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Abstract. This talk is devoted to the history of the study of
superconductivity and the prospects for further research in this
field.

1. Introduction

Actively working physicists usually take little interest in the
past, and I myself am not an exception — I began studying the
theory of superconductivity in 1943, but only in 1979 did I
find time to look through the classical papers of Kamerlingh
Onnes (1853-1926). And I found them fairly interesting

Briefly presenting the history of the study of super-
conductivity, I shall divide it, although rather conditionally,
into three periods: the day before yesterday (1911—1941),
yesterday (1942 —1986), and today (1987 7).

2. The day before yesterday (1911-1941)

Helium was first liquefied in 1908 and, which is rather
significant, up to 1923 liquid helium had been obtained and
used only in Kamerlingh-Onnes’s laboratory in Leiden, where
superconductivity was discovered in 1911. This happened in
the course of systematic measurements of low-temperature
electric resistance of metals. This point was quite obscure at
that time. True, Drude hypothesized in 1900 that metal
contained an electron gas responsible for the electrical
conductivity. Drude also proposed the well-known formula
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for electrical conductivity ¢ = ¢’n/mv, where n is the electron
concentration and v is the frequency of electron collisions with
the lattice. However, the temperature dependences n(7) and
v(T) remained quite unknown, and the electron model itself
was contradictory (in the classical theory the electron gas had
to make a large contribution to the specific heat, which is not
observed). Kamerlingh Onnes, and probably not he alone, at
first believed that with decreasing temperature 7 the electrical
conductivity ¢ should decrease, i.e. according to the modern
terminology, metals were considered to be semiconductors.
This hypothesis was not confirmed, and as 7T decreased, a fall
of the resistance R(T) = pl/S, p(T) = 1/a(T), (/is the length
of the wire and S its cross-section) was observed. Further-
more, Kamerlingh Onnes was inclined to think that for a pure
metal (platinum) the resistance R=0 at 7> 0 (... the
conclusion seems quite grounded that the resistance of pure
platinum within the experimental errors due to the achieved
degree of purity is already equal to zero at helium tempera-
tures” [1]). Exceedingly pure samples were to be examined to
confirm this hypothesis. But for platinum and gold the
purification from impurities was a very complicated task,
especially at the beginning of the century. It was for this reason
that Kamerlingh Onnes passed over to the examination of
mercury which is comparatively easy to purify and distill. This
was an especially lucky choice because, in addition, the helium
boiling temperature at atmospheric pressure Ty g = 4.2 K
appeared to be close to the critical superconducting transition
temperature 7.(Hg) = 4.15 K for mercury. The latter fact (i.e.
the closeness of Ty, pe and 7.) was a certain detail which
facilitated the discovery of a superconducting jump [2]2. The
main thing is that mercury becomes superconducting at

2 As s clear from Ref. [2], the superconducting jump and superconductiv-
ity in general in an explicit form was first observed by Gilles Holst who
conducted measurements of mercury resistance. Holst was a highly
qualified physicist (later, the first director of the Philips Research
Laboratories and Professor of Leiden University). Kamerlingh Onnes,
however, did not even mention his name in the corresponding publication.
As mentioned in [2], Holst himself had not apparently thought of such a
demeanor of Kamerlingh Onnes as unjust or unusual. The situation is not
clear to me, and for our generation it is quite unnatural; perhaps 90 years
ago morals and manners in the scientific community were totally different.
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temperatures which were attainable in those times. If
Kamerlingh Onnes had continued measurements on plati-
num, gold, silver or copper, he would obviously have never
discovered superconductivity unless by chance he tried to
measure the resistance of some superconductor. This circum-
stance might have put off the discovery of superconductivity
for years. With mercury, success came with the first experi-
ments [3] (since the original papers [1, 3—5] are hardly
available, I shall refer to the fact that some of their results
are presented in Ref. [6], where paper [4] is placed as an
appendix). Here I shall only note that in works [3], the
appearance of which became known in April and May of
1911, the resistance of mercury at 7= 3 K was shown to be
immeasurably small. But the crucial thing, i.e., the detection of
a sharp superconducting transition (which may be considered
as the discovery of superconductivity), was made in paper [4]
reported on November 25, 1911.

Of course, the studies were continued, and in 1913 the
discovery of superconductivity in white tin (7. = 3.69 K) and
lead (T. = 7.26 K) was reported [5] and the disappearance of
superconductivity upon the passage of a rather strong current
was also stated. H Kamerlingh Onnes was awarded the 1913
Nobel prize for physics for ‘his investigations into the
properties of matter at low temperatures which led, inter
alia, to production of liquid helium’. As we see, the prize was
awarded not for the discovery of superconductivity, but this
issue was also touched upon in Kamerlingh Onnes’s Nobel
lecture [7]. In particular, he noticed: ‘Mercury has passed into
a new state, which on account of its extraordinary electrical
properties may be called the superconducting state. There is
left little doubt, that, if gold and platinum could be obtained
absolutely pure, they would also pass into the superconduct-
ing state at helium temperatures’. Thus, Kamerlingh Onnes
still supported the wrong hypothesis that all metals were
superconducting at helium temperatures. I am unaware of his
arguments, but they undoubtedly could not have been serious
because the theory of metals did not exist at that time. In this
connection, the discovery of superconductivity was not
obviously so amazing. Moreover, there was nobody to repeat
the Leiden experiments, for as has already been mentioned,
no other laboratory obtained liquid helium until 1923. And it
so happened that the discovery of superconductivity, which
was an event of paramount importance, had quite a moderate
resonance, at least by today’s measure’.

Let us mention some consequent Leiden works. The
existence of a critical magnetic field H,,(7) was revealed in
1914; for mercury H.p(0) =411 Oe, and for lead
H:1»(0) = 803 Oe. The first magnet with a superconducting
winding was constructed in 1914. Particularly noteworthy is
the fact that as far back as 1922 an attempt was made [9] to
observe the isotope effect, namely, the dependence of 7. on
the isotope mass in a metallic lattice in lead samples with
different isotopic compositions (common lead with atomic
weight 4 = 207.30 and uranium lead with 4 = 206.06 were
employed). Unfortunately, the isotope effect for such samples
makes up only about 1072 K, and it was not observed. As is

3 For instance, the bibliography placed at the end of monograph [8]
devoted to superconductivity contains 450 references embracing the
period of 1911-1944 (some other data are also presented in [6]). Of
them, only 34 refer to the interval of 1911—1925, and the author or a co-
author of 19 of these references is Kamerlingh Onnes. For comparison we
can say that within ten years after the discovery of high-temperature
superconductivity in 1986 — 1987, nearly 50 000 publications were devoted
to this subject.

well known, the isotope effect in superconductors was
discovered only in 1950 (see references, e.g., in Ref. [10]),
and it played an outstanding role in showing the importance
of the electron—phonon interaction for the appearance of
superconductivity.

