
Chapter 15 

Superconductors 

Research on superconducting materials began with the discovery of super
conductivity by Kamerlingh Onnes at Leiden in 1911. Onnes and his col
leagues observed that the electrical voltage across a wire of solid mercury car
rying an electric current dropped abruptly to zero at a characteristic tempera
ture, Tc, of 4.2K. The phenomenon was observed by him in other metals at 
other Tc's, and has since been seen in many metals and compounds. At Bell 
Laboratories the materials effort has resulted in contributions along three 
different lines: the discovery of a large number of superconductors, the 
increase in Tc, the onset of superconductivity temperature, and the discovery 
that some superconducting compounds and alloys have very large current
carrying capacity at high magnetic fields. These advances in superconducting 
materials provided continuous challenges to those with primary interest in the 
microscopic theory of the phenomenon of superconductivity, and led to the 
explanation of such physical phenomena as the absence of the isotope effect in 
ruthenium, the high currents measured in the superconducting Nb3Sn, or in 
trends of Tc with electron-per-atom ratio across the Periodic Table, as dis
cussed in Chapter 9, section I. 

I. NEW SUPERCONDUCTING ELEMENTS, ALLOYS, AND COMPOUNDS 

In 1955, B. T. Matthias showed empirically that there is a correlation 
of Tc with the average valence electron per atom ratio of a supercon
ducting element or alloy.1 [Fig. 15-1] He pointed out that Tc has max
ima near 5 and 7 electrons per atom and a minimum at 6. Use of this 
"rule" and his extensive knowledge of the properties of atoms in the 
Periodic Table enabled Matthias subsequently to discover many super
conducting materials. The efforts of Matthias, T. H. Geballe, and their 
coworkers doubled the number of known superconductors in the 1959 
to 1972 period.2 Intermediate-phase crystal structures favorable for 
superconductivity were identified and classified.3 The role of localiza-
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Fig. 15-1. Superconducting transition temperatures of compounds 
with the "beta-tungsten" structure as a function of valence electrons 
per atom. In this crystal structure, which is particularly favorable 
for the occurrence of superconductivity, the transition metal atoms 
(e.g., Nb, Mo) form long chains that interlace the structure. 
[Matthias, Phys. Rev. 97 (1955): 75]. 

tion and virtual bound states and of charge transfer in d- and f- band 
compounds and alloys was explored.4'5 

· 
A number of novel systems were also shown to be superconducting, 

for example, the layer compound formed by introducing alkali metals 
between the layers of a g;raphite crystal, as suggested by N. B. Hannay 
in 1965.6 This research showed that the "first-stage" compounds with 
alternating carbon-alkali metal layers were superconducting, whereas 
the electrically more nearly two-dimensional higher-stage compounds 
(with adjacent carbon layers) were not. Observations that alkali
metals could be reversibly intercalated between the layers of MoS2, a 
semiconductor, and could result in superconducting compounds led 
Geballe, F. Gamble, and F. J. DiSalvo, then at Stanford University to 
discover a large numb1er of new, superconducting, layered com
pounds. The intercalation of involving large organic molecules into 
TaS2 resulted in superconductors with large, anisotropic, two
dimensional properties. Studies of the intercalation of alkali-metals 
also led to the development of new materials for storage batteries by 
Gamble and coworkers at Exxon Corporation, and by DiSalvo, 
D. W. Murphy, and coworkers at Bell Labs. 

In 197'1, R. Chevrel alt Rennes, France, discovered a new class of 
true ternary compounds, MMo6S8 and MMo6Se8, where M is a third 
element such as lead, tin, or copper? Shortly thereafter, Matthias and 
coworkers showed that many of these compounds were superconduc
ting with high (up to 1SK) transition temperatures.8 0. Fischer and 
his group at Geneva found that these compounds maintained their 
superconductivity at fields as high as 600 kilogauss (kG).9 This 
discovery of superconductivity and high critical fields in true ternary 
compounds created a flurry of activity in this area. 
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In 1977, Matthias, E. Corenzwit, and coworkers discovered a second 
class of ternary compounds based on the general formula MRh4B4, 

