
Physics at low temperatures

The search
for high-temperature
superconductors
Although superconductivity at room temperature will
always remain a pipedream, temperatures as high as 25-30 K are a
realistic possibility and will trigger a technological revolution.

Bernd T. Matthias

Since 1911 superconductivity at room
temperature has been the dream of
scientists and science-fiction writers
alike. Unfortunately for superconduc-
tivity, the boundary between these two
dream worlds has become totally
blurred during the last decade. Still, to-
day, superconductivity at room tempera-
ture together with controlled thermonu-
clear fusion are often mentioned as the
two most important and crucial prob-
lems in physics relevant to the needs of
society. Controlled fusion has now be-
come a distinct possibility, and its prog-
ress over the last twenty years has cov-
ered many orders of magnitude. During
this same time, superconducting transi-
tion temperatures have expanded from a
range of 0.4 K to 16 K to a range stretch-
ing from 0.0002 K to 21 K.1- If this
upper limit could be further increased,
not by another order of magnitude, but
by a factor of as little as 1.2, or as large
as 1.5, superconductivity, while still
far from room temperature, would rev-
olutionize our technology. This revo-
lution would encompass electric power
transmission, electric motors, high-
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field electromagnets, and the metal-
lurgy of magnetic suspensions as a
whole. In this article I will explain why
I believe that this factor of 1.5 is a dis-
tinct possibility. I will also explain why
room-temperature superconductivity
(regardless of a thousand statements by
theorists and an equal number of theo-
ries) is—in my opinion—pure science
fiction.

During the past twenty years a great
many superconductors, both elements
and compounds, have been discovered.
They are all accounted for and classified
in Ben Roberts's excellent compila-
tions.1 Superconductivity was first
observed in elements, and this experi-
ence led the way to higher transition
temperatures in binary intermetallics.
Our work with these systems leads us to
conclude that the only genuine hope of
going to even higher temperatures lies
in turning our attention to ternary sys-
tems.

Here we will limit the discussion to
two groups of superconductors: The ele-
ments and the (relatively) high-transi-
tion-temperature compounds. Ele-
ments are essential to a conceptual
understanding of the occurrence of
superconductivity, while only those
compounds with high transition tem-
peratures and therefore high critical

fields are of interest for technological
applications like magnets, motors, and
transmission lines.

Superconducting elements

Until the early 1960's the supercon-
ducting elements were a minority
among all metallic elements. Con-
sequently, superconductivity was con-
sidered to be an anomalous property.
Since then so many new elements have
become superconducting, at lower tem-
peratures or higher pressures, that by
now most metallic elements are super-
conducting. Thus the question has
reversed from, "Why do some metallic
elements become superconducting?"
to "Why do not all of them become
superconducting?" In figure 1, the
superconducting elements are shown by
the colored squares. When the square
is half filled, the element becomes
superconducting only under pressure,
or in thin films condensed at liquid-
helium temperatures or at temperatures
so low (as in the case of rhodium, 0.2
millidegrees Kelvin) that at present the
critical temperature can be determined
by extrapolation only. When it became
evident that in addition to bismuth,
tellurium also became superconducting
under pressure,4 it was suddenly ap-
parent that all nontransition elements
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in this part of the periodic system, once
they became good metals under pres-
sure, would also become superconduct-
ing. Soon afterwards, the superconduc-
tivity of antimony was also discovered.5

Thus, as early as 1965, the superconduc-
tivity of selenium, germanium, arsenic
and phosphorus were predicted.1' Since
then, all these elements have been found
to be superconducting.71 J. Wittig,
who discovered most of the supercon-
ducting elements under pressure, has
recently found superconductivity in
cerium, barium, yttrium and
cesium." l3 The superconductivity of
cesium dispels for the first time in a
decisive way the theoretically derived
myth that the alkali elements could
show the effect only in the microdegree
range. Thus, generally speaking, most
metallic elements will become super-
conducting except when magnetic
ordering interferes. When I first ex-
pressed this opinion, at the Colgate
Conference, it was met with laughter
and assurances that alkali metals would
never become superconducting." Since
Wittig's recent discovery much of this
laughter can no longer be heard.