Itis no less interesting that in 1924 Kamerlingh Onnes was
also close [11] to the discovery of the Meissner-Ochsenfeld
effect (this effect, which is most significant for the study of
superconductivity,was discovered only in 1933 [12]). Namely,
Kamerlingh Onnes was investigating the behavior of a lead
ballin an external magnetic field and failed to register the field
pushing out of the ball upon its transition to the super-
conducting state probably only because he used an empty
ball to spare liquid helium which was scarce at that time. In
the case of an empty ball, a closed superconducting ring
analogous to a doubly connected torus may form. Under such
conditions the Meissner effect is masked.

In spite of this failure, the contribution of the Leiden
laboratory and certainly of Kamerlingh Onnes himself can
hardly be overestimated. To what has been said above I shall
add that not a single superconductor had been discovered
outside Leiden before 1928. In addition, Kamerlingh Onnes
began liquid helium studies that led to the discovery of its
superfluidity in 1938. The first step in this direction was made
in 1911, the year of the discovery of superconductivity.
Namely, the curve of the temperature dependence of the
helium density p(7) was found [13] to exhibit a kink
corresponding to the A-point. After that, liquid helium
studies were conducted over many years [14, 15], which in
the 1930s resulted in the discovery (for the most part by
W H Keesom, Kamerlingh Onnes’s successor in the Leiden
laboratory, and his colleagues) of clearly pronounced
anomalies — the A singularity in the specific heat and super-
thermal conductivity of He II [14, 15]. Finally, in 1938 these
studies ended in the discovery of superfluidity of helium II by
Kapitza [16] and Allen and Misener [17]. Undoubtedly, the
long path (27 years!) to the discovery of superfluidity
compared to the expeditious discovery of superconductivity
(see above) is first of all explained by methodology: to
measure electrical resistance is easy, while to observe helium
flow through a narrow gap or a capillary is difficult and,
besides, one must hit upon the idea of carrying out such
experiments.

The discovery and further study [18] of superfluidity and,
which is most important, the Landau theory of superfluidity
[19] made it possible to consider superconductivity as the
superfluidity of the electron liquid in metals. However, the
understanding of this fact did not play any particular role at
that time because the Landau theory [19] was phenomen-
ological and referred to the Bose—Einstein liquid (it is
another thing that at first Landau did not regard the
connection with Bose— Einstein statistics to be crucial for
superfluidity). And one should have understood supercon-
ductivity as a phenomenon in an electron gas (or liquid), i.e.,
involving particles that obey Fermi—Dirac statistics. No
advances were then made in this direction.

Even before that, superconductivity had become the most
enigmatic phenomenon in condensed-matter physics and,
more concretely, in the physics of metals. Properly speaking,
before the creation of quantum theory, the behavior of non-
superconducting metals (or, more precisely, metals in the
normal, non-superconducting state) had also been absolutely
unclear. But the application of quantum mechanics to a
degenerate Fermi-gas in works by Pauli, Sommerfeld, Bethe,
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Bloch, Landau and many others in the period from 1926 to
1930 changed the situation radically — everything seemed to
become, in principle, clear in the theory of metals. Indeed, the
advances (see, e.g., Refs [20], [21]) were impressive and as far
as I remember and know, they were practically uncondition-
ally accepted by a wide range of physicists. In actual fact, as
Landau used to emphasize, ‘nobody has abrogated the
Coulomb law’, and in this connection it remained unclear
why the electron gas approximation was so successful when
applied to metals. Indeed, in normal metals the kinetic
(Fermi) energy Ef is by no means lower than the Coulomb
electron—electron interaction energy (e.g., in Ag the electron
concentration is 7 = 5.9 x 1022 cm™3, the Fermi energy is
Ep =8.5x 107'2erg, and the characteristic interaction
energy is e’n'/? =19.3 x 10~'2 erg). The situation became
transparent only when Landau created the Fermi-liquid
theory in 1956—1958 (see, e.g., Ref. [22]). But this is already
another epoch.

In the 1930s and, in fact, up to the mid-1950s super-
conductivity, as has already been said, remained an enigma.
So, in 1933 Bethe wrote: “The success in the theory, in the
explanation of normal phenomena in conductivity is great,
whereas very little has yet been done in solving the problem of
superconductivity. Only a number of hypotheses exist which
until now have in no way been worked out and whose validity
cannot therefore be verified’ [20]. These hypotheses are listed
in Refs [20, 23] and all of them turned out to be erroneous. In
the well-known monograph “Quantum Theory of Metals” by
A Wilson [21], published in England in 1936 (and in Russian
in 1941), we find the words: “In spite of all the progress made
by the theory of metals over the past years, the phenomenon
of superconductivity remains as enigmatic as it was before,
and as before it leaves unsuccessful all attempts to explain it”.
Interestingly, in the second edition of the book, which
appeared in England in 1953, the chapter devoted to super-
conductivity was dropped completely [21]. There may have
been good reason for this: the author had nothing new to say.

Thus, the first period in the study of superconductivity,
entitled in the present paper ‘The day before yesterday
(1911-1941)’, ended, in respect of the microtheory of super-
conductivity, with the understanding of the existence of a real
problem and the recognition of obscurity on the way to its
solution. Incidentally, this was not for lack of attention or
intellectual efforts. Suffice it to say that the attempts of
Einstein [24] and Bohr [23] to gain insight into the nature of
superconductivity also failed. It was apparent that the
interaction between conduction electrons should be taken
into account in one or another way. But the key to an effective
approach to this issue was only found in 1950, when the
above-mentioned isotope effect was found and pointed to the
role of the interaction between the conduction electrons and
the crystal lattice.

