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1. Introduction

Superconductivity is a macroscopic quantum phenomen-
on; thus, its special physical properties have attracted the
attention of many physicists and electric engineers, since it
was discovered by Onnes in 1911. However, even though
many types of superconductors were discovered for many
years, the critical temperature was below 20 K, thus, the uses
of superconductors required cooling using liquid helium.

After Nb3;Ge (T, = 23.2K) was discovered in 1973, the
critical temperature did not increase by even 1K for more
than 10 years. Through the 1970s and 1980s, several types of
experiments and theoretical discussions were carried out to
discover “high-temperature superconductivity”. It is impor-
tant to remember what happened in this prehistoric era.

Twenty years have passed since the first sample of high-
temperature superconductivity was discovered in La,_,Ba,-
CuOQy in 1986. Since then, many scientists rushed to these
fields, and many types of high-temperature superconductors
have been found in cuprate materials. A common fact in
these materials is that quasi-two-dimensional superconduc-
tivity occurs in the vicinity of CuQO, planes in the host
materials, and the highest critical temperature at present is
135K under atmospheric pressure in a mercury compound
that was discovered in 1993.

As surprising characteristics of high-temperature super-
conductors have been revealed, on their research, application
has accelerated in the last ten years. Developments include
high-quality bulks, high-quality thin films and high-quality
superconducting wires and tapes.

These will be used in electric communication systems,
superconducting power cables, superconducting magnetic
energy storage systems, electric motors and many other
types of superconducting magnets.

Finally, it must be pointed out that further developments
in new superconducting materials, having a higher critical
temperature beyond 200 K, will occur. When a new break-
through occurs, it will be very exciting.

2. Prehistoric View of High-Temperature
Superconductivity

2.1 Situations in 1970s and 1980s

High-temperature superconductivity had been desired for
many years by physicists and electric engineers. In partic-
ular, electric engineers hoped to use superconductors with a

(1]

critical temperature above liquid-nitrogen temperature, 77 K.
However, after discovering the critical temperature of 23 K
in Nb3Ge in 1973, the critical temperature was not raised by
even 1 K. On the other hand, all of the superconducting
phenomena could be explained by the elegant Bardeen—
Cooper—Schrieffer (BCS) theory established in 1957.

The first famous prediction of high-temperature super-
conductivity was made by Frohlich in 1954," in which
incommensurate charge density waves that occur by the
Peierls transition in low-dimensional materials possibly
move in the host lattice, and this may result in high-
temperature superconductivity. However, even though
charge density waves were observed in two-dimensional
transition-metal dichalcogenides in 1970, and superconduc-
tivity was observed in NbS, and NbSe,, the critical
temperatures were below 10 K.

In 1964, Little hypothesized that high-temperature super-
conductivity can be realized in one-dimensional structures
on the basis of the exciton mechanism.? According to his
hypothesis, the system should contain long linear conducting
molecules(polyenes or polymers with metallic atoms in an
organic matrix), and on each side of these molecules groups
of atoms with a high electronic polarizability should be
located. These side branches should guarantee the mutual
attraction of the conducting electrons as a result of the
exchange of molecular excitations of the electronic type.

In 1977, Ginzburg and coworkers at the P. N. Lebedev
Physical Institute in Moscow published a book entitled
“High-Temperature Superconductivity”.? In this book, they
discussed the possibility of high-temperature superconduc-
tivity in many types of materials, including quasi-one and-
two-dimensional materials. The appearance of this book
excited physicists in many countries.

In Japan, Nakajima coordinated a small group of
theoretical physicists in 1982 and discussed the possibility
of high-temperature superconductivity. In 1985, he expand-
ed his group to include experimental physicists (the author
was one of them) and started a new project entitled “New
Superconducting Materials”, funded by the Ministry of
Education in Japan.

In the United States, Geballe and coworkers organized an
international workshop named “Mechanism and Materials of
Superconductivity” in 1984, and the first meeting was held
in Towa.

In the late 1970s, new superconductors were discovered:
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PbMogSg by Chevrel and (SN), by Hsu and Labes. How-
ever, the critical temperatures were low in both materials.*

As discussed above, research on high-temperature super-
conductivity intensified worldwide in the 1970s and 1980s.

