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A review is given of the experimental results on high-temperature superconducting ceramics
(oxides) published in the form of papers and preprints. A brief account is given of the history of
the discovery of a new classical superconducting ceramics, and the methods of their preparation
as well as the main physical properties are described. The mechanism of superconductivity of

these materials is discussed.
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1. INTRODUCTION

In a review devoted to new superconducting materials'
Beasley and Geballe advised: ““be prepared for the unexpect-
ed.” The unexpected in the high-temperature superconduc-
tivity is now with us: Not only do we now have superconduc-
tors which lose their resistance completely at liquid nitrogen
temperatures (7 = 77.4 K), but there are also reports of
transitions occurring at 230-250 K and even at room tem-
perature. Undoubtedly, a very important event has occurred
and the credit for the discovery belongs to many.

We shall review the experimental data on new high-
temperature superconductors published in the form of pa-
pers and preprints. It is quite certain that the review will
become obsolescent before it is published because of the rate
at which the subject is growing. However, it is already possi-
ble to perceive the first outlines and to identify the priorities.

Two paths have led to the discovery of high-tempera-
ture superconductors. Back in 1973, chemists prepared me-
tallic ceramics of the La,CuO, type and investigated subse-
quently the influence of various admixtures on their
properties. Physicists started from superconducting oxides:
a spinel-type compound Li,Ti, ,O, was discovered? in
1973 and the temperature of the transition to the supercon-
ducting state 7, in this compound was found to be
13.7 K; in 1974 a perovskite-type superconducting ceramic
BaPb, _, Bi, O; was reported’ and its values of 7, were up to
13 K. This discovery had to occur, but it could have hap-
pened ten years earlier. Evidently there was some psycholo-
gical barrier.
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Similarly, we can now have a different retrospective
view on the so-called “irreproducible superconductors”’
(see also Ref. 4) of the CuCl, CdS, and NbSi types. How-
ever, they will not be discussed here.

2. HISTORY OF THE DISCOVERY AND FIRST
INVESTIGATIONS

Oxides with the tetragonal structure of the K,NiF, type
were found in 1958 (Ref. 5), but they have not been given
serious attention right up to 1970 when their two-dimension-
al magnetic properties attracted real interest.® The metallic
nature of conduction in La,CuO, was discovered® in 1973.
In the same year it was found® that the addition of strontium
to La,CuO, gives a compound with a phase structure of the
K,NiF, type. Later,'° after the discovery of the supercon-
ductivity of ceramics based on La, it was shown that the
compound La,CuO, does not superconduct right down to
T=42K.

A very important step was made in 1979 by the Soviet
scientists working at the N. S. Kurnakov Institute of Gen-
eral and Inorganic Chemistry of the USSR Academy of Sci-
ences.'' They synthesized La-Ba—Cu—O, La-Sr—Cu-0, and
La—Ca-Cu-O, and several other compounds showing that

“the temperature dependence of their resistance was of metal-
lic nature. However, all these investigations represented
only preliminary steps to the discovery of superconductivity
of this class of materials.

At the end of 1986 two Swiss physicists Bednorz and
Miiller'? reported superconductivity of La-Ba-Cu-O ce-
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ramics with the temperature of the onset of the transition to
the superconducting state 7., = 35 K. At the beginning of
1987 research groups at the Bell Telephone Laboratories
(USA)' and at Tokyo University (Japan)'® observed su-
perconductivity of La—Sr—Cu-O ceramics with T, = 40 K.
The abruptness of the transition to the superconducting
state exhibited by the samples used in the Bell Laboratories'®
was AT = 1.4 K. It was reported in Ref. 13 (and also in Ref.
14) that La—Ca—Cu-O ceramics are superconductors and
that T, = 25 K. This was the end of a long era of “hydro-
gen” superconductors and the time arrived for “neon” su-
perconductivity.

Single-phase samples of these ceramics were used in the
investigations reported in Refs. 10, 15, and 16 and it was
concluded that the superconductivity is due to a perovskite
like layer phase of the K,NiF, type.

Similar results on lanthanum-strontium and lanth-
anum-barium ceramics were obtained in February and early
March 1987 by scientists at the Institute of Physics Prob-
lems of the Academy of Sciences of the USSR, Moscow En-
gineering-Physics Institute, Institute of Metal Physics of the
Ural Branch of the Academy of Sciences of the USSR, P. N.
Lebedev Physics Institute of the Academy of Sciences of the
USSR, Institute of Solid-State Physics of the Academy of
Sciences of the USSR, Moscow State University, Institute of
Crystallography of the Academy of Sciences of the USSR, I.
V. Kurchatov Institute of Atomic Energy, and several
others. .

A team working at the Institute of Physics of the Chin-
ese Academy of Sciences reported in February 1987 that 7',

= 48.6 K was reached for La-Sr-Cu-O ceramics and T,
= 46.3 K for La-Ba—Cu-0, which were the highest normal-
pressure temperatures at this time.'” It was reported in Ref.
15 that T, ~56-70 K was obtained for one of the La-Ba—
Cu-O samples which was broken and could not be repro-
duced; a sample of an La-Sr-Cu-O ceramic containing
0.075 at.% Sr was reported in Ref. 10 to have an extended
transition with 7, = 52 K.

One should mention at this stage the work of Japanese
physicists at the Kagoshima University '® who reported su-
perconductivity of Nb-Ge-Al-O films containing up to
20% of oxygen and characterized by T, up to 44.5 K. Al-
though Ref. 18 was published earlier than Ref. 12 and it did
draw attention, it did not engender any special enthusiasm
because it was not clear how the diffusion of a considerable
amount of Al (in excess of 30 at.% ) occurred from an Al,O,
substrate into the investigated films at moderate tempera-
tures of 700-850°C. However, if one admitted some way of
incorporation of Al into the film, one would have to recog-
nize that these Japanese authors were the first to draw atten-
tion to the possibility of attainment of such high critical tem-
peratures 7, in samples with high oxygen concentrations.

The next step was the discovery of Y-Ba—Cu-O ceram-
ics with 7, = 93 K (Ref. 19). Samples of this system but of
different composition were used at the Lebedev Physics In-
stitute and a temperature T, = 102 K was reported (a slow
reduction of the resistance began at 115 K).?® The latest
results, the composition, and the technology used in the
preparation of these ceramics were described at the V. L.
Ginzburg General Moscow Seminar on March 11, 1987. The
ceramic based on Y became fully superconducting in liquid
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nitrogen. Therefore, the “neon” period of superconductivity
was surprisingly rapidly superseded by a *‘nitrogen” period.