At the same time, great success was achieved in the
understanding of the macroscopic behavior of superconduc-
tors even at this early stage. After the discovery of the
Meissner effect in 1933 [12] it became evident (see Ref. [25]
and the literature cited there) that the superconducting state is
aphase of matter in the thermodynamical sense of this notion.
In the depth of a superconductor the magnetic field H =0
(here and below we do not distinguish between the field H and
the magnetic induction B) and

He,, (T)

Fno — Fso = o (1)

where Fy ¢ and F;( are the free energies of unit volume of a
metal respectively in the normal (n) and superconducting (s)
states (phases) and Hn(7) is the critical magnetic field for
massive samples. Differentiation of relation (1) with respect to
T yields a number of thermodynamic relations. It would
obviously be out of place to dwell longer on the thermo-
dynamics of superconductors, on the influence of the field,
current, etc. (see, e.g., Refs [8, 10, 26 —29]). When we speak of
the history, the above-mentioned paper by Gorter and
Casimir [25] is worthy of note as is the so-called two-fluid
model [30] which they introduced in 1934. According to this
model, along with a superconducting current with density j;,
in a superconductor a normal current may flow with density j,
which is due to the flow of ‘normal electrons’ present in the
superconductor at 7' > 0. The total current density is of course
j=1s +1i, and it is this density that enters the ordinary
electrodynamic equation rotH = (4n/c)j+ (1/c¢)(0E/0t)
where E is the electric field strength (the polarization of the
medium is neglected). The normal current in a superconductor
does not, in fact, differ from the current in a non-super-
conducting state, and in the local approximation in the
absence of a temperature gradient (and generally in a
homogeneous medium) we have

jn = on(TE. (2)

A significant step forward was the equation for j,

rot (4j,) :—%H, 3)

with A as a new constant. This equation was introduced by
Londons [31] in 1935.

The meaning and, so-to-say, the origin of this equation
becomes obvious if we consider the hydrodynamic equation
for a conducting liquid (gas) consisting of particles with a
charge e and a mass m and moving at a velocity vy(r, ¢):

v, e e
— = —(vV)vg,+—E+—[v.H
ot (vsV)¥s + m + mc [v HJ

2
=‘E-v%y Vs rotvs+iH . 4)
m 2 mce

Such an equation corresponds to a medium with ideal
conductivity [32] and does not prevent a constant magnetic
field from being present in this medium. Imposing an
additional condition, namely, the condition of the absence
of vortices extended to the case of a charged liquid

rotveriH:O, (5)
mc

we arrive at the Londons equation (3) if we take into account
that j, = engvs (ns is the concentration of ‘superconducting’
charges). Given this, obviously,

m

A= . (6)

e2ng

Moreover, under condition (5), we obtain from (4) the second
Londons equation
a(A Js) A 2

— S =—E-V— j°. 7
ot V2(3ns]5 ()

The last term on the right-hand side is rather small and is
therefore typically omitted, although it has quite a real
meaning (see, e.g., Ref. [33]).
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Equation (3) together with the field equation rotH =
(4n/c)j, in a homogeneous medium (i.e., for A = const) leads
to the equations

1 1 A2 mé?
AH-—H=0, Aj,——j. =0, #="-=—"1.
52 O 52 ks ’ 4t 4me3n

(8)

This implies that the field and the current decrease with the
penetration into the superconductor according to a law of the
form H = Hy exp(—z/J), which corresponds to the Meissner
effect. At first, however, it was only a qualitative agreement
between the theory and experiment, while quantitative
measurements [10] remained contradictory for a long time
and, in particular, did not confirm the conclusion of the
theory concerning the dependence of the critical magnetic
field on the thickness of superconducting films (see Refs [10,
34] and the literature cited therein). Furthermore, in the
Londons theory, to provide stability of the boundary
between the normal and superconducting phases, it was
necessary to introduce the surface energy o, at the inter-
face. But the energy o, is rather high, and it remained quite
unclear how it could be calculated [34, 35]. Here however we
pass over to the next period in the study of superconductivity
— the period referred to as “Yesterday (1941 —1986)’.

True, the research of thermoelectric phenomena in super-
conductors which was started in 1927 should also be ascribed
to ‘The day before yesterday (1911 —1941)’. The result of this
research was as follows: ‘Many experiments have shown that
all thermoelectric effects disappear in the superconducting
state’ [10] (see p. 86). Indeed, at first glance this statement
seems to reflect the situation correctly. But in reality, as I
pointed out later, in 1944 [36] (see also [33, 37]), thermal
effects exist in the superconducting state as well, but they are
masked to a great extent because of the existence of two
currents — j, and j,. Strange as it is, thermoelectric effects in
the superconducting state have even now been investigated
quite insufficiently. This problem however stands aside from
the magisterial trends in the field of superconductivity, and is
therefore beyond the scope of our further discussion (see Refs
[37, 38)).

Finally, itis noteworthy that type Il superconductors were
in fact discovered in the late 1930s, although it took two
decades to make things clear. Namely, in 1935-1936
L V Shubnikov and his co-authors revealed the behavior of
some alloys in a magnetic field, typical of type II super-
conductors (for the explanation and references see Refs [8,
10]; above we meant, although implicitly, type I super-
conductors)*.

3. Yesterday (1942 —-1986)

Itis of course somewhat conditional that the first period in the
history of investigation of superconductivity (“The day before
yesterday’) is thought of as finished in 1941. One should not
however forget that this boundary was determined, among
other things, by the fact that the Second World War broke out
in Western Europe in 1939, and in the USSR in 1941.
Naturally, the investigations of superconductivity then were
nearly stopped. In the bibliographical index [39], which

4 1 cannot but mention with bitterness that the outstanding physicist
L V Shubnikov fell victim to terror: although completely innocent he was
shot in 1937.

includes papers devoted to superconductivity over the period
1911-1970, only 36 out of the 6579 publications refer to
1942 —1945 (in 1941, according to [39], only nine papers were
published, some of them having been written earlier). What a
contrast this is with the present-day situation, for which we
can point out that within the period 1989 —1991 nearly 15000
papers appeared devoted to high-temperature superconduc-
tors, i.e., on the average about 15 papers a day were issued.

I was among those few physicists who took an interest in
the theory of superconductivity in the war years and this
happened under the influence of Landau’s paper [19]
published not long before. We were in evacuation in the
town of Kazan’ where we were pretty cold and hungry. But
people sometimes indulge in research work under any
circumstances. All my activities in the field of superconduc-
tivity and superfluidity, started in 1943, are described in detail
in paper [35]. Here I shall dwell on only two directions of my
own work which seem of importance in a rather broad
context. One is the formulation of the quasi-phenomenologi-
cal theory of superconductivity, which was then called the
Ginzburg—Landau theory (I refer to it as the ¥-theory of
superconductivity). The other direction of this work, which
was started in 1964, was the discussion of the possibility of
creating high-temperature superconductors.