Recently, in a review article of our
high-pressure data,' the conclusion was
reached that in elements such as zinc
and cadmium superconductivity would
eventually disappear at very high pres-
sures. In my opinion, this is a rather
naive conclusion based on data below 30
kbar that were then extrapolated to 200
kbar. There will always be new modifi-
cations at higher pressures with higher
transition temperatures, just as the
temperatures for tin and bismuth initi-
ally decrease with pressure but eventu-
ally rise again to 7 K and above.
After all, 25% of the superconducting
elements are superconducting above
10 -' K only under pressure. Many
elements have become superconducting
under pressure, but none has ever lost
this property yet!

For the nontransition elements the
transition temperature never exceeds
7 K and is fairly independent of
the specific electron configuration.
Among the transition elements, the
maximum transition temperature oc-
curs for niobium at 9.5 K, and techne-
tium at 8 K. Aside from a few excep-
tions, maximum transition tempera-
tures for the transition elements and
their solid solutions always occur when
the average number of valence electrons
per atom (e/a) is near 5 or 7. For lan-
thanum, which has only three electrons

but has a virtual or low-lying 4f con-
figuration, the transition temperature
can be raised from 6 K to above 12 K by
the application of 140 kbar of pressure.16

Thus lanthanum (along with uranium,
which has an equivalent 5f situation)
is exceptional.

Solid solutions
The precise locations of highest tran-

sition temperatures in solid solutions
vary somewhat from one crystal struc-
ture to the next, because the maxima
and minima generally do not coincide
with a specific element. Instead, solid
solutions with neighboring elements
determine much more precisely the
exact locations as well as the maximum
obtainable transition temperatures in
these regions. The maxima as a func-
tion of e/a are somewhere between 4.6
and 4.8, and then again between 6.4 and
6.7. Nb-Zr with a transition tempera-
ture close to 12 K and Nb-Ti with a
transition temperature slightly above
10 K are the best examples for the low
e/a side. Mo-Tc compounds with
transition temperatures near 14 K are
the optimum situation for the high
e/a ratio. However technetium still
costs about $100 per gram, and while
cubic Mo-Re with a transition temper-
ature exceeding 11 K is one of the most
ductile materials known, it is not super-
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conducting in fields above 20 kilogauss.
Consequently, Nb-Zr and Nb-Ti have
become technologically the most im-
portant superconducting materials
when one is limited to only the ductile
solid solutions. They are, in contrast
to intermetallic compounds, quite duc-
tile, and wire made from them is there-
fore much easier to use. While the
critical current densities are between
10s and 10" amp/cm-, the critical fields
hardly ever exceed 180-190 kilogauss.
Nb-Ti is advantageous for high current
densities, while Nb-Zr will withstand
higher critical fields.

In superconductivity, just as in ordi-
nary metallurgy, alloys consisting of
several elements are generally better
suited for specific applications than
alloys composed of only two elements.
For wires made of ductile alloys, solid
solutions of elements with an average
valence-electron concentration per atom
of between 4-5 or 6-7 are the only choice
we have at present. The most perfect
solid solutions are of course usually
formed by neighboring elements.
Throughout the whole range of the
transition elements, with one exception,
solid solutions are the only stable com-
binations ever formed by neighboring
elements. The one glaring exception of
this rule is the relation between the
elements of the sixth and seventh
columns. Here neighboring elements,
besides forming extensive solid solutions
with one another, do combine in several
well defined intermetallic compounds,
the crystal structures of which are quite
different from those of their constituent
elements. They belong to three dif-
ferent structure types: the a-Mn,
(3-W, and a structures. Nearly all com-
pounds in these structure classes whose
e/a ratios are between 6 and 7 do be-
come superconducting. The formation
of these compounds between neighbor-
ing elements, for example, Mo-Tc and
W-Re and the nonsuperconducting
Cr-Mn is, as pointed out before, re-
stricted to these fwo columns and can-
not be found anywhere else among the
transition elements. This unique and
intriguing feature indicates immedi-
ately the crucial role of d-electrons for
high superconducting transition tem-
peratures.

While the current band picture is un-
able to explain this behavior, one can
readily understand it on the basis of a
bond picture. In the sixth column, the

I d-shell is half filled and hence quite
stable. It is the most stable configura-

I tion after a filled shell. Any increase in
the number of d-electrons will consider-
ably disturb the stability of this half-

I filled configuration. It is now easy to
; see why there are two maxima for the
j superconducting transition temper-
I ature (see figure 2). The more d-elec-
I trons or holes, the higher the transition
I temperature, and if the half-filled shell

would not intervene, the sixth column
would have had the only (and probably
much higher) maximum in transition
temperature. But instead, the semi-
stability of the half-filled shell appears
as the decisively interfering factor.