Other ceramics with the total superconductivity tem-
perature T, exceeding the boiling point of nitrogen were
soon reported.’>** Among these are Lu-Ba—Cu-O ceramics
with 7, = 81-85 K and a very abrupt transition character-
izedby AT =1.7K.

The new stage of “‘room temperature” superconductivi-
ty began with reports of transitions deduced from the fall of
the resistance which began at T,, = 230-250 K and even at
room temperature. Such reports appeared in periodic jour-
nals in the USA and Japan. Very unstable signals indicating
the presence of superconductivity at ordinary pressures and
temperatures right up to 7 = 240 K were reported in Ref. 23
for multiphase samples which did not contain phases of the
K,NiF, type or of the ABO, perovskite type as the principal
component.

3. PREPARATION METHODS

There are at present over ten different methods for the
preparation of superconducting ceramics. They can be di-
vided roughly into two groups: coprecipitation from solu-
tions and sintering of powders (but it should be pointed out
that sintering is also a stage in the coprecipitation method).

1. Coprecipitation from solutions

A mixture of solutions of nitrates was treated with a
solution of NaOH in Ref. 11. The residue was washed with
water in order to remove Na. The dried residue was ground
and heated to 550-600 °C for 2 h, ground again, compacted
into pellets (under pressure of the order of 3 kbar), and
heated at 900-1000 °C in air for 60 h; the grinding and com-
pacting stages were repeated twice again. These authors also
used a variant in which the initial mixture of titrated solu-
tions of nitrates was dried completely. A lanthanum-barium
ceramic was formed in Ref. 12 by precipitation from aqueous
solutions of nitrates of these metals by adding oxalic acid. A
mixture of oxalates was heated to 900 °C (5 h), compacted
under a pressure of 4 kbar, and heated again to 900 °C for the
purpose of sintering (this was the method used in Ref. 24).
Sintering of a lanthanum-barium ceramic by this method
was carried out also at higher temperatures 7 (1100 °C, 12 h
in air).?® A mixture of solutions of appropriate acetates was
treated with oxalic acid in Ref. 26. Sintering took place in an
Ar + O, atmosphere at T = 900 °C. Precipitation from a
mixture of nitrate solutions was also induced by sodium car-
bonate.?’” A mixture of La, Cu, and Ba (or Sr) carbonates
was dried (140 °C, 8 h), heated (825 °C, 2 h), compacted,
and sintered in air at 1100 °C (4 h). Sometimes this method
involved an additional annealing in oxygen (200 °C, 12h).?

2. Sintering of powders

A mixture of La,0;, CuO, and MCO; (M = Ca, Sr, Ba,
Pb) powders was sintered in Ref. 11 to induce solid-state
reactions in air at 7= 1000-1100 °C. A similar mixture'’
was also heated in oxygen up to 900 °C (pressure 2X10~°
bar, 6 h). The process was repeated after grinding and then
the mixture was compacted and sintered (925°C, 24 h) at
the same O, pressure. It was reported in Ref. 10 that a lanth-
anum-strontium ceramic was prepared from La(OH);,
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SrCO,, and CuO powders by heating at 1000 °C for several
days with intermediate stages of grinding. The final mixture
was compacted and annealed at 1100 °C in air (6 h). In the
same investigation use was made also of annealing in a
stream of O, (900 °C, 1 day) with good results. The authors
of Ref. 26 heated a mixture of La,0;, CuO, and BaCO; in air
to 900 °C and sintered it in an Ar + O, atmosphere at the
same temperature 7. In Ref. 13 the initial mixture consisted
of La,(CO,),, SrCO,, and CuO powders. Sintering took
place in air (1000 °C). In Ref. 29 a lanthanum-barium ce-
ramic was prepared by sintering under a pressure of 300 kbar
(1000 °C, 3 h). In Ref. 30 the initial mixture consisted of
La,0, powders and of Cu and Sr acetates; both annealing
(825 °C, 2-3 h) and sintering (1100 °C, 12-24 h) took place
in air. Different variants of these methods were also de-
scribed and these involved changes in the temperature and
duration of annealing and in the oxygen pressure, quenching
to room temperature,’’ etc.

3. Infiluence of preparation conditions on properties of
samples

This was pointed out in the reported investigations. Un-
der constant conditions the annealing in oxygen sometimes
gave higher values of T, and it altered the temperature de-
pendence of the resistance as well as the value of the resistiv-
ity p (Ref. 10). In the first investigation of the Japanese
authors'? it was found that low annealing temperatures
(500-600 °C) gave low values of T, for alanthanum-barium
ceramic and the optimal ( ~950 °C) temperature and dura-
tion of annealing were found. The optimal conditions de-
pended on the initial products and the method used to pre-
pare the samples.

4. ELEMENTAL AND PHASE COMPOSITIONS

The main phase of superconducting lanthanum ceram-
icsis (La, .M, ),CuQ,_;, where M = Ba, Sr, Ca. For ex-
ample, it was found that if M is Ba, then the samples remain
superconducting'®** in the range 0.05<x<0.3. The optimal
value is x = 0.1. In the case of Sr and Ca this range is at least
0.04<x<0.1 (Refs. 10 and 13). The fraction of oxygen va-
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cancies (represented by 6 2 0) is not known accurately.

In the case of ytrrium ceramics it was found that sam-
ples with high values of T, were obtained when the composi-
tions were (Y,_,Ba,),Cu0O, (0.1<x< 0.4) and even
Y, ¢Bay s CuO; (Refs. 19 and 20).

The discovery of the superconductivity of new materi-
als naturally raised the question which is the superconduct-
ing phase. In the first investigations the samples consisted of
many phases and a clear answer to this question was not
obtained. X-ray photoelectron spectroscopy and x-ray pow-
der diffractometry were used to analyze the phase composi-
tion. Single-phase ceramic samples of (La, _ Ba,),CuO,
were prepared in Ref. 16 and it was found that their structure
was of the K,NiF, type and also that there was a correlation
between the amount of this phase and the volume fraction of
the superconducting phase deduced from the change in the
diamagnetic susceptibility.

The tetragonal phase of (La, .M, ),CuO, with the
K,NiF, structure (M = Ba, Sr, Ca, Pb) was found to have
the lattice parameters a, = 3.78-3.81 A, and ¢, = 13.19-
13.28 A with the axial ratio ¢,/a, = 3.47-3.50 (Refs. 11 and
33). The space symmetry group of this phase is I4/mmm
(Ref. 34). Planes of the CuQg octahedra bound at the ver-
tices are separated by (La, M)O layers inside which the M
atoms are surrounded by nine oxygen atoms. There are two
inequivalent positions of the oxygen atoms. The Cu—O bonds
are strongly distorted because Cu has four nearest neighbors
in the form of oxygen atoms located on a plane. It is assumed
that the atoms of M stabilize the tetragonal metallic phase.
Among the other phases in multiphase samples there were
oxides, a perovskite-type ABO, phase, and unidentified
phases. An x-ray diffractogram of a single-phase sample of
(La, Ba), CuQ, is shown in Fig. 1.