As has been mentioned above, the Londons theory
correctly reflected the existence of the Meissner effect, but
was inapplicable to ‘strong’ magnetic fields comparable with
the critical field H.. In other words, it was only applicable
under the condition

H<H,. 9)

True, condition (9) was established with sufficient clarity only
later, but the impossibility of deriving a correct expression for
the critical field H, on the basis of the Londons theory in the
case of thin films became apparent as far back as 1939 (see
Refs [40, 34]). The question of the surface energy o, 5 on the
boundary of the superconducting and normal phases also
remained absolutely uncertain [34]. All this stimulated the
search for a generalization of the Londons theory; the V-
theory published in 1950 [41] may be thought of as such a
generalization.

In the Y-theory, the scalar complex function Y(r) is
introduced as an order parameter to describe superconduc-
tivity. This function ¥ is sometimes termed the macroscopic
or effective wave function, and is in fact associated with the
electron density matrix in a superconductor [41, 35]. The free
energy density of the superconductor and the field is written
in the form

H 1 b

Fop=Fo+ o+ | —ihV¥ - AW®|
&n  2m c

(10)

where A is the vector potential of the field rot A = H and F;
is the free energy density in the normal state.

Under the condition of thermodynamic equilibrium in the
absence of a field, 0F,o/0|¥|* =0 and |¥|* =0 at T > T,
while at T < T, we already have |¥|* > 0. This implies that
oa(Te) =0 =0,p(Tc) = . > 0,and o(T) < 0at T < T,. The
theory develops in the region near 7, and within the validity
limits of the expansion (10) one can put o(7T) = o (T — T),
and o, = (do/ dT)7_q., B(Tc) = f.. From this, in equilibrium

FSO :Fn0+oc|'1”|2+§|'1’\47
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at T < T, we have

=, =BT =T
- [o¢] - 9
B
o (o) (Te — T)? H?
Foo=F.n———= _ e A 7e 7 oo Zfem
s0 n0 2ﬂ n0 Zﬁc n0 8
(11)

In the presence of the field, the equation for ¥ is derived upon
variation of the free energy f F, iy dV over ¥* and has the form

1 2
—<—'hV—e—A> V4o + fPY =0.
2m c

(12)

Variation of the integral [ Fy;; dV over A (under the condition
div A = 0) leads us to the equation

47

AA:f_jw
¢
. ie*h (e*)2 )
=——(V'V¥Y — VP — — |P|°A. 1
o=~ Lrww vy Ly (13)

If we put ¥ =¥, =const, then j, = —[(¢*)*/mc] P2 A,
which, as is readily seen, is equivalent to the Londons
equation (3). In fields comparable with the critical field, the
function ¥ is already not constant, which makes the Londons
theory inapplicable (and thereby comes the criterion (9)). It
should be noted that far from 7., where the ¥-theory is
generally quantitatively inapplicable (at least without some
changes), the Londons theory may appear to be inapplicable
in the weak field as well. The point is that for type I
superconductors far from 7, the coupling of the field with
the current is nonlocal. This circumstance was pointed out by
Pippard in 1953 [42]. The state of the theory of super-
conductivity (both macroscopic and microscopic) before the
creation of the microtheory of superconductivity by Bardeen,
Cooper, and Schrieffer in 1957 [43] was elucidated in the large
review by Bardeen published in 1956 [44]. I refer the reader to
this review, in particular, in respect of the allowance for
nonlocality [42]. The current state of the theory of super-
conductivity is presented in books [26—29, 38] and elsewhere.
But now, in the brief review of the crucial points in the history
of the development of this field, we shall only make some
more remarks concerning the ¥-theory.

Of interest is the question of the charge e*, entering the
equations of the ¥-theory [see (10), (12), (13)]. This charge is
involved in the expression for a very important parameter of
the theory

%_mc &_\/Ee*
T ehV2n o R

Hend? (14)

where H,p, is a thermodynamic critical field [see (1) and (11)]
and J is the penetration depth of the weak magnetic field,
and

) me?f, mc?

0~ 4m(e*)?|ol - 47r(e*)2‘1’§o .

(15)

The quantities H.,, and J¢ can of course be measured
experimentally and, moreover, a number of measurable
quantities (the surface energy o, and fields for limiting
supercooling and superheating) depend on x. Thus, using

the measurable quantities H..,, dg, and x, one can determine
¢* according to (14). In this way one can arrive at the
conclusion [45] that ¢* &~ (2—3)e, where e is the electron
charge. This seemed strange because, as Landau noted, the
effective charge e* must not depend on coordinates (other-
wise, the gradient invariance of the theory is violated) and
must therefore be universal. Only after the creation of the
BCS theory [43] Gorkov showed [46] that ¢* = 2¢ holds
strictly. This result certainly means that we are dealing with
Cooper pairs with charge 2e¢. Consequently, the charge
¢* = 2e is actually universal (in the sense that it does not
depend on coordinates), but at the same time it is not equal to
e. Interestingly, such a simple idea occurred to no one, in
particular neither to me nor to Landau. For Landau it was
not accidental — as mentioned above, in his theory of
superfluidity [19] Landau did not see any relationship
between superfluidity and the Bose—Einstein statistics of
4He atoms. Hence, the idea of electron ‘pairing’ with so-to-
say transformation of fermions into bosons did not suggest
itself. As for myself, I cannot find any excuse because I even
pointed out that for a charged Bose-gas the Meissner effect
must take place [47]. Furthermore, I might have known (I do
not remember it now) that the idea of electron pairing with
subsequent Bose — Einstein condensation and the appearance
of superconductivity was suggested by Ogg as far back as
1946 [48], and then by Schafroth [49]. However, Bardeen did
not mention Ogg in his extensive 1956 survey [44] and,
although he knew the papers by Schafroth, he never even
mentioned the possibility of pairing. It was only the paper by
Cooper [50] that made the idea of pairing popular and led
directly to the creation of the BCS theory [43]. But, which is
interesting, in the BCS paper [43] there is not a single word
about Bose—Einstein condensation and, obviously, they
failed to recognize the direct relation between this condensa-
tion and pairing and its role in the explanation of super-
conductivity. This can be understood to a certain extent
because pairs in the BCS theory have a large size &, ~ 10~*
cm and the condensed (superconducting) state is very far from
the boson condensate with atomic size &, ~ 1078 cm.
However I have got ahead of my story. The ¥Y-theory
proved to be very efficient and made it possible to consider a
large number of questions and problems (the behavior of
films and other superconducting samples in a magnetic field,
supercooling and superheating, the calculation of the surface
energy, etc.). The Y-theory turned out to be successful
because it lies within the scope of the general phase transition
theory and in this sense is more general than the BCS theory.
At the same time, from the BCS theory near T, one certainly
obtains the ¥-theory equations (12) and (13) with concrete
values of the coefficients o« and f (see Ref. [46]). It is of course
very important that in conventional superconductors the
coherence length ¢ = dy/» (the penetration depth Jy is more
frequently denoted by the letter A) is large, and therefore the
fluctuations are small (see Refs [51, 52, 37]). The ¥-theory is
readily extended to the anisotropic case [53] and also holds
when more complicated (non-scalar) order parameters are
used [54]. In the original work [41], consideration was only
given to the case where x < l/\/i Then 6,5 > 0, and it was
proved that for x = 1/\/2 we already have o, = 0, and with
further growth of » the energy becomes g,5 < 0. In other
words, only type I superconductors were dealt with in Ref.
[41], where it was shown that for » > 1/y/2 a certain
instability occurs. Only after the work of Abrikosov [55] was
it understood that for » > 1/v/2 a vortex lattice is formed and
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superconductors behave as had been established in the 1930s
by Shubnikov and colleagues (this has already been men-
tioned above). In today’s terminology, these are type II
superconductors which now remain the object of intense
investigations not only in cuprates.

