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XHERE has been greatly renewed interest in the
superconductivity phenomenon in recent years. This
is explained to a considerable degree by the fact that
after Bardeen, Cooper, and Schrieffer (BCS), C1]
Bogolyubov,E2H, G o r ' k o v ^ and others constructed in
1957 the microscopic theory of superconductivity, it
became possible, at least in principle, to aim at finding
superconductors with various specified properties.

Until recently, superconductivity was observed only
in metals and at very low temperatures, not higher
than 20°K. In addition, the superconducting state is
usually destroyed in even relatively weak magnetic
fields (on the order of 102—103G), so that the currents
flowing through such a superconductor can likewise not
be large. All these circumstances greatly limit the
possibilities of utilizing superconductivity, and it is
therefore natural that one of the central problems of
the theory of superconductivity at present is the ques-
tion of whether one can hope to obtain a substance in
which the superconducting state would exist at consid-
erably higher temperatures and higher magnetic fields.

The main result of the BCS theory is that in a sys-
tem of Fermi particles at a sufficiently low tempera-
ture any arbitrarily small attraction between the par -
ticles leads to a radical realignment of the state.
Particles (we shall henceforth have in mind electrons)
stick together to form pairs, and this is furthermore
done in such a way that all pairs are in the same state,
i.e., they have the same total momentum. In the equi-
librium state, i.e., in the absence of current, the mo-
menta of all the pairs are equal to zero. Consequently,
the electrons sticking together are those having equal
but opposite momenta. In other words, the electron
pairs, which have the properties of Bose particles,
form a Bose condensate, which behaves like a charged
superfluid liquid. It is essential in this case that the
pairing is a collective effect: the bound state of two
electrons arises only when a large number of other
pairs are in the same state, and the binding energy of
each pair increases with increasing number of pairs
in this state. Therefore any change in the momentum
of the pair, connected with its removal from the con-
densate, should be accompanied by a breaking up of the
pair and consequently calls for the expenditure of ap-
preciable energy. It is the latter circumstance which
leads to the stability of the superconducting current.
The binding energy A in each pair at zero tempera-
ture, when all the electrons near the Fermi surface
are paired, is determined by the width of that electron
energy region e0, in which there is an effective at-

tracting interaction by the density of the electronic
states over an energy interval near the Fermi sur-
face N and by the average value of the energy of at-
traction of two electrons V:

Ao = 2eoe
i

' NV (1)

With increasing temperature T, the thermal mo-
tion breaks some of the pairs, so that their number
in the condensate decreases, and at the same time, as
noted above, A(T), the binding energy in each pair,
also decreases. At some critical temperature Tc , the
order of magnitude of which is close to A0/k (k is
Boltzmann's constant), A(TC) vanishes, i.e., the
superconducting state disappears.

The binding energy A determines also the critical
value of the magnetic field Hc in which the supercon-
ducting state is destroyed. The point is that in the
presence of a magnetic field a superconducting cur-
rent is produced in the superconductor, the magnetic
field of which cancels completely the external mag-
netic field inside the volume of the superconductor.
This effect of forcing out the magnetic field from the
superconductor (the so-called Meissner effect) is one
of the most characteristic features of the superconduc-
tivity phenomenon. The energy of the compensating
magnetic field per unit volume of the superconductor
is H2/87r, where H is the intensity of the external
field. It is obvious that in a sufficiently strong field,
when this energy becomes larger than the decrease
of energy connected with the pairing on going from the
normal state to the superconducting state, the existence
of the superconducting phase will be thermodynamically
unfavorable and this phase will become destroyed. The
energy released upon formation of one pair is equal to
2A, and the electrons participating in pair production
are for the most part in a narrow region of energies
near the Fermi surface, with width on the order of A.
The number of such electrons is of the order of NA,
and the total decrease in the energy on going to the
superconducting state is of the order of NA . Equat-
ing this energy to the energy of the critical magnetic
field Hc/8?r, we get

Hc (2)

