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The topic of high-temperature superconductivity began
first to be seriously discussed starting in 1964, after it was
hypothesized that in quasi-one-dimensional polymer
chains' and quasi-two-dimensional systems (the interface of
a metal-insulator sandwich, etc.)2 the critical temperature
Tc could be increased substantially as a result of an exciton
mechanism of attraction between electrons. The state of this
subject up to 1977 has been detailed in a collective mono-
graph3 (see also the more recent reviews in Refs. 4 and 5).

The discovery of metal-oxide ceramics with a high criti-
cal temperature6 proved to be a surprise and was not fore-
seen by the theoreticians. This discovery has confronted the-
ory with all the more serious problems. It still remains to
establish what the mechanism of the superconducting pair-
ing is in the metal-oxide ceramic material (determining first
of all whether it is the ordinary phonon mechanism, or if it is
one of a number of "exotic" mechanisms), to find if there are
any materials with a high Tc other than the metal-oxide ce-
ramic compounds, and to assess the prospects for a further
increase in this quantity.

Unfortunately, experimental investigations of metal-
oxide ceramics have in fact only just begun, and the results
are still far from complete and even partially contradictory.
Hence, the initial data required to solve the problems enu-
merated above are still lacking. This is also true as regards
the possibility of evaluating the models that have already
been proposed for the superconductivity of metal-oxide ce-
ramics. In such a situation this paper cannot claim to be
anything more than a short review of the existing ideas and
suggestions regarding the possibility of raising the critical
temperature of superconductors.

1. The key to the problem of high-temperature super-
conductivity is the question of the dependence of the critical
temperature on the characteristics of the material. In the
Bardeen-Cooper-Schrieffer (BCS) theory the quantity Tc is
connected with the width k B 9 of the energy region of attrac-
tion around the Fermi level, with the density of electron
states N( 0) at the Fermi level, and with the matrix element V
of the interaction potential

For the phonon mechanism of superconductivity, which
corresponds to the attraction between electrons via their in-
teraction with lattice vibrations, the quantity 9 in (1 ) has the
sense of a Debye temperature 9D.

More realistic theories (the theory of Eliashberg, the
weak coupling theory for media with an arbitrary dispersion
of the dielectric function) reduce to a refinement or a modifi-
cation of formula (1) , the derivation of which was based on a
number of simplifying assumptions. The results depend
strongly on the value of A—the dimensionless coupling con-
stant for electrons with lattice vibrations.

In the case of weak coupling (A < 1) it is necessary to
substitute into formula (1 )

(2)

(/z 5 0.5 is the dimensionless coupling constant of the Cou-
lomb interaction, and EF is the Fermi energy), taking 9 to
mean the logarithmic average of the phonon frequency (see
Ref. 3, Ch. 2). As 9 increases Tc goes through a maximum
that becomes lower as A decreases. One finds in the literature
the inequality A <//, which, if it were necessarily valid, would
place an absolute lower limit on Tc. This inequality comes
from the expression for the interaction through the longitu-
dinal dielectric function £(a),k) of the medium

(the brackets denote an average over the momenta fik) and
from the condition of stability of the medium, which takes
the form e(Q,k)> 1 (for k ?^0). Actually, however, the sta-
bility condition has the form l/e(0,A:)<l (for k ^0). This
permits values of e (Q,k) < 0 and of A > fj. and thereby lifts the
limitation on Tc mentioned above (see Refs. 3 and 7). Such
values not only are possible in principle, but are in fact real-
ized in many media4'5 [for instance in the alloy PbBi,
A^2.6>fj, (seeRefs. 5 and 8)].