The numerous applications of the ¥-theory are elucidated
in books [22, 27—-29] and in many other publications. A huge
number of papers are devoted to various applications and
generalizations of the ¥-theory (as an example I may refer the
reader to Refs [38, 56—61]). This is a whole field of research
(especially in what concerns vortices and vortex structures),
and we cannot dwell on it here.

The creation of the BCS theory in 1957 [43], i.e., 46 years
after the discovery of superconductivity, was of course a fairly
significant event in the history of the study of superconduc-
tivity and, properly, for the whole physics of condensed
media. The BCS work was followed by a series of investiga-
tions in which virtually the same results were obtained by
other methods, some points were specified, etc. (Bogolyubov
[62], Valatin [63], Gorkov [46] and others; see the review [64]
and the collection of papers [65]).

The most typical result of the BCS theory is the expression
for the critical temperature

1
T :Gexp<—r> ,
eff

where kg0 is the energy range near the Fermi energy Er where
the conduction electrons (more precisely, the corresponding
quasi-particles) are attracted, which causes pairing and
instability of the normal state; next, in the simplest case
Jeit = A = N(0)V, where N(0) is the level density near the
Fermi surface in the normal state and V" is a mean matrix
element of the interaction energy corresponding to the
attraction.

In the BCS theory, the coupling ‘constant’ 4 is assumed to
be small (‘weak coupling’), that is,

(16)

i<l (17)

The theory implies a number of results that can be verified by
experiment, for example,

2A(0)
ks T

=352, (18)

where A(0) is a superconducting gap (per one quasi-particle)
at T = 0; for many type I superconductors the BCS theory
proved to be in full agreement with experiment.

Since it is impossible to dwell in more detail here on the
development of either experiment or the theory, we shall only
mention the Josephson effect [66] and the extension of the
BCS theory to the case of strong coupling by Eliashberg [67].

The main landmarks of this stage in the study of super-
conductivity, which has been described as “Yesterday (1942 —
1986)’, are in my opinion the creation of the ¥-theory (1950),
the BCS theory (1957) and, finally, the search for high-
temperature superconductors (1964 —1986). More precisely,
we are now mostly speaking of the theory. The experimental
research is of course no less important, but it was largely
determined by the theory and in any case there was no
contradiction or contrast between them.

Undoubtedly, the question of why superconductivity is
only observed at low temperatures arose long ago. However,

before the creation of the BCS theory no concrete answer to
this question could be given, while within the BCS theory the
answer is already clear when one applies formula (16). The
point is that in the BCS work the electron — phonon interac-
tion was regarded as the interaction responsible for the
attraction between electrons and thus for their pairing. This
is clear, for the role of this interaction becomes obvious from
the isotope effect and, more concretely, from the validity in
some cases of the relation

Tooc M~Y2, (19)
where M is the ion mass in the lattice (see, for example, Ref.
[29]).

In the case of electron—phonon interaction, in formula
(16) for T, we have

0~ 6p, (20)
where 0p is the Debye temperature of a corresponding metal.
Estimate (20) is particularly clear in the language explaining
the electron—phonon interaction as a result of the fact that
two electrons exchange phonons. But the maximum phonon
energy fiwpy, is precisely of the order of kgflp, and therefore
kgbp, i.e., the energy range where interelectron attraction
occurs, is considered in the BCS theory and thus in formula
(16).

For the majority of metals 0p <500 K and 2 < 1/3. Hence,
according to (16), T, <500 exp(—3) = 25 K. Such estimates
suggest the following value for the phonon mechanism:

T.<30—-40 K. (21)
True, for instance, for lead we have A &~ 1.5, but in this case
Op = 96 K; formula (16) will not hold here, but the analysis
based on the expressions for 7, also holding for strong
coupling leads to the actual value T, p, = 7.2 K (see, e.g.,
Ref. [68]). For hypothetical metallic hydrogen, where
Op ~3000K, one can however expect the values
T. ~200—300 K, but it was not until 1986 that materials
with T, > 24 K were created (for Nb;Ge synthesized in 1973
the temperature was exactly T, = 23.2—24 K). That is why,
the opinion was widely spread that estimate (21) was valid.

Getting somewhat ahead, I should note that for high-
temperature cuprates the electron—phonon coupling is
strong and the Debye temperature is high (e.g., A=~ 2,
0p ~ 600 K; see Refs [69—71]). It is generally clear that the
electron—phonon mechanism can in principle account for
HTSC, too, at least T, <200 K (for example, for A ~ 2 and
Op ~ 1000 K we already have T.~ 200 K; see below).
However, the temperature 7, is only one of the character-
istics of a superconductor, and what has been said above does
not of course guarantee that the phonon mechanism is the
basic one responsible for superconductivity in the known
HTSC cuprates. Moreover, in the framework of the phonon
mechanism it is apparently not easy to explain the d-pairing
and the high value of 2A(0)/kg T... Historically, the search for
HTSC by creating materials with simultaneously high 0p and
Avalues was at one time unpopular obviously for fear that the
lattice would be unstable upon strong coupling.