The density of states near the Fermi surface N can
hardly be much larger in any substances than in typical
superconducting metals. Therefore, an increase in the
critical field Hc can be attained in substances with
large binding energy A, i.e., with a high critical tem-
perature, if such substances can be found.
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However, the problem of increasing the critical
magnetic field in which superconductivity can still ex-
ist has found a somewhat unexpected solution in 1961,
when it was observed that certain alloys (NbsSn, NdZr)
remain superconducting in magnetic fields up to 10b G.M
This phenomenon was predicted by Abrikosov ^ on the
basis of a semiphenomenological theory of supercon-
ductivity, proposed by Ginzburg and Landau. ^ He
showed that in some alloys, in fields larger than Hc,
there can occur the so-called mixed state, character-
ized by the fact that the magnetic field penetrates into
a superconductor in the form of thin filaments which
thread through the sample. Between these filaments,
the sample remains superconducting, and it is natu-
rally sufficient even for a small fraction of the volume
of the sample to be superconducting in order that the
resistance of the entire sample be equal to zero. On
the other hand, the thermodynamically unfavorable
situation for the superconducting state improves radi-
cally in this case, since the magnetic field is forced
out of the superconductor only partially. By now alloys
have been obtained which retain their superconducting
properties in fields close to 200 kG. This discovery
was of extreme importance for the use of the phenom-
enon of superconductivity in physics research, and in
engineering, especially in the production of strong
magnetic fields. Magnets based on superconducting
solenoids are already extensively used.

The prospects of further utilization of supercon-
ductors in engineering would seem to be unlimited,
were it not for the lamentable circumstance that in
all the cases known to date the superconducting state
is realized at very low, and therefore difficult to at-
tain, temperatures. Thus the question of the future of
superconductivity is connected primarily with the
problem of increasing the critical temperatures, if
this is at all possible.

The magnitude of the critical temperature T c ,
which is connected with the energy of pair production
A, is determined essentially, as can be seen from (1),
by the attraction force V which leads to pairing of the
electrons. In metals this attraction, according to an
idea by Froehlich, is a result of interaction between
the electrons and vibrations of the crystal lattice —
phonons. Exchange of phonons between two electrons
leads to their attraction to each other. This interac-
tion is effective for electrons having energies in a
narrow region near the Fermi surface, of width e0

~ kTj), where T Q is the so-called Debye tempera-
ture, the order of magnitude of which is equal to the
maximum energy of the phonons. The electron-phonon
interaction in metals is itself quite weak, i.e., NV « 1
and there are theoretical indications that it cannot be
strong in principle, ^7^ for when the interaction is
strong the crystal lattice becomes unstable, i.e., it
is rearranged into some other modification. Taking
into account the fact that the Debye temperatures
for typical metals are low, on the order of 100—200°K,

we see from (1) that the critical temperatures under
such conditions should be very small, much smaller
than 100°K, as is indeed observed in reality. This
raises the question of whether superconductivity can-
not be produced as a result of some other stronger
interaction, and whether one should not seek such
a possibility in other substances, which do not belong
to the customary well-investigated class of metals, or
else in metals but under unusual conditions.

Recently, there have been published in this di rec-
tion several theoretical papers, of which the greatest
interest was evoked by the paper of Little ^8- concern-
ing the possibility of obtaining a superconducting state
in long organic molecules. The attraction between the
electrons, proposed in this paper, is of the Coulomb
type and is therefore connected with energies on the
order of 1 eV, corresponding to temperatures on the
order of thousands of degrees, two orders of magni-
tude larger than the energies characteristic of the in-
teraction connected with phonons. The schematic
model considered by Little consists of a long one-
dimensional chain of atoms, along which electrons
move freely, i.e., there is metallic conductivity, and
of side chains. With respect to the latter it is assumed
that they are strongly polarizable. From the quantum
mechanical point of view this means, that the mole-
cules comprising the side chains have at least one low
excited level (with excitation energy 1—2 eV) possess-
ing a large dipole moment. In such a model the free
electron of the central chain, moving near one of the
side chains, polarizes the latter in such a way that a
considerable positive charge is induced on the near
end of the chain. This charge attracts other electrons
from the central chain, as a result of which an effec-
tive attraction occurs of these electrons to the electron
which has caused the initial polarization of the side
chain. According to Little's estimates, the attraction
can turn out to be larger than the direct Coulomb r e -
pulsion acting between the electrons in the chain, as a
result of which the total interaction between them will
have the character of attraction with an average neigh-
boring-electron interaction energy » 1.5—2 eV. Exam-
ining further the system so obtained with the aid of the
methods of the BCS theory, the author reaches the
conclusion that a superconducting state should occur
in it, and that the role of e0 in the formula for the ef-
fective region of the energies (1), in which the pairing
interaction is effective, is played by the excitation
energy of that level of the molecule—the side chain,
which possesses a large dipole moment. This energy,
as indicated above, is assumed to be of the order of
2 eV, which leads to a critical temperature close to
2000°K for the superconducting transition. This result,
if correct, is of phenomenal interest, and it is there-
fore not surprising that Little's paper has attracted
universal attention. Even if we disregard the possible
technical applications, the presence of a superconduc-
ting state in organic molecules, together with its
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unique high degree of ordering, can, as indicated by
the author, be of cardinal significance for many
biological processes.