Intermetallic compounds
While the formation of compounds

between neighboring elements is thus
severely limited, large numbers of
intermetallic compounds are formed
once the elements are no longer nearest
neighbors in the periodic system. The
number of intermetallic compounds
that are combinations between metals
and metals, or between metals and
nonmetals, is very large. They crystal-
lize in many different crystal structures,
and a great many of them are super-
conducting. The variation of transi-
tion temperature with the average num-
ber of electrons per atom is again very
pronounced, but no longer as clear cut
as for the elements and their solid solu-
tions. In particular, for different
structures the maximum transition
temperatures now occur at quite dif-
ferent electron concentrations. How-
ever, high temperatures are again limit-
ed to a few crystal structures, almost
all of which are cubic.

The prototypes of these structures
are:

rt-Mn /3-W
NaCl Pu,C:i
0-Mn MgCu2
cr-phase

The superconducting behavior as a
function of electron concentration
throughout these crystal systems is
extremely well described in Ben
Roberts's compilations' and other re-

cent accounts.
Just as for the elements, the transi-

tion temperature is determined essen-
tially by the average number of valence
electrons per atom. However, the
actual curves are now quite different.
In #-W there are still two maxima, (see
figure 3), but at electron concentrations
different from those in the elements.
In the face-centered cubic NaCl struc-
ture (see figure 4), only one maximum
exists, and the variation of transition
temperature is the same as that of the
face-centered cubic elements.17 The
e/a ratio for maximum transition tem-
peratures in the latter two structures is
still near 5. In the Pu^Cs structure,,
there is again only one maximum, but
e/a is now slightly below 4.'K Other
structure types such as the MoB- or
ThSi^ show this same behavior of a peak
for the transition temperature at e/a
slightly below 4, but their transition
temperatures never exceed 13 K.lu

High transition temperatures
Transition temperatures above 12 K

are found only in the /3-W, NaCl and
PujCt structures. At present it is im-
possible to find any common feature be-
tween these different structures, except
for two facts: They are all cubic, and
their lattice constants are not too large,
that is, not above 10 A. At present,
of all three groups, only one compound
in the fi-W is of importance in its tech-
nological applications. It is Nb;1Sn
(18 K) discovered in 1954 at Bell Tele-
phone Laboratories. While this com-
pound is intrinsically a very brittle
substance, research on varied methods
has succeeded in combining it with
a ductile base of niobium metal. Mag-
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Stability of half-filled
d-shell interferes with
superconductivity.
Parabola represents
total number of
d-electrons or holes,
colored curves are
transition temperatures.
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nets wound with these NbuSn composite
ribbons easily reach fields in the vicinity
of 150 kilogauss.

For many years, Nb;iSn was also the
superconductor with the highest known
transition temperature. During the last
few years, however, this temperature
was raised to 21 K by the formation of
the pseudobinary /3-W compound;--'"

Nb3(Alo.75Geo.25)

The critical field of this compound is
above 400 kilogauss at liquid-helium
temperatures.-1 No magnets have yet
been built with it, but it is already clear
that magnets of 200 kilogauss and above
will eventually be available in the same
way that 100 kilogauss magnets can be
easily bought today, though they are
still rather expensive. Raising the
transition temperature of a binary com-
pound by adding a third element has
been achieved earlier in the other two
structures: NbN at 16 K was raised to
17.8 K by forming Nb(N,C), and Y2C3
at 14 K was increased to 17 K in the
ternary compound (Y, ThhC^.IH

The increase of the superconducting
transition temperature and the dis-
covery of new superconductors in the
range above 12 K has been a very slow
process, and has so far occurred in only

three places: Bell Telephone Labo-
ratories, Los Alamos Scientific Labo-
ratories, and the University of California
in La Jolla. This is rather surprising in
view of the ever increasingly important
role superconductivity plays in the field
of electric technology. What are the
factors responsible for this slow prog-
ress? First, it is not easy to raise the
superconducting transition temperature
because the metallurgy involved gets
increasingly complicated. Further-
more, there seem to be intrinsic obsta-
cles to high transition superconductors.
And last, but not least, the theory has
failed to show us what direction to fol-
low. To date, it has only succeeded in
leading the experimentalists astray.