where M was a transition or rare earth element.10 These compounds 
showed either magnetism or superconductivity; one unique com
pound, ErRh4B4, displayed the properties of both. When the tempera
ture was lowered, the material first became superconducting at 8.5K 
and, as the temperature was lowered further to 0.95K, it became fer
romagnetic and lost its superconducting properties. The subtle inter
play of superconductivity and magnetism displayed in this compound 
stimulated further research in this field. A new family of ternary rare 
earth, rhodium stannide compounds, exhibiting either superconduc
tivity or magnetic ordering, was discovered and prepared in 
single-crystal form by J. P. Remeika and coworkers in 1980. One of 
these compounds, erbium rhodium stannide, is both superconducting 
Uc - 1.3K) and magnetic (T -O.SK).U 

II. INCREASE IN THE TEMPERATURE OF ONSET OF SUPERCONDUC
TIVITY 

The maximum known Tc advanced steadily following the discovery 
of superconductivity in mercury in 1911. In 1952, Hardy and J. K. 
Hulm at the University of Chicago investigated superconductivity in 
the intermetallic compounds of transition metals with silicon or ger
manium. They observed that the crystal structure similar to that of fJ
tungsten appeared favorable for superconductivity, and that V 3Si, one 
of these "fJ-tungstens," had a Tc of 17K. Matthias also pursued super
conductivity in this structure and in 1954, with Geballe, S. Geller, and 
Corenzwit, reported that Nb3Sn was superconducting at 18K.12 

Early work by A. M. Clogston and V. Jaccarino on the Knight shift 
and susceptibility on fJ-tungsten materials required that the Fermi 
level intersect an extremely narrow peak in the electronic density of 
states.13 Most subsequent thinking about these materials has incor
porated these ideas. It has been found that increasing Tc above 18K 
required flirting with crystalline stability. By quenching the melt 
onto a cold substrate, Matthias and coworkers were able to change the 
transition temperature of Nb3Ge, which is normally very sharp around 
6K, to a broad transition starting at 17K.14 They attributed the increase 
in Tc to the approach to the ideal 3:1 stoichiometry and predicted 
further increase if the ordering of the niobium and germanium atoms 
on their respective lattice sites were more nearly perfect. On the 
other hand, R. H. Willens and coworkers increased the Tc of Nb3Al to 
18.8K after a special preparation that involved an exothermic reaction 
between niobium and aluminum powder.15 Geballe, Corenzwit, and 
Matthias experimented with a mixture of various ratios of Nb3Al to 
Nb3Ge. They narrowed down this mixture to 80 percent Nb3Al and 
20 percent Nb3Ge after hearing that work by scientists in the Soviet 
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Union showed that such a mixture had a higher Tc than either of the 
two starting compounds. In 1967, this led to the synthesis of the first 
superconductors with Tc above the boiling point of hydrogen 
(20.4K).16 In 1973, Gavaler at the Westinghouse Electric Company 
discovered that Nb3Ge films could be prepared by sputtering to pro
duce Tc above 22K. This was almost immediately confirmed by L. R. 
Testardi, J. H. Wernick, and W. A. Royer, who prepared Nb3Ge films 
with an onset of the transition ~ust above 23K, the highest transition 
produced as of the early 1980s.1 

Testardi reasoned that if a superconducting material could be 
prepared jln the vicinity of a structural transition and metastably 
maintained in that atomic: configuration, it should exhibit a supercon
ducting Tc. [Fig. 15-2] Working with J. J. Hauser, Testardi verified 
this nov1el idea by preparing thin films of molybdenum-rhenium 
alloys at different deposition temperatures. When the deposition tem
perature was close to the structural transformation temperature of the 
alloy, thE! resulting metastable films exhibited superconducting Tc of 
approximately 15K, more than twice the bulk value.18 This discovery 
set the search for high-temperature superconductors off in a new 
direction. Testardi, toge·ther with Wernick and Royer, discovered 
dozens of new metastable· phases-including some with other remark
able properties, such as corrosion resistance and hardness exceeding 
that of any known metal.19 In 1975, the use of epitaxial growth to sta
bilize high-Tc superconducting compounds, in particular Nb3Ge and 
Nb3Si, was suggested by C. K. N. Patel and P. K. Tien, and by 
Geballe.20 A study carried out by A. H. Dayem, Geballe, and cowork
ers from Stanford Univ,ersity showed that it is possible to use a 
polycrystalline film (for example, a Nb3Ir film) as a substrate for the 
epitaxial growth of a second film (for example, Nb3Ge) whose lattice 
matches that of the substrate.21 The study also demonstrated that this 
epitaxial growth can extend the phase boundaries of a given crys
talline structure far beyond its boundaries in thermodynamic equili
brium. 