In the case of intermediate coupling (A ~ 1) there are a
number of formulas for Tc similar to (1) having a semiem-
pirical or model-dependent nature, and in any case having an
unknown or a clearly narrow region of application.3'5'8 The
simplest of these corresponds to replacing (2) by

(3)

1) the equations of

(4)

In the case of strong coupling
Eliashberg give

T ~ -ft" 11/2IK~~*- '

where a is some average phonon frequency (see Refs. 9 and
10, and Ref. 3, Ch. 4). It is important to note that for A Z I
the quantities 9 and A. can no longer be considered indepen-
dent: an increase in A brings about a softening of the phon-
ons, and a decrease of 9 due to the screening action of the
conduction electrons. This reverse effect of the electrons on
the lattice is described (in the simplest case of a single peak
in the density of phonon states) by the expression

(5)

where co0 is the bare ("pseudoatomic") frequency and c is a
constant of the order of unity. The value of 1wtt/kB >60

places an upper limit on the critical temperature in the case
of weak coupling (see Refs. Sand 10, and the references cited
therein).

The content of this section applies not only to the
phonon mechanism, but in a larger measure also to the exci-
ton mechanism of superconductivity (see below).
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2. From the discussion above it follows that there are in
principle no prohibitions on a significant increase of Tc

within the framework of the phonon mechanism for super-
conductors which have sufficiently large values of 9 and A.
Rough estimates using the formulas above demonstrate this
fact. For instance, according to (1), the values /leff 5 3 and
61-300 K give Tc ~ 100 K and formula (3), with/z* = 0.1,
9- 300 K and A = 1 and 3 gives Tc ~ 30 K and 75 K, respec-
tively. These values are similar to those given by the other
formulas mentioned above for the intermediate-coupling
case. The whole question reduces to whether or not there
exist superconducting materials for which the values of both
9 and A are sufficiently large at the same time.

Until 1986 such materials were unknown. Many metals
have high values of 6 = 6D of the order of 400 to 500 K, and
even 1400 K for beryllium" (high values of 00 were also
expected for organic superconductors containing the light
atoms H or C) .'2 A number of superconductors have large
values of A ~ 1-2. In these materials, however, a large 9 D has
inevitably been accompanied by a small A and vice versa
[this situation entailed for the known superconductors the
inequality Tc S 25 K, which corresponds in formula (1) to,
e.g., 90 S 500 K and Aeff S 1/3]. It is for this reason that
published estimates for the phonon mechanism have been
very conservative (Tc S 30-40 K; see, e.g., Ref. 3, Ch. 1). It
was, however, always stipulated that this conclusion could
not be considered absolute, since it was based on rough esti-
mates and the extremely limited experimental data known at
that time (in particular, the case of metallic hydrogen, with
9 D -3000 K and Tc ~ 100-300 K has been discussed; see
Refs. 3 and 5, and references cited therein). The possibility
in principle of a relatively high Tc within the framework of
the phonon mechanism for not too exotic materials has al-
ways been conceded, but it has not been considered very
probable.

3. It is entirely possible that with the discovery of metal-
oxide ceramic superconductors with their high critical tem-
perature (for a review of experiment see Ref. 6) the situation
in the aspect considered has changed. Although, as has been
emphasized, data required for a complete solution of the is-
sue of the superconducting mechanism of the metal-oxide
ceramics are not yet available, nonetheless it is possible at
this time to discuss the possibility that it is just in the metal-
oxide ceramics that the fortunate combination of relatively
high Debye temperatures 0D and large electron-phonon
coupling constants A has been produced for the first time,
and that the ordinary phonon mechanism of superconduc-
tivity is responsible for the high critical temperature for
these compounds.

There are a number of serious arguments in favor of this
possibility, having to do mainly with the metal-oxide ceram-
ic La-Sr-Cu-O and those similar to it, with Tc =±36 K (see
Refs. 13-15 and also Refs. 16 and 17, in which the electronic
structure of the tetragonal crystal La2CuO4 is calculated).
The distinctive character of these compounds in the context
of the present interest is connected with the fact that they
have characteristic "stiff" optical lattice vibrational modes
[corresponding to large values of <y0; see formula (5) ]
which are rather strongly coupled to the conduction elec-
trons. This "stiffness" is due to the small mass of the O ion
and the substantial ionic component in the bond, to which
about "0 electrons in the unit cell contribute, while at the

same time there are only 1-2 conduction electrons, a situa-
tion that leads to a small fractional metallic bond and pro-
duces a relatively small reverse effect on the lattice (see Sec.
1, above, and also Ref. 3, p. 195). All these properties also
lead to a value of 9D of the order of hundreds of kelvins in
combination with a value A £ 2, wliich is wholly compatible
with Tc —40 K. This argument is supported by the direct
calculations mentioned above, and also by a comparison
with the previously obtained metal-oxide ceramic Ba-Pb-
Bi-O, with Tc ~ 13 K (Ref. 18).