Yttrium-barium ceramic samples consisted of several
phases.’® Even the samples with record parameters consisted
of four phases.?’ It has been suggested that the superconduc-
tivity at liquid nitrogen temperatures is not necessarily asso-
ciated with phases of the K,NiF, or ABO, type, but is a
property of a so-far unknown phase or even of phase boun-
daries.

FIG. 1. Diffractogram of a single-phase sample of (La,
Ba),CuO, with a phase of the K,NiF, type.'®

(778)

(206) (215)

20° 30° ° 50°

_
Qo

40

661 Sov. Phys. Usp. 30 (8), August 1987

60°

26

A. l. Golovashkin 661



TABLE I. Values of critical temperatures.

Ceramic Teor K | Tor K | Teen K | AT, K Ref.
(Lag,92Ca0,075)Cu0, 25 19,5 18 3 13
(La, Ba),CuO, 46,5 43 40 7 17
(Lay—xSrx)2Cu0, 52 37,5 36 1.4 10
z~ 0,06—0,1 45.5 17
(Liug,75Bag, 25)sCu0y 84 82,5 81 1.7 20

(Yg,sLiug,2),9Bag,1]1:Cu0, 86 82.5 79 4,5 ©
22Y g,75580,25CugO0x 92 91 87 5 37
(Y,6Bay, 1)2Cu0, 98 96 94 1,5 23
(Yo,0Bay,1)2Cu0, 102 92 87 4 20
Unstable phases in ceramics based on La | 240—250 170 20,23
and Y

5.CRYSTAL STRUCTURE AND DENSITY

The investigated samples were polycrystalline. The
published sources contain no indication that single crystals
of the new ceramics were obtained. However, it has been
reported”’ that superconducting single crystals and bicrys-
tals of BaPb, _ ,Bi, O, were grown. Possibly single crystals
of the new ceramics would be best called high-temperature
superconducting oxides, as suggested by Yu. A. Osip’yan.

Thetheoretical density of (La, _ M, ),Cu0, is6.4-7.2
g/cm’®, depending on the metal M and on the composition x
(Ref. 11). In the case of the samples formed by coprecipita-
tion of solutions the density can reach 97-99% of the theo-
retical value.'! Sintering can produce samples with densities
up to 80-85% of the theoretical value.?’¢

Samples prepared by the ceramic technology have a
granular structure which is readily observed under an elec-
tron microscope. A typical granule size is 1-10 z.

6. CRITICAL TEMPERATURES

A considerable number of papers has now been pub-
lished in which high temperatures of the onset of the transi-
tion (T, ), the end of the transition (7., ), and middle of the
transition (7,) have been achieved, and the widths of the
transition to the superconducting state AT have been deter-
mined in the region of the most rapid variation. Table I gives
the best values of these characteristics known to the author
and obtained by the resistance measurements. Examples of
transitions in two (Y,¢Ba,,),CuO, samples taken from
Ref. 23 are reproduced in Fig. 2.

The pressure P has a strong influence on the tempera-
ture T, of (La,_,Ba,),CuQO, samples. It was reported in
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( Yg5 B0 Cuo,

042

T T
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FIG. 2. Transitions to the superconducting state in two samples of
(Y,6Bag, ),CuO, (Ref. 23). Theresistance at a temperature Tis normal-
ized to the resistance at T'= 105 K.
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Refs. 15 and 38 that dT, /dP~10"* K/bar. In the case of
La-Ba-Cu-O the application of pressure made it possible to
reach T, = 57 K and T, =40 K. The unusually strong
pressure dependence of T, can be attributed to the possible
superconductivity of the phase boundaries or some other in-
fluence of these boundaries on the properties of the system '°
The influence of pressure on T, of (Y, Ba),CuQ, ceramics
is much weaker. It was found in Ref. 39 that the application
of P = 20 kbar increases the value of 7,, for this material by
just 1-1.5 K. The value of T, increases only slightly under
pressure and T, even falls. It is suggested in Ref. 39 that the
weak dependence of 7, on the external pressure is associated
with the existence of a strong internal (“‘chemical”) pres-
sure because of the small radius of the yttrium atoms.

7. MEISSNER EFFECT AND TEMPERATURE DEPENDENCE
OF THE SUSCEPTIBILITY

The decisive argument in support of the superconduc-
tivity of the new materials was the observation of their dia-
magnetism on reduction of temperature below T, (Refs. 15,
26, and 32). Figure 3 shows the temperature dependence
of the magnetic susceptibility y(7T) reported for
(Y,6Bag, ), CuO, in Ref. 23. According to y, the transition
begins near 7, deduced from R and it is usually more ex-
tended than on the resistance scale. This may be an indica-
tion of a small amount of the high-temperature phase or of a
greater depth of penetration of the field. Similar curves have
been obtained for practically all the investigated samples of
the various ceramics.

The low-temperature diamagnetic susceptibility y
reaches 60-80% of its ideal value y,, = — 1/47 for
(La, _,M,)CuQ, (Refs. 10 and 40) and 25-38% for
(Y, Ba), CuO, (Ref. 23).

g
_@ L.
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X - (Yo,88094)2 Uy,
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4 40 87 720 TK

FIG. 3. Temperature dependence of the magnetic susceptibility y of
(Y,6Bag,),Cu0, (Ref. 23).
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FIG. 4. Temperature dependence of y (Ref. 20). The inset shows y(T)
near the onset of the transition.

An interesting dependence y(7T) is exhibited by the
paramagnetic phase of (Y,,Ba,, ),CuO, samples® (Fig.
4). The rise of y from room temperature to the onset of the
transition to the diamagnetic state is greater than a factor of
five.

8. TEMPERATURE DEPENDENCE OF THE RESISTANCE

The electrical resistivity p of (La,_,M,),CuO, ce-
ramics at room temperature T, is (0.5-8) X 10~° Q-cm,
which is two orders of magnitude higher than p of even
Nb,Ge. In the case of yttrium-barium ceramics the resistiv-
ity is p=(0.5—-1)X10" " Q-cm at T, . The value of p
measured at microwave frequencies is several times less than
under dc conditions.

