ical f ield data on thorium due to Decker and Finnemore (52) l ie 

within 0.3% of the BCS predict ion on a standard plot of the deviat ion from 

a f iducial parabola. These data were obtained from two samples with 

resist ivi ty rat ios 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 l i terature. We examined the sample with the lower resist ivi ty rat io 

under a microscope and found the grain sizes to be approximately 0.02 mm. 

In addit ion, the high resist ivi ty rat io sample, which was 3 mm in diam by 

25 mm long, should have contained crystal l i tes with dimensions no larger 

than 1 to 2 mm (77). in view of the fact that the grain sizes in the 

high resist ivi ty rat io sample could be close to the same size as the area 

of our tunnel junctions, one might expect some degree of two-gap behavior. 

In fact, a calculat ion of the electronic specif ic heaL using the observed 

cr i t ical f ield curves does show a suggestion of an extra contr ibution to 

the specif ic heat around T= 1 K, which is the same temperature as the 

apparent transit ion temperature of the second gap in part of our 

data analysis. 
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Clem (75) has calculated the cr i t ical f ield curve for a superconductor 

having two energy gaps and two transit ion temperatures appropriate to our 

single crystal samples (^5 ~ 0-5 and ^0.5 and = N^. This cal

culat ion may be appropriate to a superconductor for which our analysis 

(of the single crystal junctions) is val id. in the calculat ion, the 

maximum deviat ion from the BCS single gap predict ion comes at a reduced 

temperature of approximately O.5 and should be about 5% (a very large 

effect).  This was not observed for Decker and Finnemore's samples, and 

this suggests that is not equal to for thorium. Specif ic heat data 

on single crystal thorium would help to answer a number of the questions 

which our work has introduced. 
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CONCLUDING REMARKS 

The results of this experiment strongly suggest that thorium does 

not have an isotropic energy gap. I t  has been shown that other experi

mental data on thorium are consistent with a two-band electronic structure, 

similar to the transit ion 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 correlat ion between apparent two energy gap behavior 

and the crystal l ine structure of the sample. Single crystal samples seem 

to show a strong two-gap effect, while polycrystal1ine samples display 

single energy gap BCS-l ike characterist ics. This correlat ion 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 specif ic 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 intrabend l imit (V ^=0); Curve 
8: A for weak interband coupling; Curve C: A^ for moderately strong 

interband coupling 

» 



DUMBBELL 
< l l l >  

HOLE CUBE 

r< LUNGS 

<IIO> 

<I00> 

Figure 2. Fermi surface of thorium 
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current-voltage characteristics for three cases: (a) Both 
metals in the normal state; (b) One metal normal and one 
metal superconducting; (c) Both metals superconducting 
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Figure 14. Temperature dependence of for the single crystal tunnel junctions 
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Figure 15. Temperature dependence of a for the partially single crystal tunnel junctions 



1.0 

0.8 

1 I 

C 
c 

I 0.6 
T3 

I 

0.2 

— BCS 
Û JUNCTION Au ON Th No. I 
0 JUNCTION Au ON Th No. 4 
o JUNCTION Au ON Th No. 9 

0 0.2 0.4 0.6 0.8 1.0 
. REDUCED TEMPERATURE (T/Tc) 

Figure 16. Temperature dependence of for the BCS-like tunnel junctions 
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Figure 17. Normalized conductance curves for a single crystal 
tunnel junction (Au on Th No. 6) 
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Figure 18. Normalized conductance curves for a part ial ly single 
crystal tunnel junction (Au on Th No. 7) 
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Figure 1 9 .  Normalized conductance curves for a BCS-Iike 
tunnel junction (Au on Th No. 4) 
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Figure 20. Energy gap data for aluminum 
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Figure 21, I l lustrates the effect of the paral lel conductance 
correction (Ag on Th No. 1, T= 0.384 K; (di/dv),,  = 0. 
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Figure 22. Energy gaps used to f i t  data for a single crystal 
tunnel junction (Au on Th No. 6) 
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Figure 23. Comparison of the data (open circles) and the calculated 
curves for a single crystal tunnel junction (Au on Th No. 
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Figure 24. Energy gaps used to f î t  data for a part ial ly single 
crystal tunnel junction (Au on Th No. 7) 
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Figure 25- Comparison of the data (open circles) and the calculated 
curves for a part ial ly single crystal tunnel junction 
(Au on Th No. 7) 
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Figure 26. Energy gaps used to f i t  data for a BCS-l ike tunnei 
junction (Au on Th No. 4) 
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Figure 27. Comparison of the data (open circles) and the calculated 
curves for a BCS-l ike tunnel junction (Au on Th No. 4) 
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Figure 28. Low temperature resist ivi ty of pure thorium 