Of course it is still not possible to claim that the nature
of the superconductivity in La-Sr(Ba)-Cu-O has been de-
termined. This observation applies even more to the Y-Ba-
Cu-O metal-oxide ceramic with Tc — 100 K. However, the
possibility that the high-temperature superconductivity of
these compounds can be explained by the phonon mecha-
nism can in no way be excluded. A confirmation of this pos-
sibility by subsequent experiments would mean that the so-
lution of the high-temperature superconductivity problem
has waited for us, so to speak, on a trivial path.

4. It is not known whether this possibility (the phonon
mechanism) is operative in the metal-oxide ceramics with
Tc — 30-100 K. Moreover, one cannot dismiss the possibility
that the metal-oxide ceramic is only the first member of a
family of high-temperature superconductors that also in-
cludes materials with other pairing mechanisms. Therefore,
without any claim to completeness, a short review of non-
standard superconductivity mechanisms is presented below.
In the existing state of experimental investigations of the
metal-oxide ceramics, this review must be regarded only as
an illustration of the possibilities which will have to be seri-
ously discussed in case the phonon mechanism for high Tc is
found to be clearly unacceptable.

The very simple BCS formula (1) written in the form
Tc = 9 exp( — l/N(0) V) already allows us to find the prin-
cipal factors that bring about an increase in Tc. These are,
obviously, increases in, respectively, the width of the charac-
teristic interaction region k B T, the density of electron states
at the Fermi level, A^O), and the interaction V. Therefore
the discussion below will concern examples of three classes
of mechanisms corresponding to these three factors.

Let us begin with a mechanism that leads to an increase
in the density of levels A^O). In the standard theory of super-
conductivity this quantity is the smooth, slowly varying den-
sity of levels N(E) at E = Ef. The situation will be different
if at a temperature close to 7"c there is a structural phase
transition in which an insulating type of energy gap appears
in the electron energy spectrum. Such a gap can be produced
by a congruence (nesting) of individual parts of the Fermi
surface; that is, a coincidence of these parts of the Fermi
surface upon a shift of the electron momentum by a certain
amount and a reflection. Near the edge of the gap the density
of levels increases and varies rapidly as N(E) ~ £~112, where
e is the distance from the edge of the gap in the allowed
region (physically this is associated with the "expulsion" of
levels from the gap itself). Now if the electron Fermi level of
a doped semiconductor lies in the gap and just at the edge of
it, then subsequent superconducting pairing will occur un-
der conditions of a large density of states (and one that var-
ies rapidly with energy), and this also leads to an increase in
the critical temperature TQ relative to the case where there is
no insulating gap (see Refs. 19 and 20, and Ref. 3, Ch. 5).
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The other factor—an increase in the interelectron at-
traction V—is operative in the bipolaron model of supercon-
ductivity. A sufficiently strong electron-phonon interaction
will convert the fairly wide conduction band to a narrow
polaron band, to which corresponds a large polaron-carrier
mass. This same interaction creates bound pairs—bipolar-
ons—with a large binding energy and a small radius (rough-
ly speaking, this means that the two electrons are in a com-
mon polarization well). The collection of bipolarons, which
are Bose particles, may undergo Bose-Einstein condensa-
tion, the temperature of which for a low bipolaron concen-
tration n is given by the usual formula Tc =3.31 ft 2«2/3/
kBm*, where m* is the bipolaron mass. This temperature is
also the superconducting transition temperature in this
model. For n ~ 1021-1022 cm~3, and m* ~ I02m (where m is
the mass of the free electron), Tc -30-100 K. It should be
emphasized that in contrast to Cooper pairs, which overlap
in space and condense cooperatively, the bipolarons of small
radius condense singly, and in the model considered here
there is no energy gap in the usual sense (with the BCS theo-
ry in mind).