III. HIGH··FIELD SUPERCONDUCTORS 

The high-field behavior of Nb3Sn was ignored for approximately 
five years after its high Tc was determined, probably because earlier 
attempts t:o manufacture superconducting magnets had failed and 
because it generally had been assumed that critical fields and super
conducting currents would only increase in proportion to Tc. How
ever, in 1960, R. Kompfner, while visiting M.I.T.'s Lincoln Labora
tories, observed the performance of a superconducting solenoid mag
net wound with niobium and used by S. H. Autler for a solid state 
maser. It produced a ma~~netic field of 4.3 kOe. Kompfner's report of 
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Fig. 15-2. The contribution by Bell Labs scientists to the 

increase in the maximum superconducting transition 

temperature, Tc, is indicated by the squares. The 

superconductor Nb3Sn became the most important material for 

use in superconducting magnets, giving fields of ISO kG. The 

Nb3Al0.75Ge0.25 superconductor was the first material that 

reached a Tc above the boiling point of hydrogen (20.4 K). 

Despite intensive research in many institutions, as of 1981 no 

material with a Tc higher than that of Nb3Ge had been 

reported. 
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this observation to Matthias and others at Bell Labs stimulated further 

research on superconducting materials. With a ductile alloy of 

Mo75Re25 prepared by E. Buehler and drawn into wire form by the 

Chase Brass Company in New York, J. E. Kunzler [Fig. 15-3] produced 

useful super currents yielding magnetic fields up to 15 k0e.22 This 

coil of Mo-Re alloy was coated with gold, which facilitated the draw

ing process and helped in electrically stabilizing the superconducting 

coil by protecting it from destruction should the material be inadver

tently overloaded and return to the normal state. The coil was the 

subject of a patent granted to Geballe.23 
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Fig. 15-3 . In 1960, J. E. Kunzler discovered that some 
superconducting wires (for example, Nb3Sn) can carry electric 
currents up to 105 amps/cm2 at magnetic fields as high as 88 kG . 

The use of the Mo-Re alloy did not lead to superconducting 
currents at fields greater than 18 kG. However, a big increase in both 
field and current-carrying capacity was obtained by Kunzler when 
brittle Nb3Sn was produced in wire form by reacting niobium and tin 
in niobium tubes. The discovery of "high-field superconductivity" 
took place late in 1960 when Kunzler and coworkers showed that at 
4.2K the Nb3Sn wires had critical current densities of 105 amps/cm2, 
which was 50 times those of the bulk ingots, at magnetic fields as 
high as 88 k0e.24 [Fig. 15-4] Later specific heat measurements on simi
lar materials by F. J. Morin and coworkers showed that a very lar~e 
fraction of the sample remains superconducting in these high fields . 5 

[Fig. 15-5) The somewhat arbitrary figure of 88 kOe arose from the fact 
that it was the highest magnetic field that could be attained at Bell 
Labs in J. K. Galt's Bitter-type solenoid, an apparatus he had acquired 
because he thought that it was important to have a state-of-the-art, 
high-field magnet available in any basic research institution. 