The temperature dependence of the resistance R can be
semiconductor-type or metallic. The nature of the depen-
dence R(T) may be related directly to the method used in
the preparation of the samples'® (Fig. 5). Usually the metal-
lic dependence R(T) indicates a higher quality of the sam-
ples of a given composition and corresponds to higher values
of T..

A linear dependence R(T) is observed beginning from
room temperature right down to 7. The resistance ratio
R(300K)/R(40K) for (La, _,Sr,),CuO, is 2—4.

The dependence R(T) of (La,_,Sr,),CuO, samples
has a kink at T'= 120-140 K. The value of dR /dT changes
by 20% at the kink (Fig. 6).

R(D
R(500K)

1o

oy
<
T

1
4 700

L !

1 1
200 Tk

FIG. 5. Temperature dependences R(T) of (Lag,Sr, ),CuO, (Ref. 10):

1) sample annealed in air; 2) sample annealed in oxygen. Here, R(300K)
is the resistance at 300 K.
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0 1 1 1
T 20 30 40 80Tk
1 [l L | 1 1
4 700 200 300 T

FIG. 6. Temperature dependences of the resistance of two
(La, _,Sr,),Cu0, samples. The inset shows the curves in the region of
the superconducting transition.

9. CRITICAL MAGNETIC FIELDS

Beginning from Ref. 15 it was reported that the new
materials exhibit somewhat unusual dependences of the up-
per critical magnetic field H_, on T. Although some investi-
gations®®*! have yielded a linear dependence of H, (T) near
T,, the behavior shown in Fig. 7 for lanthanum ceramics is
the more usual.?’ Clearly, in the case of both ceramics we
have d?H_,dT? > 0, which distinguishes sharply the experi-
mental dependence H, (T) from that predicted on the basis
of the BCS theory. Such anomalies have been reported ear-
lier for superconducting glasses, in the case of layer super-
conducting systems, and for percolation superconductivity.
Some of the models (for example, the model of bipolaron
superconductivity*?) predict precisely this dependence
H, (D).

It has also been found (as demonstrated already by the
curves in Ref. 15) that the transition can split into two or
become inhomogeneous in a magnetic field: The lower part

FIG. 7. Temperature dependences of the critical magnetic field A, of
La, 45 Bay s CuO, (1) and La, 4sSry,sCuO, (2), plotted using the results
from Ref. 27. The points on the curves were deduced from the midpoints
of the transitions to the superconducting state.
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of the transition can shift toward lower temperatures,
whereas the upper part is little affected. Dependences of this
kind have been reported for lanthanum and yttrium '’ ceram-
ics. An inhomogeneous broadening of the transition in a
magnetic field similar to that described above is predicted by
the model of Ref. 43. Clearly, inhomogeneous samples con-
taining two superconducting phases with different charac-
teristics may exhibit similar behavior if the high-tempera-
ture phase does not shunt completely the low-temperature
phase in the resistance measurements.

The value of dH_,dTnear T, reaches 1.78 T/K for (La,
Ba),CuO, (Ref. 27), 2.1 T/K for (La, Sr),CuQO, (Ref. 36),
and 3 T/K for (Y, Ba),CuQO, (Refs. 19 and 23).
A rough estimate obtained from the formula H, (0)

=0.697.(dH_, /dT) (‘“dirty” limit), which is known to
underestimate the results, shows that in the case of
(La, Ba),CuO, we have H_, (0) = 3.6 X 10° Oe (Ref. 27),
whereas for (La, Sr),CuO* we have H_, (0) =5.3x 10° Oe
(Ref. 36), and for Y-Ba—-Cu-O the corresponding field is
H_, (0) =1.9X 10°Oe (Ref. 23). Zero resistance of a sample
of yttrium ceramic at 70 K was observed in a field of 5.7 T
(Ref. 23). The smallness of the amount of the superconduct-
ing phase and the great depth of penetration of the field may
also contribute to the observed values of the critical field.

The thermodynamic value of the critical magnetic field
H_ found in Refs. 10 and 36 for (Lay ¢Sty ),CuQ, is 4-4.5
kOe, which is 4-5 times greater than for BaPb, _,Bi, O,.

The lower critical magnetic field H, of (La, Sr),CuQ,
is estimated variously from 80-100 Oe (7= 10 K) given in
Ref. 10 to 600 Oe (T = 4.2 K) given in Ref. 30; the rate of
change of this field isdH_, /dT=17.9 + 2 Oe/K (Ref. 36).

10. CRITICAL CURRENT

In practically all the early investigations it was found
that a small current of density 1-10 A/cm? reduced T, con-
siderably. Extrapolation to absolute zero gave values which
did not exceed several tens of amperes per square centimeter.
However, the presence of various defects in these samples,
such as a low density (porosity), and the high resistances of
the samples and contacts could prevent measurement of the
true density of the critical current j_ of the superconducting
phase. The measured value of j. could be affected by the
phenomena related in some way to heating.

It was reported in Ref. 36 that the samples of
(Lag 4 Sry, ), CuO, prepared in oxygen and characterized by
a density amounting to about 85% of the ideal value had a
critical current density of j, = 6 X 10°A/cm?at T = 4.2K in
zero magnetic field H. The dependence of j on H at this
temperature T in fields 10-60 kOe was very weak and in a
field H = 60 kOe it was found that j. = 2X 10> A/cm? At
T=20 K in zero field the critical current density was j.

= 4X10* A/cm? Although these values of j, are not yet
comparable with the values of the critical current densities in
the case of the A 15 materials, they are already quite promis-
ing. After all, the samples used in Ref. 36 were far from ideal
and, moreover, no optimization in the preparation condi-
tions had been attempted in order to increase specifically the
critical current density. The existence of high values of j, in
the case of (La, Sr),CuQ, is a proof of the bulk supercon-
ductivity. An estimate of the depairing current obtained in
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Ref. 36 for (La, 4 Sr,, ), CuO, gave 1.4 x 10° A/cm?, which
could indicate a possible limit to ..

11. ENERGY GAP

The presence of an energy gap, as well as its magnitude
and temperature dependence are important data for the
identification of the mechanism of the superconductivity of
new materials. Several investigations have yielded the ener-
gy gap A deduced from reflection and transmission in the
infrared part of the spectrum, and the first tunnel data have
been obtained.