Experimentally we have found that
with elements alone, a maximum tran-
sition temperature somewhat above 12 K
can be reached. With binary com-
pounds, the vicinity of 18 K seems to be
the current limit. And through the
formation of pseudobinaries with a
third element, another increase of 3 K
seems to be all we can reach at present
in the three favorable groups. Un-
doubtedly, the transition temperature
of Nb;iAlGe will eventually be raised by
the addition of more elements, but I
don't think that the increase will be

more than a degree or two.
Soon after the empiricism for high

transition temperatures had been for-
mulated in 1954, it became evident that
there is a distinct aversion in nature
to form intermetallic combinations with
elevated superconducting transition
temperatures. If any did form, they
were not very stable. For example the
highest transition temperature of
lanthanum and VjSi above 12 K and
18 K respectively, were found only under
pressure. Nature's aversion to high
transition temperatures, as displayed by
instabilities, can take on many forms.
Only by avoiding them through relying
on the metastability of high-tempera-
ture phases will we be able to raise
transition temperatures in the future.
Let me illustrate this thesis for the
three best known crystal structures:
/3-W, NaCl and Pu2C3.

/3-W: If we could synthesize Nb:!Si
or Zr.iSb in the /3-W form their transition
temperatures might be higher than any
known at present. These compounds
crystallize instead with an a-axis of the
correct dimensions for the cubic symme-
try but a c-axis that is almost exactly
twice the value of the a-axis. This
structure is now tetragonal and no long-
er superconducting above 1 K. When
high transition-temperature compounds
do form in the /J-W structure, such as
Nb.iSn, Nb3Al or V3Si, they are no longer
stable at the superconducting transition
temperature. They usually undergo a
martensitic transformation at temper-
atures above the superconducting
transition. The structure is again now
tetragonal, but with a c/a ratio very
close to unity. Consequently, the
superconducting transition no longer
disappears entirely but is lower by 6-10
K than for the cubic modification.--

In the Pu2C:1 structure a combina-
tion of high pressures and high temper-
atures is required even to form most of
the compounds.

And in the NaCl lattices the inter-
stitial compounds hardly ever occur in
the correct, or stoichiometric 1:1, ratio;
any deviation from this ratio results in
a precipitous drop of transition temper-
ature.-1

New methods of low-temperature
synthesis, improved annealing tech-
niques for increasing the ordered ar-

3 4 5 6

VALENCE ELECTRONS PER ATOM

Transition temperatures versus valence
8 electrons/atom for /3-W type compounds.

Figure 3

26 PHYSICS TODAY / AUGUST 1971



10

9= 1.0

1
LU

g
^ o.i

0.01

: rangement, and a continued emphasis
i on the discovery of cubic structures
; following the e/a conditions outlined
I above will definitely raise the super-
i conducting transition temperatures
I further. At the same time, the in-
| stabilities will increase further and will

have to be overcome by relying on the
\ metastability of the high-temperature
•. phase.

Those who have been unwilling to
| accept the necessity of dealing with

these instabilities have had problems
of their own. Organic structures with
preferred directions have been adver-
tised as possibly superconducting at
room temperatures.-4 Here the stum-
bling blocks have become now clear and
evident. The compounds, instead of
becoming superconducting metals,
turned into ferroelectric semiconduc-
tors-5 as had to be expected for arrays
with a single preferred direction. Once
upon a time, high-temperature super-
conductivity was also anticipated in hot,
dense plasmas.26 However, long before
these hypothetical states had been
achieved, the systems had ceased to be
stable. Then it was found that alumi-
num films became superconducting
somewhat above 5 K compared to the
bulk temperature of near 1 K. Even-
tually the theory27 predicted much
higher transition temperatures, ranging
" m 28 K to 40 K for thin films of dif-
ferent elements. Yet none has yet
approached the aluminum enhance-
ment of even 6 K.

So much for the experiments that
failed. The exciton theory, appearing
in annual installments-8 seems to have
already been disproved theoretically.-9

O Elements and alloys

• Binary and pseudobinary

carbides

A Ternary carbides
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So far there hasn't even been an experi-
ment. It is all really quite distressing!