The excitement surrounding the discovery of such high critical 
fields in Nb3Sn can be partially sensed by reading the account given 
in the paper "The Road to Superconducting Materials" by Hulm, 
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Fig. 15-4. Critical current vs. applied magnetic field for niobium-clad cores of 

Nb3Sn. The outside diameter of the cores was about 0.015 em, and that of 

the niobium jackets was about 0.038 em. The "+IO%Sn" in the table legend 

means 10 wt.-percent more tin than is required to form Nb3Sn, assuming no 

reaction with the niobium tube. The magnetic field was perpendicular to the 

direction of the current. Each experimental point represents the maximum 

current, at the value of magnetic field indicated, for which no· voltage drop 

along the sample was observed-the smallest detectable voltage being a few 

hundredths of a microvolt. (Kunzler et al., Phys. Rev. Lett. 6 (1961): 91). 

511 

Kunzler, and Matthias where they give details of the "scotch bet," 

which was paid at the rate of one bottle for every 3 kOe over 25 

k0e.26 At a celebration party following the discovery, G. Indig 

prompted Matthias to write down other ductile magnet materials, 

which he did on the inside cover of a matchbook. Among these were 
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Fig. 15-5. The heat capacity of the superconductor V3Ga, in 
fields of 0, 40, and 70 kG. The dashed line represents the 
extrapolated behavior expected for the normal state based on 
measurements above the critical temperature (14.66K). The 
persistence of the peak in the heat capacity in such high 
magnetic fields and the smallness of the intercept at OK are 
evidence that a large degree of superconductivity remains in 
high magnetic fields. This experiment eliminated the 
possibility that at high fields such materials exhibited 
superconductivity only in filaments. [Morin et al., Phys. Rev. 
Lett. 8 (1962): 2751. 

NbZr and NbTi alloys, which were the basis of a valuable patent, as 
NbTi has been the most important magnet material for two decades. 

The discovery that specific-heat measurements of Nb3Sn showed it 
to have the largest known linear coefficient in temperature-dependent 
specific heat imparted a special urgency to a complete understanding 
of high-field and high-temperature superconductors. Kunzler, 
Buehler, and F. S. L. Hsu worked to fabricate an ultrahigh-field 
(greater than 100 kOe) superconducting magnet based on Nb3Sn. The 
techniqu'e of Nb3Sn core wire was developed, and magnets operating 
at 70 kOe were soon alchieved. These Nb3Sn magnets are often 
wound flrom a pre-reacted multifilamentary wire, but for some appli-
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cations the magnet is wound before the Nb3Sn is reacted by the solid 
state diffusion of Nb and Sn, the method pioneered by Kunzler, 
Buehler, and Hsu. 

Many of the high-T, and high-current-carrying superconducting 
compounds have been discovered to be susceptible to radiation dam
age. The T, of several materials that belong to the ,8-tungsten class, 
such as V 3Si, was shown by A. R. Sweedler and coworkers at 
Brookhaven National Laboratory to be sensitive to radiation damage.27 
It was then shown by J. M. Poate and coworkers that there was a 
universality of behavior for superconductors having the same crystal 
structure as V 3Si, subject to a-particle irradiation such that the T, 

drops rapidly at first with increasing dosage and then levels off at 
higher dosage to some low value of T,.28 This final saturated value 
was the same as that obtained if the compound was prepared in the 
disordered state. Similar behavior was also shown to occur in the ter
nary boride compounds by J. M. Rowell, R. C. Dynes, and P. H. 
Schmidt.29 

The impact of superconductivity research at Bell Laboratories has 
been widespread. As mentioned above, NbTi was the material of 
choice for superconducting magnets up to 100 kOe, whereas Nb3Sn 
came to be routinely used up to 150 kOe. In addition to revolutioniz
ing the use of high magnetic fields in research laboratories and at 
national magnet facilities, at the time of this writing, superconducting 
magnets have found extensive use as bending magnets of high-energy 
accelerators, and have become crucial for the production of the high 
fields over large volumes required to confine plasmas to produce 
fusion energy. In Japan, a superconducting magnet was also used to 
levitate a high-speed train. In the 1980s, as this volume was being 
produced, a very rapidly growing application for such magnets has 
been for NMR imaging of the human body, a technique which may 
replace X-ray imaging in some cases. Thus, superconductivity, 
regarded in the early 1960s as an exotic effect occurring at tempera
tures that were impractical commercially, has become the workhorse 
of modern technology. Even electrical power may be generated by 
superconducting machines within the next two decades. 
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