However, Little's paper has raised many objec-
tions, both of fundamental character and with respect
to the conclusiveness of its deductions. The initial
model itself is reasonable, since metallic conductiv-
ity in some organic molecules does seem to existE10^
and examples of molecules which have large polariz-
abilities and could play the role of the side chains are
directly indicated in the article. M Moreover, an in-
teresting supplementary result of this article is the
statement that the transition into the superconducting
state can occur even in the case when the molecule
in the initial state does not have metallic conductivity,
under the condition that the energy of pair production
A exceeds the initial binding energy of the electrons
in the central chain.

The main objection is connected, however, with the
fact that Little's result contradicts the known theorem
that in a one-dimensional system there can be no phase
transition into an ordered state. Cn3 From the physical
point of view this is connected with the fact that in a
one-dimensional chain of atoms, each atom is con-
nected with the others only through its nearest neigh-
bors. Therefore an accidental sufficiently large fluc-
tuation displacement in one point leads immediately
to a loss of correlation between the atoms situated on
the right and on the left of this point. In two- and
three-dimensional cases this obviously is not the case,
since the correlation connection between two given
atoms which are far from each other is realized not
only through the atoms lying on the line joining the
two given atoms, but also through a very large number
of other atoms, which lie on the side of this shortest
path. Therefore for a complete loss of correlation be-
tween two remote atoms one would have to have an
appreciable fluctuation over an entire plane between
these two atoms, an event of very low probability.
Formally this circumstance is expressed by the fact
that the fluctuations in a one-dimensional system are
so large, that they break up the ordered state.

Strictly speaking, this reasoning does not pertain
directly to Little's model, since the latter is based on
the assumption that the forces have a short-range
character, and couple only the nearest neighbors.
However, there is a widespread opinion that this result
is of a more general character, and that phase t ransi-
tions to an ordered phase in a one-dimensional chain
are generally impossible. Ferrel^12] consider this
question especially as applied to Little's model. He
showed that the oscillations of the electron density,
which take place in a three-dimensional superconduc-
tor, but play a minor role there, lead in the one-
dimensional case to a destruction of the supercon-
ducting state even at arbitrarily low temperatures. In
other words, even zero-order oscillations of the elec-
tronic density completely destroy the electron ordering

characterizing the superconducting state. This result,
to be sure, is also not absolutely convincing, since the
character of the spectrum or even the very existence
of electron-density oscillations in the Little model
have not been reliably established. In addition, as in-
dicated by the authors of C13J, Ferre l ' s deduction per-
tains only to an infinite linear chain, whereas in a ma-
cromolecule, which consists of a large but finite num-
ber of links, the oscillations of the electron density can
lead only to an appreciable decrease in the critical
temperature. Assuming that the central chain in Little's
model consists of 10s atoms, they found that the oscil-
lations of the electron density decrease the pair bind-
ing energy A by approximately one order of magni-
tude.

In connection with the question of the possibility of
a superconducting transition in a one-dimensional sys-
tem, interest attaches also to the results of Lattin-
ger,'-14-' who considered a very schematic example of
a one-dimensional electron system, greatly differing
from the model used by Little. He showed that an ex-
amination of this model by the methods of the BCS
theory leads to the deduction that superconductivity
exists in it. At the same time, this model admits of
an exact solution, showing that the ground state of the
system is not superconducting.

Objections of another kind are connected with the
insufficiently correct analysis made by Little of the
polarization interaction between electrons itself, an
interaction which plays the main role in this theory.
The estimates made by Little are based on perturba-
tion theory, whereas the energy of interaction between
an electron and the polarized side chain is much larger
than the excitation energy of this level, which is con-
nected with the occurrence of the dipole moment. It
is quite clear that this circumstance should lead to a
considerable shift of these levels and to a cardinal
realignment of the side chain, and perhaps of the en-
tire molecule as a whole. Therefore Little's calcu-
lations show that the molecular model proposed by
him is apparently unstable and should rearrange itself
spontaneously into some other state. It is not at all
obvious here that this new state will be superconducting
and not dielectric. From a somewhat different point of
view, we can state, that the attraction used by Little is
the result of the fact that his model leads to the occur-
rence of a negative dielectric constant. The stability
of such a system, in which like charges (not only elec-
trons in the central chain) attract each other, calls for
a careful analysis.