The essence always remains the same:
As had been anticipated more than 20
years ago,1" the lattices of high-transi-
tion-temperature superconductors are
unstable. This was one of the conclu-
sions reached soon after John Bardeen
and H. Frohlich had discovered the
electron-phonon interaction as one of
the mechanisms causing superconduc-
tivity, and many experiments have
since confirmed this apprehension.
We might expect that, given such initi-
ally successful theoretical prediction,
the theories of these last 21 years should
have also been able to show a way (if
one exists) to increase the critical
temperature. But until this day there
has not been a shred of evidence for
this expectation. I can think of no other
field in modern physics in which so
much has been predicted without pro-
ducing a single experimental success.
Especially since 1957, with the advent
of the Bardeen-Cooper-Schrieffer
(BCS) theory many hundreds of papers
and learned treatises have appeared,
describing and predicting supercon-
ductivity at elevated temperatures,
at room temperature, and even above.
And yet, these papers have not led to a
single success in raising the transition
temperature. The deluge of idle specu-
lations coming to us these days from all
sides just won't do it—all it will manage
to do is to widen the credibility gap
instead of the energy gap. In the spirit
of our times, there is an increasing
tendency to substitute for nonexistent
results many words of great expecta-
tions.

Superconductivity in transition-element,
face-centered-cubic structures.
Maximum transition temperature occurs
near e/a = 5.
Figure 4

Descriptions and explanations of
superconductivity in the framework of
BCS theory is a beautiful approach in
the right hands. Gradually, however,
the development has acquired features
strongly reminiscent of Goethe's
Sorcerer's Apprentice:

Herr, die Not ist gross
Die ich rief, die Geister
Werd ich nun nicht los.

[or]
Master,
Great is my distress today
The ghosts that I have summoned
Just will not go away.

Research in La Jolla sponsored by the Air
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thank A. C. Lawson, N. McLaughlin, and D.
Wohlleben for all their help with the manu-
script. Also, I am grateful to Ben Roberta
for the use of figure 4 and his comments.

References
1. A. C. Mota, P. M. Brewster, A. C. Law-

son, R. W. Fitzgerald, J. H. Bishop,
Phys. Lett.34A, 160(1971).

2. G. Arrhenius, E. Corenzwit, R. Fitzger-
ald, G. W. Hull Jr, H. L. Luo, B. T. Mat-
thias, W. H. Zachariasen, "Supercon-
ductivity of Nbi(Al-Ge) Above 20.5
K)," Proc. Natl. Acad. Sci. US 61, 621
(1968).

3. Intermetallic Compounds, (J. H. West-
brook, ed) Wiley, New York (1967);
"Progress in Cryogenics," Vol. IV, pages
160-231, Heywood, London (1964);
National Bureau of Standards Tech-
nical Note No. 482. US Department of
Commerce (1969).

4. B. T. Matthias, J. L. Olsen, Phys. Lett.
13,202(1964).

5. T. R. R. McDonald, E. Gregory, G. S.
Barberich, D. B. McWhan, T. H. Ge-
balle, J. W. Hull Jr, Phys. Lett. 14, 16
(1965).

6. B. T. Matthias, Physics of Solids at High
Pressures. (C. T. fomizuka, R. M. Em-
rick, eds.) Academic, New York (1965),
page 225.

7. J. Wittig, Phys. Rev. Lett. 15, 159 (1965).
8. J. Wittig, Z. Physik 195, 215 (1966).
9. I. V. Berman, N. B. Brandt, JETP Let-

ters 10,55(1969).
10. J. Wittig, B. T. Matthias, Science 160,

994(1968).
11. J. Wittig, Phys. Rev. Lett. 21, 1250

PHYSICS TODAY / AUGUST 1971 27



is for ActiniiW-2.27

In between are 103 other radionuclides in our
current stock, all described in a 28-page catalog.
It's the widest line available.

That makes us the handiest source of radio-
nuclides, but not necessarily the best. What makes
us the best is our determination to ship the highest
quality compounds in the safest, most convenient
package. We do this by subjecting our nuclide solu-
tions to the most rigorous quality control in the
industry. Production-processing and analytical data
accompany each shipment, including an X-ray or
gamma spectrum if it's a photon emitter.