In any case, the search for HTSC went at first in a different
direction (I shall not mention purely empirical attempts).
Namely, as is already apparent from (16) and from the
aforesaid, to increase T, one can raise the temperature 6.
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But this need not necessarily be the electron—phonon
interaction, and any mechanism that provides electron
pairing will do. Not phonons, but bound electrons which, of
course, also interact with the conduction electrons, may in
principle be responsible for superconductivity. As far as I
know, W Little was the first to pay attention to such a
possibility in 1964 [72]. Specifically, he considered a metallic
(i.e., conducting) quasi- one-dimensional thread or ‘spine’ on
the side of (or, more precisely, around) which there are
‘polarizers’, i.e., some molecules interacting with the conduc-
tion electrons in the quasi-one-dimensional thread. This
interaction (which is obviously a Coulomb interaction by
nature) is the one to provide pairing. In the same year 1964 D
A Kirzhnits and I discussed the possibility of the existence of
two-dimensional superconductors [73]. That is why it was
natural that after the appearance of paper [72] I proposed [74]
something analogous, but quasi-two-dimensional instead of
quasi-one-dimensional, i.e., a metallic film with dielectric
layers on both sides (a ‘sandwich’).

The proposed mechanism of superconductivity in general
and under the conditions of Refs [72, 74] in particular can be
called the exciton mechanism (more precisely the electron-
exciton mechanism) meaning that phonons in this case are
replaced by electronic excitons, i.e., excitations in a system of
bound electrons. Briefly speaking, this is the electronic
mechanism of superconductivity. The typical exciton energy
Nwex = kplex of the order of 0.1—1 eV corresponds to the
temperature 0e ~ 103—10* K. Hence, substituting in the
BCS formula 6 ~ 6 when A =1/3, we obtain T, ~ 50 —
500 K. They say that ‘paper will withstand anything’, but how
such possibilities could be realized was unclear and remains
unclear to the present date. Nevertheless, many points had
been clarified and discussed [68, 75] before the discovery of
HTSC in 1986—1987 [76, 77] (the history of the early HTSC
research is elucidated in Refs [35, 78]).

Of what became clear ‘yesterday’ I shall only linger on two
things. First, in quasi-one-dimensional systems fluctuations
are particularly large, which causes the lowering of 7¢ (in a
strictly one-dimensional system generally 7. = 0). From this
point of view, quasi-two-dimensional systems, i.e., ‘sand-
wiches’ and layered compounds are much more advanta-
geous. This conclusion [74, 75, 79, 68] has been completely
confirmed because all HTSC cuprates are layered com-
pounds. Second, it was established [68] that the doubts as to
the possibility of the existence of HTSC [80], aroused by the
lattice instability, were ungrounded. Specifically, a system (a
metal) with a negative dielectric permittivity

¢(0,9) <0, ¢#0 (22)
can be perfectly stable. Here e(w,q) is the longitudinal
permittivity for the frequency @ and the wave vector q.
When ¢ < 0, the Coulomb interaction U = ¢?/er obviously
corresponds to attraction. This is precisely what leads to the
electron (quasi-particle) pairing. It is interesting that for large
q values a negative permittivity is realized in many metals [81,
82] owing to the phonon contribution. Negative ¢ values due
to the electron contribution (mechanism) are only attainable
in systems with a strong exchange-correlation interaction
(allowance for the role of the local field is necessary). But it
should be emphasized that no restrictions are generally
known for the use of the electron (exciton) mechanism for
raising 7T, (we do not of course mean temperatures compar-
able with the degeneration temperature 0p = Ep/kg). For

more details concerning this point and the derivation of the
stability condition (22) see Refs [71, 81] and the references
there.

I have permitted myself to discuss here at length the HTSC
research carried out by myself and my colleagues working at
the P N Lebedev Physical Institute in Moscow [68, 71, 73, 74,
78, 81, 82] not of course to claim priority. We have neither
obtained HTSC materials nor given exact prescriptions for
the synthesis of such materials which were obtained in 1986 —
1987 [76, 771°. However, I do not think that a total disregard
(see, in particular, Ref. [83]) of everything done earlier in the
HTSC research by Little [72], by us in Moscow [35, 68] and by
a number of other authors (see, e.g., Ref. [79] and the
references in Ref. [78]) is justified. Another standpoint is
also possible if cuprates and their superconductivity are
assumed to be something quite special, not related to low-
temperature physics. I do not think of such an opinion as
grounded, although the distinguished position of cuprates has
now become particularly obvious (this fact has even been
reflected in the title of the book [29]: ‘Superconductivity of
Metals and Cuprates’).

4. Today (1987-7)

The study of conventional superconductors is of course
continued on a large scale. Various nonstationary processes,
including thermoelectric effects [38, 37, 28, 29], the study of
vortices and different vortex structures [28, 58 —61, 84, 85],
and the co-existence of superconducting and magnetic
ordering [86] can be mentioned as especially topical pro-
blems. However, many other interesting questions might also
be mentioned. But in the broad context, the most important
current problem is everything related to high-temperature
superconductors (HTSC). Their discovery in 1986—1987, as
is well known, gave rise to a real ‘boom’, unprecedented
attention was attracted to them, and a huge number of papers
began to appear (see, e.g., Ref. [83]). But I think nobody could
then believe that synthesized oxides — cuprates would turn
out to be so radically different from conventional super-
conductors. Now it has become clear that HTSC cuprates,
although I do not think that they should be separated from
other superconducting metals by the wall of China, represent
a manifestly distinguished class of superconductors. Their
properties are elucidated in monographs [28, 29] devoted to
superconductivity and in special collections of papers [87, 88]
and numerous reviews (I shall only mention a few of them
[89-93)).

In spite of the fact that HTSC materials have been
investigated for 13 years and a great effort has been made
(tens of thousands of publications have appeared), the picture
in the early 2000 remains on the whole fairly cloudy. This is
largely due to complexity of cuprate structure and, mainly, to
the difficulties in obtaining perfect single crystals and
controlling of the degree of doping, homogeneity of sam-
ples, etc. That is why a number of experimental results turned
out to be unreliable or insufficiently clear. I do not even want
to try to somehow outline the present situation. But at the
same time, I cannot but mention the perfection of some of the
applied experimental methods, for instance, observations,
using a scanning tunnel microscope, of the electron density
distribution near individual impurity atoms in HTSC

ST would like to note here that the importance of studying oxides, carbides,
and nitrides was pointed out in Ref. [68] and in paper [82].
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cuprates [94]. In respect of the theory it suffices to say that
there exists no generally accepted view of the mechanism of
superconductivity leading to high T values in cuprates. Here,
I shall restrict myself to a few remarks.