1) Experiments on infrared reflection from (La,
Sr),Cu0O, and (La, Ba),CuO, werereported in Refs. 30 and
44, In the former case™ the reflection was determined for a
sample of La, g; St ;; CuO, illuminated normally with radi-
ation of frequencies in the range v = 10-110 cm ~' (corre-
sponding to wavelengths of 0.1-1 mm). The ratio of the re-
flection coefficients at 7= 2 K (superconducting state) and
T = 80 K (normal state) increased beginning from v~ 100
cm ~!. This ratio reached its maximum value (1.2%) at
v=~60 cm . The value of A found in that investigation (us-
ing the theory of Ref. 45) was 54 0.5 meV. The ratio
2A/kT, was found tobe 3.2 4 0.3 (k is the Boltzmann con-
stant). The reflection from Pb was determined by way of
control.

The reflection measurements reported in Ref. 44 were
carried out on La-Sr—Cu-O and La-Ba—Cu-O ceramics in
the frequency range v = 10-150 cm ~ '. The energy gap was
estimated from the difference between the absorptivities of a
sample in the normal (at 7> 7_) and superconducting
(T = 4.2K) states deduced from the experimental data. The
maximum values of 2A obtained in this study were 38 cm ~!

=4.7 meV (2A/kT, =1.95) for La-Ba—Cu-O and 67
cm~'=8.3 meV (2A/kT. =2.7) for La-Sr-Cu-O. The
gaps were considerably smaller than the values deduced
from the BCS theory. The values of A were low possibly
because of the inhomogeneity of the samples and also be-
cause of the proximity effect.

2) The value of A was determined in Ref. 40 from
the infrared transmission measurements made on
La, ¢ Sry, CuO, samples. These measurements were carried
out on powders illuminated normally with radiation of fre-
quencies v = 20-160cm ' (4 = 60-500 12). Figure 8 shows
the frequency dependences of the reduced difference
between the transmissions ATgy = (T — Tw)/Ty ob-
tained at different temperatures (75 and Ty are the trans-
missions of a sample in the superconducting state at tem-
peratures T < T, and in the normal state at T = 50 K). The
inset shows the temperature dependence of ATy (at v = 86
cm™ ).

The model of Refs. 46 and 47 was used to calculate the
energy gap in Ref. 40 and it was found that 2A = 50 cm ~'
and 2A/kT, =2.5 (T, =30 K) at T =10 K. Assuming
that the samples investigated by these authors had a contin-
uous series of energy gaps and assuming that T, was 20 K,
corresponding to the middle of the variation of ATy (inset
in Fig. 8), it was found in Ref. 40 that 2A/kT, = 3.6. It was
also shown there that the gap deduced from the transmission
spectra decreased considerably on application of a magnetic
field of 10 T.

3) Preliminary tunnel investigations of yttrium and lu-
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FIG. 8. Frequency dependences of the normalized difference between the
transmissions exhibited by a sample of La, 4Sr,,CuQO, at various tem-
peratures T (K): 1) 10;2) 15; 3) 20; 4) 25; 5) 30. Results taken from Ref.
40. The inset shows the dependence of ATy on Tat v = 86 cm .

tetium ceramics were reported in Ref. 21. The current-vol-
tage characteristics exhibited a number of special features
whichdisappeared at T'= T,. The existence of a critical cur-
rent for a contact between two ceramic samples was ob-
served up to a temperature exceeding the boiling point of
nitrogen. A small (10° Oe) magnetic field altered the critical
current of this weak superconducting link.

12. SPECIFICHEAT AND INELASTIC NEUTRON SCATTERING

The temperature dependences of the specific heat of
La, ,Sr, CuO, samples were reported in Refs. 48 and 49.
In the case of samples which did not exhibit a sufficiently
abrupt transition there was no jump in the specific heat AC
at 7= 7, and this was accurate to within 1-2%. In the case
of the samples with x = 0.17 it was found that AC /T, ~ 1
mJ- (g — atom) ~ '-K 2, representing ~ 1.5% of the total
specific heat. Moreover, the phonon specific heat was practi-
cally the same for the samples with 7, = 37 and 29 K, indi-
cating that their phonon spectra were identical. A magnetic
field of 8 T shifted the specific heat jump by about 4 K to-
ward lower temperatures. An estimate of the Debye tem-
perature gave 6 ~360 K.

A fairly abrupt change in the specific heat in the region
of T, was reported in Ref. 22 for yttrium-barium ceramics.
The temperature dependence of the specific heat exhibited
an anomaly (a change in the slope) in the region of 7'=200
K. Clearly, this anomaly was due to a change in the vibra-
tional (phonon) spectrum of the sample and an increase in
the Debye temperature.

Measurements of inelastic scattering of cold neutrons
by La, g, St4,, CuO, revealed® singularities at energies 13,
25, 40, and 56 meV. The limiting frequency of the vibrational
spectrum exceeded 60 meV.

13. LINEAR EXPANSION

The temperature dependences of the linear expansion
coefficient @ and of the elongation of a sample AL under a
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FIG. 9. Temperature dependence of the linear expansion coefficient  of
Y, sBag, CuO,.

load of 0.02 N were determined®”® for a sample of
Y, 3 Ba,, CuO,. These dependences are plotted in Figs. 9
and 10. In the vicinity of the transition temperature the val-
ues of AL and a changed abruptly, which was correlated
with the anomalous behavior of the susceptibility in this re-
gion. Within a narrow temperature interval the value of
chaneed by a factor in excess of 5. Moreover, the depen-
dences a(T) and AL(T) also exhibited singularities at
T=210K where the dependence y~'(T) had a clear kink.

14. HALL EFFECT AND THERMAL EMF

The positive sign of the thermal emf of ceramic
La,CuQ, was reported some time ago.'' The Hall coeffi-
cient and thermal emf of La, ,Sr CuQ, were found to be
positive in Ref. 49 and this led to the conclusion that holes
were the majority carriers. The density of holes was estimat-
ed to be within the range 10°'~10*2 cm ~°. It was pointed out
in the literature®®®' that superconductivity was correlated
with the positive value of the Hall coefficient

15. ELECTRONIC CHARACTERISTICS AND
SUPERCONDUCTING STATE PARAMETERS

In this section we shall report a number of electronic
characteristics, such as the mean free path /, the density of
conduction electrons (charge carriers) N, the velocity of

AL

am

1 | il | L Il ! L L

N
720 740 7K

I L { 3

I
80 700

FIG. 10. Temperature dependence of the elongation of a sample of
Y, s Bay, CuO, under a load of 0.02 N (on a scale of 2 um).
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TABLE II. Properties of (La, _,Sr,),CuO, and YBa,Cu,0,_.