Ask for the catalog and keep it handy. Besides
the radionuclides, it describes our custom irradia-
tion services, gamma and beta reference source
sets, radionuclide generators, and classroom iso-
tope generators.

Leak-proof combi-vial
with protective sleeve

I
New England Nuclear )
575 Albany Street, Boston, Mass. 02118
Customer Service: (617) 482-9595

JBC AL PT R&l

is for Zinc-
Circle No. 16 on Reader Service Card

(1968).
12. J. Wittig, B. T. Matthias, Phys. Rev.

Lett. 22, 634(1969).
13. J. Wittig, Phys. Rev. Lett. 24, 812 (1970)..
14. "Superconductivity," (A Summary Ac-

count of the International Superconduc-
tivity Conference at Colgate University,
August 26-29) physics today, February
1964, page 31.

15. N. B. Brandt, N. I. Ginzburg, Scientific
American, April 1971, page 83.

16. M. B. Maple, J. Wittig, Kang Soo Kim,
Phys. Rev. Lett. 23, 1375 (1969).

17. A. C. Lawson, J. Less Common Metals
23, 103(1971).

18. M. C. Krupka, A. L. Giorgi, N. H. Kri-
korian, E. G. Szklarz, J. Less Common
Metals 19, 113(1969).

19. A. S. Cooper, E. Corenzwit, L. D. Longi-
notti, B. T. Matthias, W. H. Zacharia-
sen, Proc. Natl. Acad. Sci. US 67, 313
(1970).

20. B. T. Matthias, T. H. Geballe, L. D.
Longinotti, E. Corenzwit, G. W. Hull,
R. H. Willens, J. P. Maita, Science 156,
645(1967).

21. S. Foner, E. J. McNiff Jr, B. T. Mat-
thias, T. H. Geballe, R. H. Willens, E.
Corenzwit, Phys. Lett. 31A, 349 (1970).

22. B. T. Matthias, E. Corenzwit, A. S.
Cooper, L. D. Longinotti, Proc. Natl.
Acad. Sci. US 68, 56 (1971).

23. A. L. Giorgi, E. G. Szkarlz, E. K.
Storms, Allen L. Bowman, B. T. Mat-
thias, Phys. Rev. 125, 837 (1962).

24. W. A. Little, "Possibility of Synthesizing
Organic Superconductors," Phys. Rev.
134, A1416 (1964).

25. B. T. Matthias, "Superconductivity
versus Ferroelectricity," Mat. Res.
Bull. 5, 665 (1970); L. I. Buravov, M. L.
Khidekel', I. F. Shchegolev, E. B.
Yagubskii, "Superconductivity and
Dielectric Constant of Highly Conduc-
tive Complexes of Tetracyanoquinodie-
methane (TCQM)," JEPT Letters 12,
90(1970).

26. R. H. Parmenter, "High-Current Super-
conductivity," Phys. Rev. 116, 1390
(1959).

27. W. L. McMillan, "Transition Tempera-
ture of Strong-Coupled Superconduc-
tors," Phys. Rev. 167, 331 (1968).

28. V. I. Ginzburg, "On Surface Supercon-
ductivity," Zh. Eksp. Teor. Fiz. 47,
2318 (1964) Sov. Phys.—JETP 20, 1549
(1965); V. I. Ginzburg, "Problem of
High Temperature Superconductivity
I," Usp. Fiz. Nauk 95, 91 (1968); V. I.
Ginzburg, "Problem of High Tempera-
ture Superconductivity II," Usp. Fiz.
Nauk 101, 185 (1970) Soviet Physics Us-
pekhi 13, 335 (1970) Proceedings of Inter-
national Conference on the Science of
Superconductivity, Physica (in press);
Proceedings of the International Sym-
posium on the Physical and Chemical
Problems of Organic Superconductors
(in press).

29. J. P. Hurault, J. Phys. Chem. Solids
29, 1765(1968).

30. H. Frolich, Phys. Rev. 79, 845 (1950);
J. Bardeen, Phys. Rev. 80, 567 (1950);
G. Wentzel, Phys. Rev. 83, 168 (1951);
W. Kohn, Vachaspati, Phys. Rev. 83,
462(1951). D

28 PHYSICS TODAY / AUGUST 1971