It is interesting to note that such a superconducting
mechanism began to be discussed even before the BCS theo-
ry was developed. For instance it was noted21 that a Bose-
Einstein gas of charged particles (particles with spin 0, let us
say) would behave as a superconductor. On the basis of the
same observation it was proposed22 that the electrons of a
metal "stick together" in pairs (quasimolecules) with a
charge 2e and spin 0, and the condensation of these pairs also
leads to superconductivity. The bipolarons assume the role
of the quasimolecules in the bipolaron model (see Ref. 23,
where there is a comprehensive bibliography).

Similar in a certain sense to the bipolaron model is the
"resonating valence bond" model, which has recently been
proposed to explain the superconductivity of the metal-ox-
ide ceramics.24 In this model the formation of bound pairs of
electrons is due not to the electron-phonon interaction but to
exchange forces of the Heitler-London type, where the criti-
cal temperature scale is determined by the characteristic
temperature of the antiferromagnetic transition and can be
of the order of 100 K.

5. According to the outline of this paper it remains to
consider the third way of raising the critical temperature
Tc —widening the region of the attraction; that is, increasing
the temperature 6 in (1) . This topic includes the "exciton"
superconductivity mechanism, which has been close to the
source of the high-temperature superconductivity prob-
lem.1'2 The idea of this mechanism is that an attraction
between conduction electrons can be generated by their in-
teraction not only with lattice vibrations (the phonon mech-
anism), but also with electrons themselves. In other words,
the source of this attraction may be an exchange not only of
lattice excitations (phonons) but also of excitations of an
electronic type (excitons, let us say). In this case we are not
concerned with excitations in a system of conduction elec-
trons [the corresponding excitations are plasmons, and al-
though they give rise to an attraction, it is exhausted by
screening of the Coulomb interaction and affects only the
value of//; see formula (2) ]; instead the issue is excitations
of other electrons, distinct from the conduction electrons.
These "other" electrons may belong to deeper bands
("bound" electrons), to nonconducting portions of a non-

uniform superconductor, etc.
An important point is that the characteristic energy

scale of the electronic excitations, and therefore the corre-
sponding width of the region of attraction near the Fermi
boundary /cB0e, is much greater than the Debye energy
k B 0 D. This is because, in contrast to the phonon mecha-
nism, here the oscillations are not of a heavy ion, but of a
light electron. The relation between 6?e and 6D can be easily
seen from considerations associated with the isotope effect,
6D ~Af ~1 / 2 , where M is the mass of the ion. Replacing in
this relation M by the electron mass m, we find that
#e ~(Af /m) 1 / 2 0 D 5 100 0D. From experiments it is also
known, of course, that there exist electronic excitons with
0e ~ 103-104K. Substitution of 0e for6»D in the BCS formula
(1) and in other formulas for the phonon mechanism (see
Sec. 1), constitutes the idea of the exciton mechanism.

Of course, for the exciton mechanism to be effective it is
necessary that an increase in the preexponential factor 6 in
(1) and in other similar expressions is not accompanied by a
decrease in Aeff. General considerations admit of such a pos-
sibility, but under the necessary condition e(0,k) <0 (see
Sec. 1 and Ref. 3). In the case of the exciton mechanism the
issue must be the negative sign of the electronic part of
the dielectric function eel (0,fc) = e(0,k) -sph(0,k) + 1,
where £ph is the contribution of the lattice. It is not easy to
satisfy this condition in a real uniform metal, since it puts the
stability of the lattice in jeopardy: this can be seen within the
framework of the very simple "jellium" model, in which the
square of the phonon frequency is equal to the ratio of the
square of the plasma frequency to £e, (0,k), and consequent-
ly for £e, (0,k) <0, the square of the phonon frequency be-
comes negative. In any case, a consistent theory of the exci-
ton mechanism, which is still lacking, will require that the
exchange and correlation interaction (in particular, local
field effects) be taken into account; it will require going be-
yond the weak-coupling approximation, and so forth.3'5'25