2.2 Oxide superconductors

In the 1960s, it was reported that SrTiO; becomes
superconducting by oxygen doping, but that its critical
temperature is low, approximately 1K. In 1975, Sleight
et al. found that BaPb;_,Bi,O; (BPBO) become super-
conducting when x is in the range of 0.1 to 0.3, and the
highest critical temperature reaches 12 K.Y

By reading their short report, the author developed a
strong interest in the research, and immediately started
studying this material.”®’ Undoped BaPbOj; has a perovskite
structure and is insulating, and replacing some of the Pb with
Bi results in doping of carriers due to the difference between
the atomic values of the two elements. This method is
usually employed in the field of semiconductors, and, by this
method, much physical information can be obtained. In the
case of BPBO, carrier concentration can be widely changed
by doping; such a wide range change in the carrier
concentration is impossible in ordinary metallic supercon-
ductors.

Then, the author and his coworkers measured the carrier
concentrations in many samples by Hall-effect measure-
ments and found the relationship between carrier concen-
tration and critical temperature, as shown in Fig. 1. This
result indicates that the critical temperature reaches 11.2 K at
a carrier concentration of 102! cm™3, which is smaller than
that of ordinary metallic superconductors by more than one
order of magnitude.

The author named this material as a “low-carrier-
concentration superconductor”. It is very important that
even under such low carrier concentrations, the critical
temperature can exceed beyond 10K and that the super-
conductivity characteristics follow the BCS theory.

In the study of BPBO, we learned that insulating oxides
can be conductors by “doping”, and in some cases become
superconductors having a reasonable critical temperature.
Furthermore, the bonding character of perovskite oxides is
ionic rather than covalent, as in silicon; thus the constituent
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Fig. 1. Dependence of physical parameters on doping X.
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Fig. 2. Low-temperature resistivity of sample of Ba—La—Cu-O system for
different current densities.

atoms can be replaced by a wide range of other types of
atoms.

3. Discovery of High-Temperature Superconductivity
in Cuprates

In 1986, following the study of BPBO, Bednorz and
Muller tried a similar process using LaCuOs;, and replaced
some of the La by Ba, and found the possibility of high-
temperature superconductivity.” In a sample, they observed
a rapid decrease in resistivity below 28 K, and at approx-
imately 10K, it becomes superconducting as shown in
Fig. 2. Furthermore, they found that the resistivity curve
against temperature shifts to the lower-temperature side with
increasing electric current through the sample. They ex-
pected that this phenomenon resulted from the existence of
high-temperature superconductivity.

Then, the author and his coworkers at the University
of Tokyo began to search for true high-temperature super-
conductors. In December 1986, they found in La,_,Ba,-
CuOy, a) a sharp decrease in resistivity at 28 K, b) a clear
increase in diamagnetic susceptibility, and c) a clear X-ray
diffraction spectrum, which indicate that La,_,Ba,CuQOy is
a true high-temperature superconductor and its critical
temperature is 28 K when x is nearly 0.15 (Fig. 3).%
Furthermore, from the magnetic susceptibility data, it was
estimated that more than 30% of the material is super-
conducting, and this means that the material is real bulk
superconductor. These results are the first confirmation of
the existence of a high-temperature superconductor.

The crystal structure of La,CuQy is shown in Fig. 4, and
its structure is two-dimensional. Thus, the author expected
that the superconductivity in this material is two-dimen-
sional,” and this was proved later in many other experi-
ments.

Soon after its discovery, it was shown that La;_,Sr,CuOy4
(LSCO) is also a high-temperature superconductor, having
a higher critical temperature of 37 K. Since the crystal
structure of this LSCO is the simplest one compared with
those of other high-temperature superconductors found later,
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Fig. 3. Characteristics of Lay_,Ba,CuQy4: (a) temperature dependence of resistivity and (b) magnetic susceptibility and (c) X-ray
diffraction.
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Fig. 4. Crystal structure of layered La,_,Ba,CuOy.

Fig. 5. Phase diagram of cuprates.

this material became the object of theoretical considerations.
The phase diagram of LSCO is shown in Fig. 5, and shows
that when x = 0, LSCO is antiferromagnetic and that its
conductivity increases as x increases, and as x becomes
larger, a superconducting phase appears, and then disappears

when x is larger than 25%. This diagram indicates that
high-temperature superconductivity has a very complicated
character. It must be mentioned that superconductivity
occurs in the vicinity of the CuO, layers in the host lattice.