Thus, Little's results can apparently not be r e -
garded as proved with any degree of reliability. How-
ever, the ideas on which it is based, and the questions
which arise in its analysis, are of exceeding interest,
and in this probably lies the main value of this paper.
In particular, one cannot exclude the possibility of the
appearance of superconductivity as a result of a
strong Coulomb attraction in systems which are not
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one-dimensional but have negative dielectric constants.
Systems in which the dielectric is negative at least in
some region of the frequency, are known and wide-
spread, and can also be made synthetically. An inter-
esting possibility for the occurrence of additional at-
traction between electrons was indicated by Vonsov-
skii and Svirskii.^15^

The main objection against the possibility of exis-
tence of superconductivity in Little's model, as indi-
cated above, is connected with the one-dimensional
nature of this model. Therefore particular interest
attaches to the surface conductivity proposed some-
what earlier by Ginzburg and Kirzhnits,^16^ i.e.,
superconductivity of a solid surface. The point is
that on the surface of a crystal, as first shown by
Tamm, E1T3 additional electronic states can arise
which attenuate rapidly on going inside the crystal.
The electrons situated at such levels can, however,
move along the surface. The authors of ^16] have
shown that in the presence of attraction between the
electrons there can arise in such a system also a
superconducting state. Formally in such a two-
dimensional model the fluctuations are also infinite.
However, their divergence is very weak—logarithmic —
and therefore for any body with finite dimensions it is
quite inessential. It is interesting that superconduc-
tivity on surface levels could exist in principle also
in the case when by its volume properties the sub-
stance is a dielectric.

In this case the interaction of the electrons can
also be very specific. It can arise, for example, as
a result of interaction between the electrons and the
Rayleigh surface waves.

Ginzburg has also indicated that to intensify the
attraction between the electrons one can use Little's
mechanism, by introducing into the crystal highly
polarizable impurity atoms, which in this model can
lead to a sharp increase in the critical temperature.

Numerous possibilities are also afforded by an in-
vestigation of superconductivity in semiconductors,
where the concentrations of the electrons, and also
the character of their interaction with phonons and
with one another can vary over a wide range. Unlike
the preceding cases considered above and so far p re -
dicted purely theoretically, superconductivity in many
semiconductors has already been observed experi-
mentally. It was first considered theoretically by
Gurevich, Larkin, and Firsov^18^ and later by
Cohen. E19J The first experimental results were ob-
tained with the compound GeTe E20^ and strontium
titanate, SrTiO3.^21^ The latter case is of particular
interest, and we shall stop to discuss it in more de-
tail. The point is that strontium titanate is similar
in many respects to barium titanate—a typical ferro-
electric.!-22^ Although in strontium titanate itself the
ferroelectric transition does not take place, it is very
"c lose" to such a transition. Its dielectric constant
at low temperatures reaches tremendous values

(~ 103—104). Therefore the Coulomb repulsion of the
electrons from one another—the main factor prevent-
ing the appearance of superconductivity—is practically
missing in this substance. From the microscopic
point of view, the ferroelectric transition, according
to present day notions, arises as a result of the fact
that the frequency of one of the so-called optical v i -
brations of the lattice tends to zero. This means that
the quasi-elastic force preventing the corresponding
type of deformation tends to zero, and the crystal lat-
tice becomes unstable, i.e., rearranged. But on the
other hand, from the theory of dispersion of electro-
magnetic waves in crystals it is known that the fre-
quencies of optical vibrations correspond to absorp-
tion lines in crystals, and some region of frequencies,
higher than this characteristic frequency, is the region
of anomalous dispersion, i.e., in this region the dielec-
tric constant is negative. Therefore, if this region of
frequencies makes an appreciable contribution to the
interaction between the electrons, then the interaction
will be attractive. In essence such an attraction mech-
anism is analogous to that considered by Little, but in
his model the negative dielectric constant is due to the
electronic polarizability, whereas here it is due to the
polarizability of the ionic lattice. It is therefore e s -
sential that in strontium titanate at low temperature
one of the frequencies of the optical vibrations turns
out to be very low, i.e., the region of anomalous dis-
persion lies low. It is possible that this is precisely
the explanation of the fact that, as reported by the
authors of ^ 2 1 ] , superconductivity appears in SrTiO3

even at very low electron concentrations, ~ 1017.
In conclusion we emphasize once more that the

presently gained understanding of the nature of the
superconductivity phenomenon has made it possible to
expand greatly the number of substances in which this
phenomenon can exist, and has raised the hope that
superconductors which differ greatly in their proper-
ties from ordinary metals can be obtained. The num-
ber of such possibilities, as we have already seen, is
very large, and it is difficult to imagine that all will
turn out to be fruitless. However, the main question,
whether a superconductor can be obtained with suffi-
ciently high critical temperature (at least on the order
of 100°K), still remains open.
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