I
(La,_,Sr;)eCu0q
Property o078 g ot YBasCugO,_, |BaPb, ,Bi O3 NbsGe
Teo, K “ 39.5 93 — 23.4
Te, K 33.4 36.5 92.5 10,7—12 22.1
o (Tc), mQ-cm 0,403 0.55 0.2—0.25 | 0.54—1,1 0.045
p (BOOK)/p (Te) 4.3 3.41—4.1 3.6 1 2.2
jes A/cm? — 6-108 >1.1-10% | 104—2.10® 6-108
. (T=4,2K) | (r=77K) (T =14K)
Va.c., A3 190.1 — — 316.3 136
(£=0,218)
dHHc, ©), T 36 53 94—190%) ~ 6 33
— “l , T/K 1.51 2.1 1.5—3.0% | 0.5—0.7 2,2
a7 |7, ;
Hei, Oe 600**) | 80—100%**) 500
i (T=4.2K) [ (T=10K) | (T=20K) — —
— d;‘ , Oe/K - 7.942 7 — —
H¢(0),,0e - 4.540.3 1042 — 4.4
5, A »17,2 - — 15 32
(T=T,) (z=0.2)
>4.0
(T =300K)
N, 102t cm 3 ~5 1 — 2.0—3.2 6.5
Vr, 107 cm/s 0.83—1.24 — — 3.2 0.92
o) 7 7.3—4.9 2.7 3—5 —
i . . . _ 1.5—1.6 30
EgL A 30—50 21 ~22 60—79 26
. (z=0.25)
o A 34—51 — — _ 57
MogL A — 2500 ~ 1000 — 890
% — 120 ~ 45 — 34
*)From Ref. 23.
**)From Ref. 30.
***)From Ref. 10.

electrons on the Fermi surface vy, a renormalized coefficient
representing the electronic part of the specific. heat
y* = (27%/3)k 2N *(0) [ N *(0) is thedensity of the electron
states at the Fermi level ], as well as several characteristics of
the superconducting states, such as the Ginzburg-Landau
coherence length £, , the depth of penetration of the field
A(0)gL, the Ginzburg-Landau parameter x, and the BCS
coherence length §,, which were obtained for
(La, _,Sr,),Cu0O, in Refs. 28 and 36 and for a single-phase
sample of YBa,Cu,0,_4 in Ref. 52 from measurements of
T.,H_,and H_,, and also from measurements of the suscep-
tibility and resistance. The results reported in Ref. 28 were
obtained for a sample with x = 0.075 and those given in Ref.
36 were obtained for x = 0.1. The oxygen deficit § was found
tobe2.1 4+ 0.05 (Ref. 52). All these characteristics are listed
in Table I1. This table gives also, for the sake of comparison,
the corresponding characteristics for Nb;Ge taken from
Ref. 53 and for BaPb,_,Bi,O; ceramics with
x = 0.2 — 0.25 taken from Refs. 54-57. At the beginning of
this table we list the parameters of the samples [T, T, the
resistivity p(7,.) at TR T, the ratio of the resistivities
p(300)at T=300Kandp(T,),H, (0),dH., /dTnear T,
H, ,dH. /dT, H_(0), unit cell volume V,_, and the critical
current density j. in H = 0] for which the electronic charac-
teristics mentioned above were determined. In the case of a
sample of La, 4 Sr, s CuO, there are sometimes two values
in Table II: The first describes the “pure” and the other the
the ““dirty”” limits (the authors estimated their sample to
satisfy the “dirty”’ limit conditions). In the case of Nb,;Ge we
used formulas allowing for the degree of ““purity” of the sam-
ple and for the other samples we adopted the “dirty” limit.
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The value of y* taken from Ref. 52 is in units of
mJ-K~2-mole™!'Cu. It should be pointed out that there is
some scatter of the data obtained by different authors.

In estimating the density of the electron states at the
Fermi level N *(0) on the basis of the electrical resistivity p
we should bear in mind that because of inhomogeneities of a
sample the value of p may be greatly overestimated. [ There-
fore, some estimates give ¥ ~N *(0) which is 10 times less
than in Table I1.] It is known that in the case of granulated
Ba-Pb-Bi—O samples the true value of p for the granules
could be 10 times less than the resistivity of a sample.

The values of y*, i.e., of N *(0), were 2-3 times higher
for (La, Sr),CuQ, than for Ba—Pb-Bi~O ceramics (with T

= 10-13 K). Therefore, assuming a somewhat stronger
electron—phonon interaction for the first compound, com-
pared with the second, we could account for T, =40 K on
the basis of the BCS theory.

An attempt to estimate N was made in Ref. 36 on the
assumption that all the oxygen vacancies are filled. It was
then found*® that N = 2.1 X 10> cm ~*. In the presence of O,
vacancies the value of N fell. The annealing of samples in
oxygen did indeed increase both N and T,.. The values of N
deduced from the Hall effect were scattered over a fairly
wide range (102'-5x% 10%> cm ~* for lanthanum-strontium
ceramics). Clearly, optical measurements would be needed
to determine N accurately.

16. DISCUSSION

1) These new discoveries stimulated theoreticians to
put forward various models which could account for the ob-
served high critical temperatures and also describe other ob-
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servations. An analysis of the problem can be found in the
present journal in the following paper of Ginzburg and
Kirzhnits.*® Only a few comments will be made here.

There is a whole range of viewpoints that can account
for the superconductivity of new materials on the basis of the
usual phonon mechanism and also using several nonphonon
mechanisms. From the point of view of experimentalists it is
very important that some models do not explain simply the
superconductivity of such ceramics, but also predict specific
dependences for certain parameters.

2) Estimates obtained in several papers®*°*% show that
in the case of lanthanum ceramics with 7. = 3040 K the
usual phonon mechanism of superconductivity may apply.

The high values of 7, are attributed in Ref. 59 to a
“soft” phonon mode in the tetragonal structure of ceramics.
The possibility of the existence of such a mode is indicated by
a structural transition to the orthorhombic phase in
La,CuO, which occurs at T'=250-260 °C (Ref. 11). More-
over, a structural transition also takes place* when the con-
centration of barium is increased in (La,_,Ba,),CuO, ce-
ramics. A strong interaction of electrons with such a soft
mode in the case of a reasonable rise in the density of electron
states NV *(0) can, according to Ref. 59, explain the values of
T. observed for lanthanum ceramics by the usual electron-
phonon superconductivity mechanism. A possible role of
soft phonon modes in the increase in 7, of the new ceramics
is mentioned also in Ref. 61. A similar conclusion is reached
in Ref. 25 in a calculation of a two-dimensional conduction
band associated with the existence of conducting CuQg lay-
ers in (La, Ba),CuQ,. It is also pointed out there that an
increase in the density of electron states at the Fermi level
because of a Van Hove singularity follows from the 2D
model.