[3] 1P074
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It must be added that along the dashed line in the figure,
a small phase transition is observed, which is called the
“pseudogap state”. The origin of this state is still not clear,
and it might be a precursor of high-temperature super-
conductivity.

4. A Wide Variety of So Many High-Temperature
Superconductors

Since the first high-temperature superconductor was
discovered in 1986, many scientists and engineers have
searched for new materials, having a higher critical temper-
ature. As a result, more than two hundred new materials
were discovered, including many modifications of earlier
materials. The reasons for such a large number of super-
conductors are a) the synthesis method is simple and does
not require expensive apparatuses, and b) replacing one
element with an other from the same group in the periodic
table is strait forward.'? In Fig. 6, the crystal structures of
representative high-temperature superconductors are shown.
As mentioned before, a very common characteristic of these
materials is that they are divided into two parts, CuO, planes
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Fig. 6. Crystal structures of representative high-temperature supercon-
ductors.

(4]

and blocking layers as shown in Fig. 7, and superconduc-
tivity occurs in only CuO, planes and the blocking layers
supply charge carriers to the CuO; planes.

As new materials were rapidly discovered, the critical
temperature rose sharply, as shown in Fig. 8. In this figure,
only the names of materials that later became important for
applications are given.

Generally, the control of oxygen content in oxide
materials is very important. In the case of high-temperature
superconductors, the behavior of oxygen is also important.
The well-known YBa,Cu3;0; (YBCO) has an orthorhombic
structure (lattice constant along a-axis, a is different from b),

cuO: I
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Fig. 7. Schematic structure of high-temperature superconductors.
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Fig. 9. Dependence of oxygen deficiency y in YBa,Cu307_;.

but it changes to tetragonal above 650°C under a 100%
oxygen atmosphere, as shown in Fig. 9,'V and the ortho-
rhombic phase shows superconductivity at about 90 K. This
is known as an “orthorhombic—tetragonal transformation”.
These above-mentioned facts indicate that oxygen control is
important in using high-temperature superconductors.

5. Specific Superconducting Characteristics

The characteristics of high-temperature superconductors
are considerably different from those of ordinary low-
temperature superconductors.

a) The critical temperatures are higher by almost one

order of magnitude.

b) This means the superconductivity parameters A® are

also larger by one order of magnitude.

¢) The penetration depths A = (Me*/uonse*)"/?  are

much greater, because the carrier concentrations are
much smaller by about two orders of magnitude.

d) The coherent lengths of high-temperature supercon-

(a) ky

v

kx

ductors & = 2hVr/7A® are much smaller, and show
strong anisotropy. In many cases, &, perpendicular to
the c-axis is 20 to 30 A, but parallel to the c-axis, & is
only a few A. This indicates that the supercurrent along
the c-axis occurs by Josephson coupling between CuO,
planes in many cases.

Thus, the Ginzburg—Landau (GL) parameter x = 1/&
is large, and the high-temperature superconductors are
then said to be “extreme type II superconductors”.

e) The superconductivity wave function has d-wave
symmetry in high-temperature superconductors; on
the other hand, that of low temperature superconduc-
tivity shows s-wave symmetry. This means that there
are some points on the Fermi surface where the
superconductivity gap disappears, as shown in Fig. 10.
This characteristic becomes important when the crit-
ical-current problem is discussed later.

6. Magnetic Properties and Pinning Effects

The magnetic properties of high-temperature supercon-
ductors are very complicated, because quantized magnetic
flux can penetrate the inside of materials, beyond the lower
critical field H.;. On the other hand, if the magnetic field
reaches the upper critical field H.,, the material is filled by
normal cores and the superconductivity disappears. These
two parameters are very important and are expressed by

He = (§/0)H, and poHe = ®o/mE”.

Here, @ is the quantized flux and expressed by &y = hc/2e,
and then H.,H., = H.2. H,H., = H.2, where H, is the
thermodynamic critical field. Since the GL parameter is very
large in high-temperature superconductors, the upper critical
field becomes a very high magnetic field. The region
between H.; and H,, is known as the mixed state, where the
normal state inside the core of the flux and the super-
conducting state coexist inside the material.