The great success of the BCS theory has led to the long-
time dominance of the ideology associated with this theory.
Thus, at the early stages the HTSC problem was discussed in
the framework or, better to say, on the basis of the
conceptions of the BCS theory and its extension to the case
of strong coupling. Indeed, there were attempts to raise T, by
increasing the temperature 6 in the BCS formula (16) through
a replacement of 6 ~ 6p, which holds within the phonon
mechanism, by 6 ~ ¢ for the exciton mechanism of super-
conductivity. Another way, which is also apparent from (16),
is an increase of the coupling constant A.g in passing over to
strong coupling, when in the simplest version we have

1+2
TC:Qexp{— + },

where 1 — u* = Jr is the coupling constant involved in the
BCS formula (16), A is the strength of the coupling due to the
phonon interaction (the phonon mechanism) or excitons (the
exciton mechanism), and * = u[1 + uIn(0/0)] " reflects the
role of Coulomb repulsion (for more details see, e.g., Refs [29,
68]). If in (23) we put * = 0.1, then for 1 = 3 we already have
T.=0.250 and for the phonon mechanism with
0 = 0p =400 K we obtain 7, = 100 K. This example only
demonstrates that for cuprates with 6p ~ 600 K even for
A = 2 the temperature is already 7, ~ 130 K. Thus, to obtain
values T, ~ 100 K in cuprates is no problem in itself. But this
does not, of course, prove that in cuprates we are dealing with
the phonon mechanism of superconductivity because T, is
only one of the characteristic quantities. The behavior of
cuprates in the superconducting state, for example, the
observed ratio 2A(0)/kg T, does not allow us to identify the
mechanism of superconductivity in cuprates as purely
phonon. At the same time, a whole number of typical
features in the behavior of cuprates in the normal state,
which are customarily assumed to be specific, can in fact be
well explained within the phonon mechanism [95]. I refuse to
understand how the role of the phonon mechanism in
cuprates can be ignored °, although this mechanism is not in
fact the only one to determine all the properties of these
substances.

Undoubtedly, the study of HTSC in cuprates made us
realize or rather recall that the phonon mechanism and the
BCS approach itself are not the only possible ones for the
understanding of superconductivity. Indeed, superfluidity in
3He and in neutron stars definitely has nothing in common
with the phonon mechanism. Bose— Einstein condensation
(below BEC) leading generally to superfluidity in the case of
neutral particles and to superconductivity for charged
particles does not depend on the boson formation mechan-
ism (we mean the formation of bosons as a result of pairing of
two electrons) 7. In my opinion, it would be right to call such a
mechanism the Schafroth mechanism [49, 96], although
Schafroth had a predecessor [48].

¢ The last known to me confirmation of the important role of phonons in
cuprates is paper [112] reporting a strong isotope effect in one of the HTSC
cuprates (7. is not meant, but the temperature 7* at which a so-called
pseudo-gap appears in a normal-state underdoped crystal); see, however,
Ref. [113].

7 The existence of BEC was pointed out by Einstein as far back as 1925[97]
(see also Refs [15, 52]).

For an ideal Bose-gas of zero-spin particles of mass m*,
the temperature of the beginning of BEC is

2.2/3
_ 3T g 1o <%>n2/3 K],

= 24
¢ Wl*kB ( )

where m = 9.1 x 10728 is the free electron mass and 7 is the
concentration of bosons (in cm™).

It is interesting that when applied to liquid “He, formula
(24) leads to the value T, = 3.1 K for the temperature of the /-
point, whereas actually 7; = 2.17 K. In view of the fact that
liquid helium is rather far from an ideal gas, this closeness of
T. and T is evidence of the determining role of the Bose
statistics of particles for the superfluidity of “He. According
to (24), even for n~ 10 cm™ and m* ~ m, we obtain
T. ~3x 10° K, and so, from this point of view obtaining
the values 7, ~ 100 K is no problem. In HTSC cuprates the
coherence lengths are small, and thus the pairs are obviously
much smaller than the typical sizes of Cooper pairs in
conventional superconductors. Hence, the Schafroth
mechanism or BEC of local pairs in application to HTSC
was repeatedly mentioned from the very beginning (see, e.g.,
Ref. [78]) and was then developed in detail [98]. But such an
approach to HTSC cuprates meets with serious objections, as
all the other theories of superconductivity in cuprates known
from the literature. Among them, the spin mechanism is
worthy of note, in which pairing is due to spin interaction (I
shall restrict myself to mentioning the first paper [99] and the
last review known to me [100] in this field). The exciton
mechanism has already been pointed out above [68, 72, 74, 75,
78, 79]; the basis of it is the BCS theory. Let us also mention
the electron mechanisms [110, 111].

In a real substance there certainly simultaneously exist
electron—phonon, spin, and electron—electron (electron—
exciton) interactions. So, strictly speaking, the consideration
may be restricted to one of these interactions only in some
limiting cases. For example, in conventional superconductors
the electron—phonon interaction prevails. But in cuprates,
both electron—phonon and electron—electron (and maybe
also spin) interactions are probably significant (in this
connection see, in particular, paper [114]).

The possibility of applying the notions of a Fermi-liquid
and a BCS type theory to HTSC cuprates is called in question
[101]. The hypothesis of an electron liquid other than a Fermi-
liquid is beyond doubt deep and important [102]. It is in
principle possible that non-Fermi-liquid effects are significant
and even decisive in HTSC cuprates. The future will show if
this is so. But I am not afraid to express my intuitive opinion
that the resources of the BCS type theory (including its
extension to the case of strong coupling) are far from being
exhausted. It is therefore quite possible that cuprates, too, (to
say nothing of fullerenes and perovskite type substances like
Ba,;_K,BiOj3) are mostly described using the concepts of a
Fermi-liquid, the formation of pairs with charge 2¢ and their
collectivization.

Here I however proceed to the section ‘Tomorrow’.
Today, the situation in the field of superconductivity is
primarily characterized by obscurity of the picture of
HTSC-cuprates. This is now the main thing.