However, it is pointed out in Ref. 30 that the interaction
of electrons solely with low-frequency phonons is insuffi-
cient to account for the observed valuesof A and 7,. In their
opinion, the high values of T are favored by the low density
of free electrons available for the screening of the electron-
phonon interaction.

The properties of lanthanum-strontium ceramics are
compared with the properties of the Ba—Pb-Bi-O system in
Refs. 10 and 28. The fact that the density of electron states at
the Fermi level is 3-5 times higher for the former system
than for the latter was used to draw the conclusion that T,
~40 K may be attained even for a constant value of the
electron-phonon interaction. Moreover, it is pointed out in
Ref. 61 that the properties of La, ,Ba,CuO, ceramics are
similar to the properties of tungsten bronzes A WO, and
BaPb,  Bi O;.

The high values of T, are explained in Ref. 60 by the
existence of high-frequency vibrational modes in the CuQj
octahedra and by the strong binding of electrons to these
modes. Estimates obtained for the average energy of such
modes in La, ¢Sr,, CuO, give hw, = 0.1 V. This corre-
sponds to y* =3-~4 mJ-K~?-mol ~ ', a band density of the
electron states N(0) =~ 0.4 states-eV ~'-atom ~ ', and an elec-
tron-phonon interaction constant A~0.4-0.5. Then, the
McMillan formula gives 7, = 13 K. We can obtain T, =40
KifA =0.7and T, = 80K if A = 1. In view of the roughness
of these estimates, it is concluded in Ref. 60 that the interac-
tion of electrons with high-frequency modes (and the large

667 Sov. Phys. Usp. 30 (8), August 1987

width of the phonon spectrum) are the factors responsible
for the high values of T, of lanthanum ceramics.

Calculations of the energy band structure of
(La,_,M_ ),Cu0Q, reported in Ref. 62 showed that
the properties of these materials are similar to those of
BaPb, _, Bi, O,. A strong coupling of electrons at the Fermi
level with the “breathing” vibrational mode of the oxygen
atoms can probably account for their high values of the elec-
tron-phonon interaction constant A. The small mass and the
high frequency of the oxygen atom vibrations can account
for the high values of T, exhibited by these materials. The
calculations of Ref. 62 demonstrate an important role of the
M atoms in ceramics, which prevent the Peierls modification
of the system.

It should be pointed out that the observed dependences
of certain characteristics of lanthanum ceramics [for exam-
ple, H., (T)] do not fit the framework of the usual isotropic
BCS phonon model. Therefore, it is necessary to modify this
model or even invoke other mechanisms in order to explain
these dependences. Some of the properties of the new ceram-
ics are similar to the properties of superconducting glasses. *

3) In the case of ordinary superconductors with the
phonon interaction mechanism between electrons there is an
interesting correlation'* between T, and the carrier density
N. Figure 11 demonstrates this correlation for the full range
of N. A logarithmic scale is used in this figure to plot the
maximum values of 7, representing materials with a given
carrier density N. We can see that the optimal carrier density
for high T, is N = (2-5) x 10?' cm ~°. In this case we can
expect 7., > 40 K. Naturally, the actual attainment of these
values of T, in a material requires not only the optimal car-
rier density, but also a strong electron-phonon interaction.

4) In the first investigations reporting preparation of
Y-Ba—Cu—O ceramic samples with 7., = 90-100 K it was
mentioned that they consisted of several phases. In particu-
lar, it was pointed out that high values of T, were obtained
also for those samples in which the K,NiF,-type phase
was not the main one.” Single-phase samples of
YBa,Cu,0, (8= 2.1) were obtained subsequently*® and

70\
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FIG. 11. Correlation between 7, and the carrier density in superconduc-
tors with the phonon mechanism.
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TABLE IIIL
(RE, Ba)cuo;
Material
Tm Er ’ Ho Dy Yhb Eu
T, K ‘ 92 90 85 85 83 96

it was found that this phase was responsible for the high-
temperature superconductivity of the Y-Ba~Cu-O system.
The ABO;-type phase of this composition has the structure
of an orthorhombically distorted perovskite with a deficit of
oxygen (a = 3.822 A, b =3.891 A, c = 11.677 A). Samples
of this kind are characterized by T, = 92.5 K (in the middle
of the transition), 7., = 91K, and AT = 1.5 K. The volume
of the superconducting phase, deduced from expulsion of the
flux, is 61% of the ideal value of 1/4.

5) In addition to the ceramics based on Y, Lu, and Sc
and characterized by 7, > 77.4 K, for which data are given
in Table I, other materials are now known to be supercon-
ducting in liquid nitrogen. At the conference of the Ameri-
can Physical Society held in New York on March 18-19,
1987, during a session on high-temperature superconduct-
ing oxides, there were reports of superconductivity in mate-
rials of the (RE, Ba)CuO, type (Table III).

Thedataon (Y, Ba)CuO, (7T, = 95K) reported at this
conference are in agreement with those known earlier. In the
case of ScBa,Cu;0, _, the value of T, =93 K is somewhat
higher than the data in Table L.

Superconductivity of Hog,, Bag i3, CuO, with T,
=93K and T.. = 76 K is reported in Ref. 64, In the case of
a sample of Hoy ,,, Ba, 554 CuO,, prepared by M. L. Khide-
kel etal.,the temperatures were 7., = 95K and T, = 84 K.

At sessions organized by the Divisions of General Phys-
ics and Astronomy and of Nuclear Physics S. M. Stishov
(Institute of Crystallography, Academy of Sciences of the
USSR) reported preparation of RE-Ba—Cu-O ceramics,
where RE = Eu, Tm, Yb, Lu, characterized by T, ~80-90
K. In the case of the Sm-Ba—-Cu-O system it was
found that 7., =40 K and a corresponding value for
La, ;Sr,, CuAgO, was T, = 45 K.

The present maximum reported valueis T, = 102K (in
the middle of the transition) obtained®® for a multiphase
sample of Y, ,Ba,,CuO,_; (0<6<0.4). It is reported for
this sample that 7, = 125K and T, = 90 K.

6) The values 7, =90-100 K are obviously difficult to
explain by the usual phonon superconductivity mechanism,
although the opposite view is held also by some authors. %
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FIG. 12. Resistive transition in Y, ,Ba,;CuO, beginning at 7= 240 K
(Ref. 6).
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FIG. 13. Transition in yttrium ceramic beginning at 250 K (Ref. 22).

The first nonphonon mechanisms—polarization® and exci-
ton®’—were proposed back in 1964. A review of the other
mechanisms can be found in Ref. 68.