In general, the prospects of an exciton mechanism from
the point of view of "high-grade" theory are unclear. As to
various heuristic arguments and estimates, there has not
been very much new in recent j ears (see Refs. 1, 2, 5, 25-28,
and Ch. 1, 4, 6-8 in Ref. 3). As before, it appears difficult to
expect an effective exciton mechanism for highly conducting
typical metals with a uniform structure, and preference
should be given to quasi-one-dimensional and especially
quasi-two-dimensional structures (destructive fluctuations
play a lesser role in the latter), to interphase boundaries,
"sandwiches," layered compounds, and so forth.2'3-26-2"
However, the thickness of the conducting layer in these
structures must not greatly exceed atomic dimensions.

In the literature there are a large number of supercon-
ductivity models which take into account one or another
specific interaction of the conduction electrons with the lat-
tice or with "bound" electrons. An analysis of these models
(see Ref. 3, p. 201 of the Russian original, and Refs. 18, 27,
29, 30, and 39) lies outside the scope of this paper.

6. It should be emphasized once again that in giving a
catalog of nonstandard superconductivity mechanisms the
intention is not to make a direct comparison with the proper-
ties of the metal-oxide ceramics, although it is now possible
to point out a number of features of the metal-oxide ceramics
that favor the action of these mechanisms. Among these are,
for instance, the layered, quasi-two-dimensional perovskite
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structure and the large number of collective electronic exci-
tations in the metal-oxide ceramic (the exciton mechanism),
the presence of nesting (the dielectrization mechanism and,
more indirectly, the bipolaron mechanism), and others.

Furthermore, for the solution of the principal prob-
lem—the correct determination of the nature of high-tem-
perature superconductivity in the metal-oxide ceramics—
there is still an acute lack of initial experimental data. Suffice
it to say that strictly speaking we do not know whether the
high-temperature properties are inherent in the ideal crystal
of the metal oxide, or whether an important role is played by
its imperfections, which are present to excess in the metal-
oxide ceramics.

To determine the nature of the high-temperature super-
conductivity of metal-oxide ceramics (and first of all to re-
solve the question of whether it reduces to a phonon mecha-
nism) broad investigations of the characteristics of these
compounds in the superconducting and normal state, and
also the appropriate calculations, are needed. Of special im-
portance from this point of view are studies of single crystals
(the role of structural imperfections), x-ray structural mea-
surements (the lattice type), optical measurements (band
structure), tunneling spectroscopy and neutron measure-
ments (the phonon spectrum and the electron-phonon inter-
action), specific heat measurements (the Debye tempera-
ture, the density of states, etc.), magnetic measurements
(the susceptibility, the critical field, and the penetration
depth), tunneling measurements (the energy gap), and oth-
ers. Calculations should cast light on the band structure and
the phonon characteristics (including the electron-phonon
interaction) and so forth.

An important measurement for the elucidation of the
superconductivity mechanism of the metal-oxide ceramics
(although probably very difficult because of their compli-
cated composition) would be measurement of the isotope
effect, which, if present, would be indicative of the phonon
mechanism. Important information would be obtained by
measuring the ratio of the energy gap to Tc, the discontin-
uity in the specific heat at the transition point, the argument
of the exponential in the specific heat at low temperatures,
and the like: a comparison of these quantities with the BCS
theory could indicate strong coupling, the width of the ener-
gy region of the interaction and so forth.

Whatever the true mechanism of the superconductivity
of the metal-oxide ceramics may prove to be, it must appar-
ently be characterized by a certain "roughness," a relative
insensitivity to the composition, the methods of preparation,
and so forth. This is indicated by the relative ease with which
the experimental results on the metal-oxide ceramics are re-
produced in the different laboratories of the world, and also
by the stability of these results.

All the high-temperature superconductors that have
been discovered (with the exception of Nb-Ge-Al-O films,
with Tc —44 K; see Ref. 31) are among the metal-oxide ce-
ramics. Needless to say we cannot dismiss the possibility
that there exist other classes of high-temperature supercon-
ductors, that can be sought in a systematic way after the
nature of the superconductivity of the metal-oxide ceramics
has been determined. In this connection we cannot forget the
possibilities associated with layered and organic supercon-
ductors, "sandwiches," etc.