5. Tomorrow

In the title of the previous section ‘“Today (1987—7?) there
stands a question mark, since as in the sections ‘The day
before yesterday (1911 —1941)” and ‘Yesterday (1942 —1986)’
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some landmarks are understood, for example, the discovery
of superconductivity in 1911 and the discovery of HTSC
materials in 1986—1987. For this reason, the landmark of
‘Today’ should not be March of 2000 when this paper is being
written, but it should be some event. What event will it be? It is
desirable that this landmark be the insight into the mecha-
nism of superconductivity in HTSC cuprates. So many
experimental results on cuprates have been obtained in the
13 years and the experimental methods employed have so
much advanced (I judge, say, by the recent papers[92, 94, 103,
104, 112]), that a certain clarity may be expected in the
experiment in the near future. If this happens, the theoretical
comprehension will hardly keep us waiting long. Now I can
only make some remarks.

If the phonon mechanism with strong coupling, though
not the only one, is still determining, the value of the critical
temperature 7. is unlikely to exceed approximately 200 K.
[The maximum temperature attained to-date (this happened
in 1994) was T, =~ 164 K for the cuprate HgBa,Ca,;Cu3O0g.
under high pressure; at atmospheric pressure for this material
T. = 135K ] This is clear from expressions of the type (23) for
T, and from the fact that 6 ~ 0p <10° . For spin mechanisms
the role of 6 is played by Curie or Neel temperatures, and they
are no higher than 10* K either. For the exciton and some
related electron mechanisms (the plasmon mechanism is
sometimes discussed) 0 ~ 0cx. The natural upper boundary
for O is the Fermi temperature Op = Ep/kp<10°. The
electron mechanism is not known to meet with objections of
principal character (see Refs. [68, 71]), and from this point of
view it may ‘do its best’ under some conditions. And in this
case the dream, i.e., room-temperature superconductivity
(RTSC) with T, ~ 300—400 K would come true.

Undoubtedly, many laboratories are engaged in the search
for materials with increasingly high T, values. The lack of
advances in this direction over a number of years (since 1994)
testifies to the fact that the 7, of cuprates and many other
tested compounds can hardly be raised. But the number of
possible compounds is huge, which of course gives hope for
finding a substance with higher T, values. I believe, as before,
that quasi-two-dimensional (layered) structures are promis-
ing; for some ideas concerning this issue see Ref. [105]. Wide
possibilities for experiments in this field are known [106].

It should be mentioned here that the current situation in
solid state theory cannot yet be thought of as satisfactory. The
progress made over the past century is of course great if we
look at the distance passed from the idea of electron motion in
conductors, suggested by Drude in 1900, up to today’s
condition of the physics of metals. But on the other hand,
the properties of even what seems to be the simplest system,
namely, metallic hydrogen cannot be predicted from ‘first
principles’ [107]. Judgements, sometimes encountered, that
almost all the principal things in physics have already been
done are simply absurd (see, e.g., [108]). There is no doubt
that the theory of many-particle systems faces unsolved
problems of great difficulty. Not until it becomes possible to
calculate the parameters and characteristics of compounds of
any prescribed composition and structure will one be able to
think of condensed-matter theory as practically accom-
plished. Certainly, this also refers to superconductors (true,
it should be pointed out that for simple metals like Al and Pb,
advances have already been made [95]). It is difficult to say
how many decades we shall wait for the achievement of this
goal. We now have only one natural landmark in view — the
year 2011, the centenary of the discovery of superconducti-

vity. Unfortunately, we are unable to make a definite
prognosis even for the decade left before this centenary. But
I would not be very much surprised if room-temperature
superconductors were created by 2011. This is however no
more than a dream. But high-temperature superconductivity
had also been only a dream before 1986.

6. Supplement

The conference MTSC 2000 (Major Trends in Superconduc-
tivity in the New Millennium) and the symposium ‘Itinerant
and Localized States in HTSC’ held on April 1-9, 2000, i.e.
immediately after the conference, were rather representative
assemblies (nearly 130 scientists were present at the con-
ference). Many experimental data were reported and various
theoretical issues associated with superconductivity in cup-
rates and in some other substances were discussed. However,
no essentially new insight into the HTSC in cuprates was
proposed. It is surprising that the long discussion of the
problem did not contribute to the clarification of the theory
of cuprate superconductivity. There exist different points of
view, but I hope a consensus will be reached in the near future.
The current situation will largely be elucidated in the
proceedings of the MTSC 2000 conference (to be published
at the end of this year in Journal of Superconductivity) and
also in the paper by E G Maksimov [115].

Here I only want to make a few remarks not connected
with cuprates. The data [116] reported at the conference
testify to the rather probable existence of superconductivity
with 7. = 91 K on the surface of the compound WO3 doped
with sodium (Na). We are speaking of strongly diamagnetic
(at T < T. = 91) small regions localized on the surface. The
most significant point here is of course the high 7 value in the
absence of copper. At the same time, it is natural to recall here
the two-dimensional surface superconductivity which has
long been discussed [73, 117]. A two-dimensional conductor
may pass over to a superconducting state, and there are
different possibilities for that. One of them occurs if a
substance (a metal, a semiconductor or a dielectric in the
case of volume effects) possesses surface levels. In the case of
an appropriate position and occupation of these levels (e.g.,
Tamm levels [117]) the surface may appear to be metallic and
then also superconducting. Another possibility is the coating
of a non-superconductive material with a monolayer (of e.g.
CuO;) which may turn out to be superconductive (the
technological process is well-known; see Refs [106, 118]).

The report of a possible high-temperature superconduc-
tivity in the WO3 + Na system makes us emphasize once again
that there is no reason to assume high-temperature super-
conductivity (we shall define it as superconductivity with
T. > Ty N, = 77.4) to exist in cuprates only. The search for
HTSC in various substances has been and is now being
conducted, but the earlier positive results not related to
cuprates have not been reproduced and thus confirmed.
Nevertheless I believe that there are insufficient grounds to
think of all the reported HTSC observations as erroneous.
This particularly concerns CuCl (see, for example, Refs [119,
120]; for some other references see also Ref. [78]). Since then,
the crucial significance in some cases of even a small doping,
i.e. the presence of impurities, especially oxygen, has become
clear. Moreover, it has become possible to state the appear-
ance of small superconducting regions not only from
measurements of diamagnetic susceptibility (see, e.g., Ref.
[116]). That is why some earlier observations, especially with



582 V L Ginzburg

Physics— Uspekhi 43 (6)

CuCl, should be repeated. At the same time, the wide-scale
search for HTSC in various substances is particularly
promising when a material is created using layer-by-layer
sputtering (see Refs [106, 118]). The study of non-damping
currents in carbon nanotubes [21] also deserves attention.
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