A number of properties (apart from the high values of
T.) of the new high-temperature superconductors agrees
with the predictions of the models proposed earlier. We shall
mention here a bipolaron model* and a model of a narrow-
gap semiconductor*’ (see also Ref. 68). Interesting conclu-
sions on the feasibility of high-temperature superconductivi-
ty in magnetic systems can be found in Refs. 69 and 70.
Enhancement of the superconductivity of thin metal films
because of the interaction of electrons with resonant vibra-
tions of atoms in a film is predicted in Ref. 71.

A new mechanism of the superconductivity of high-
temperature ceramics is proposed in Ref. 72: According to
this mechanism, the high values of 7 are due to an antiferro-
magnetic interaction in the system. A magnetic interaction
manifested by the Curie-Weiss law in the case of y(7) has
indeed been reported for yttrium-barium ceramics.***>

7) Resistive transitions beginning at 7=240 K, unsta-
ble and difficult to reproduce,®® reported in Refs. 23 and 65
for Y-Ba—-Cu-O ceramics may be associated with a very
small amount of the superconducting phase or with some
other physical effect (such as the Mott transition).® A tran-
sition of this type is illustrated in Fig. 12 (Ref. 65).

We also observed extended transitions in yttrium ce-
ramics when the reduction in the resistance exceeded four
orders of magnitude.?®” Two such transitions are illustrated
in Figs. 13 and 14. These samples did not exhibit a diamagne-
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FIG. 14. Transition in Y-Ba-Cu-O ceramic beginning at 7=230 K

(Ref. 73).
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tic signal. The resistance increased with time during thermal
cycling and eventually the transition disappeared. Before
trying to understand the nature of these transitions one
should first learn how to reproduce them.

It should be pointed out that abrupt changes in the re-
sistance in nonsuperconducting barium-titanium and bari-
um-strontium-titanium ceramics, amounting to several
orders of magnitude, had been observed earlier” at tempera-
tures 7 = 89-220 °C. The actual nature of these transitions
has not yet been determined.

8) Numerous observations indicate that some instabil-
ity is exhibited by the new high-temperature superconduc-
tors. A correlation between the high values of 7, of super-
conductors and the occurrence of lattice instabilities,
phonon anomalies, etc., was established some time ago (see,
for example, Ref. 75). In the case of the new high-tempera-
ture ceramics we can point out the following.

a) A structural phase transition occurs in La,CuO,
(apparently there is no stable Y,CuO, phase).

b) Structural phase transitions occur also in (La,
M},CuO, at, for example, high M = Ba concentrations.
These transitions, like those in La,CuQO,, occur from the
tetragonal phase at high T to an orthorhombic phase at low
T. The maximum values of T, are observed for the composi-
tions near such transitions.>

¢) All ceramics have a limited range of concentrations
in which metallic (and superconducting) phases are ob-

served. Outside this range the resistance behaves in a semi-

conductor manner (although there may be no clear struc-
tural transition).

d) An interesting dependence of the resistivity of the
investigated ceramics on the ratio ¢/a is reported in Ref. 11:
these ceramics form only if ¢/a ~ 3.1 (high-resistivity mate-
rials) or ¢/a =~ 3.5 (low-resistivity materials). An instability
region lies between these values.

e) Superconducting lanthanum-strontium and yt-
trium-barium ceramics exhibit evidence of possible struc-
tural transitions manifested in the temperature dependences
of the resistance, specific heat, susceptibility, and linear ex-
pansion coefficient.”” Singularities in the temperature de-
pendences of these properties are observed at 7= 120-140
K (La-Sr—Cu-0) and T = 200-220 K (Y-Ba-Cu-0O).

f) Samples of the new materials exhibit transitions to
the superconducting state which cannot be reproduced.'’
There are indications that the properties of some ceramics
(particularly those with higher resistivities) vary with time.
The reason for such degradation with time may be the reac-
tions of Ba or Sr, which appear on the surfaces of the grains
of ceramic samples and interact with the ambient atmo-
sphere (O,, H,0). It was reported in Ref. 44 that the con-
centrations of these elements at grain boundaries (in a layer
50-100 A thick) could be an order of magnitude higher than
the concentrations inside the grains.

17. CONCLUSIONS

The physics of superconductivity and possibly the
physics of solid state as a whole has seen an extraordinary
event in the form of the discovery of really high-temperature
superconductors. The rate of new reports of this kind has
never been seen before since the discovery of the first super-
conductor. There are now ten systems which are fully super-

669 Sov. Phys. Usp. 30 (8), August 1987

conducting in liquid nitrogen. The active and growing parti-
cipation of Soviet and non-Soviet scientists in the study of
the already discovered and search for new high-temperature
superconductors is likely to lead to new discoveries. Even
the materials known at present have not yet been optimized,
because of the rapid growth of the subject, in respect of the
preparation conditions, composition, and impurities. Un-
doubtedly the critical parameters (7., H_,, j.) will be im-
proved, particularly by a closer approach to the boundaries
of phase transitions.

Some potential applications of new superconductors in
electronics are already clear. Superconducting devices and
instruments made of these materials will be constructed in
the near future. A very important future trend is the fabrica-
tion of high-temperature superconducting films and film
structures. The first superconducting films of these materi-
als were described at the American Physical Society confer-
ence and they were also prepared in the Soviet Union (at the
Moscow Engineering-Physics Institute and at the Lebedev
Physics Institute).

Undoubtedly, efforts will be made to produce high-tem-
perature conductors for power applications in electrical en-
gineering, magnet systems, and electrical power transmis-
sion. A new impetus will be provided to the development of
superconducting computers. At present important tasks
have to be carried out by physicists (identification of the
superconducting phase, determination of the superconduc-
tivity mechanism, and search for new materials) and tech-
nologists (development of simple technologies for the fabri-
cation of these materials).

Already at the dawn of the high-temperature supercon-
ductivity in the sixties and seventies W. A. Little of Stanford
University put forward the idea of a superconducting mem-
ory mechanism and dreamt of artificial breeding of super-
conducting bacteria by selecting those with a high diamag-
netism. At the time it seemed to be a fantasy. At present it is
difficult to call this prediction absolutely impossible. It is
probable that the most fantastic proposals for the utilization
of superconductors will become reality during our genera-
tion.

" This paper was presented on March 26, 1987 at the joint scientific ses-
sion of the Division of General Physics and Astronomy and the Division
of Nuclear Physics of the USSR Academy of Sciences. At this session V.
L. Ginzburg and D. A. Kirzhnits presented also a paper on ‘‘High-
temperature superconductivity (review of theoretical ideas)” (which is
published in the present issue—Editor).
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