7. The discovery of high-temperature superconductivi-

ty, which already permits operation at liqud nitrogen tem-
peratures, is an outstanding event which may have difficult -
to-predict consequences of a scientific, technological and
even social nature. It is significant that this discovery did not
come about as the result of a systematic and deliberate accu-
mulation of knowledge, but rather it happened more or less
accidentally. The time of the discovery, the end of 1986, may
also be considered accidental. It could easily have happened
at least eight or ten years earlier. This assertion can be attest-
ed to by the following astonishing fact: at the end of 1978 a
paper was submitted for publication, in which workers at the
N. S. Kurnakov Institute of General and Inorganic Chemis-
try, Academy of Sciences of the USSR, reported the synthe-
sis of various metal-oxide ceramics including the compound
La-Sr(Ba)-Cu-O of just the correct quantitative composi-
tion; they also reported measurements of the electrical con-
ductivity of these compounds, but not at low temperatures!

We can gain some lessons from the history of the discov-
ery of high-temperature superconductivity.

1) If the mechanism of the superconductivity of the
metal-oxide ceramics turns out to be simply a phonon mech-
anism, this means that the theoreticians have not studied a
number of possibilities (in particular, that of a superconduc-
tor that has large values of 6?D and A simultaneously).

2) Experimenters have not been motivated in the direc-
tion of high-temperature superconductivity, and there has
not been enough communication between low-temperature
physicists, chemists, and materials scientists. The very best
evidence for this is the fact, discussed above, regarding the
publication of Ref. 32. The general atmosphere that pre-
vailed here was a cool attitude towards the problem of high-
temperature superconductivity, a topic which occupied only
a small number of enthusiasts in spite of its obvious great
importance.

3) In the light of the discovery of high-temperature su-
perconductivity we should return to the experiments of 1978
in which a diamagnetic anomaly in CuCl at temperatures of
the order of 150-200 K was observed33 (later a similar effect
was found in CdS; see Ref. 34). Unfortunately, as frequently
happens, the results were not reproducible (the term "irre-
producible superconductors" was even proposed35) and it
was generally believed that the results were erroneous.
Meanwhile the possibility cannot be ignored, especially in
the light of the results on the metal-oxide ceramics, that in
these experiments high-temperature superconductivity did
make an appearance (or else an extremely interesting "su-
perdiamagnetism" 25'36). If the hypothesis that CuCl and
CdS are high-temperature superconductors is really con-
firmed, but over the period of nine years this has not been
understood and the work has been neglected, then another
instructive page (and one might say, a sad one) has been
written in the history of physics. It is to be hoped that these
and other lessons from the history of the discovery of super-
conductivity in the metal-oxide ceramics will be taken to
heart and a program involving a wide and unprejudiced
search, such as has been proposed previously,3'26'37'38 will be
undertaken.

Until 1987 the idea of producing materials that remain
superconducting in liquid nitrogen remained a dream. Now
it is a reality. Now the dream in the field of superconductivi-
ty is the creation of room temperature superconductors. We
know of no prohibitions on the way to this goal, and values of
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Tc ~ 300-500 K are in principle attainable. Of course, it is
not possible to give any guarantee of this. The experience of
the past, however, justifies concluding this paper with an
appeal not to repeat old mistakes, not to exhibit excessive
skepticism, but to search persistently on a broad front for
new high-temperature superconductors.

The authors are grateful to E. G. Maksimov for discus-
sion of the text.

*(Editor's note): A paper presented (V. G.) on March 26, 1987 at the
joint scientific session of the Division of General Physics and Astronomy
and the Division of Nuclear Physics of the Academy of Sciences of the
USSR. In that session A. I. Golovashkin also presented a paper "High-
temperature superconducting ceramics (a review of experimental
data)" (published preceding the present paper by V. L. Ginsburg and D.
A. Kirzhnitz in this issue of Usp. Fiz. Nauk).
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