The motion of the magnetic flux is affected by the pinning
effect. The flux is pinned by lattice defects, impurities and
small particles of the normal state, and flux cannot move
under the weak magnetic field, but if magnetic field becomes
sufficiently strong, the flux becomes free from the pinning
and can move with a loss of energy. The magnetic field,
where the pinning effect is not effective, is called the
“irreversible field”. These phases are shown in Fig. 11
schematically.

(b) h

Fig. 10. Schematic representation of superconducting gap on fermi surface: (a) s-wave and (b) d-wave symmetries.

(5]
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Fig. 12. Magnetic-phase diagram of upper critical field, He(BIICuO,),
for optimally doped YBCO.

The Hc, of a single crystal of YBCO has been recently
measured by Miura and his coworker by a pulsed magnetic
field, and observed temperature dependences are shown in
Fig. 12.'? These results show that H., becomes high, more
than 100T at low temperatures, which indicates that the
irreversible field is more important in practical applications.

7. Critical-Current Problem

Figure 13 shows the case when the superconductor sheet
is under a magnetic field perpendicular to the sheet. Then,
the quantized magnetic flux is inside the sheet, as shown in
the figure. When the super current flows in the sheet, flux
moves in the direction of the Lorentz force with a loss of
energy, and this means that resistivity appears inside the
sheet. If such movements of flux are prevented by introduc-
ing suitable pinning centers, the resistivity becomes much
smaller.

In Fig. 14, thee super current dependence of the resistance
(actually, the voltage between two terminals) of YBCO film
is shown, and here the critical current is practically defined
as the current at which the resistivity of the film becomes
10~® ohm/cm. The increase in resistance beyond the critical
current depends on the quality of the film. In high-quality
film, the increase is sharper.
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10F 7=77K T

voltage(V)

| L | | |

0 10 20 30 40 50 60
current (A)

8
6
4l i
2
0

Fig. 14. -V Characteristics of YBCO film.
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Fig. 15. Anisotropy of critical-current densities in YBCO bulk super-
conductor.

The critical-current density also shows strong anisotropy
and this results from the difference between the structure
of the magnetic flux and the structure of the pinning center
along or parallel to the c-axis. As an example, the critical
current densities in two cases in bulk YBCO at 77K are
shown in Fig. 15.'%

The critical-current problem is complicated and includes
many factors other than the pinning problem, which will be
discussed later.
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Fig. 16. -V characteristics of S—I-S junction.

8. Josephson Effect

The Josephson effect is one of the most striking
phenomena in the field of superconductivity. When two
sheets of a superconductor are in contact through a very thin
insulating layer, the tunneling of the Cooper pair occurs,
and the current J is proportional to Jysind, where § is
the difference between the phases of the superconducting
wavefunctions on each side. This type of junction is known
as an S-I-S junction and hysteresis appears in the current—
voltage (I-V) characteristics, as shown in Fig. 16. On the
other hand, when the thin layer is not insulating, the
equivalent circuit of the junction is expressed as shown in
Fig. 17(a) (resistance-shuntted junction), and the /-V char-
acteristics do not show hysteresis, as shown in Fig. 17(b),
and it is known as S—-N-S junction.

In a Bi-2212 crystal with a highly two-dimensional
structure, as shown in Fig. 7, the electric current parallel
to the c-axis between adjacent CuQO, planes consists of
Josephson coupling, and, in this case, the tunneling current
characteristics follow those of the S—I-S junction. This type
of tunneling is called an intrinsic Josephson junction.'¥

In the case of junctions of ordinary high-temperature
superconductors such as YBCO, only S-N-S junctions can
be fabricated, owing to the difficulty in fabricating an
insulating layer between two superconductors, and typical
I-V characteristics of RSJ (resistively shunted junction) type
are observed, as shown in Fig. 17. There are two types of
Josephson junctions; one is s bicrystal type and the other is
a ramp-edge type. The former is fabricated by sputtering
superconducting film on the plate of a bicrystal of SrTiO;
and high-quality characteristics are obtained, which are used
in high-sensitivity superconducting quantum interference
device (SQUID) systems. In the ramp edge junction, the
structure is complicated, as shown in Fig. 18, and this type
of junction is mainly used in complicated circuits, as will be
discussed later.

9. Applications of High-Temperature Superconductors

In the last 10 years, many applications of high-temper-
ature superconductors have been developed. In this paper,
some typical applicatins will be introduced.

lesin®

(b)

Fig. 17. Equivalent circuit and /-V characteristics of S—-N-S junction.

9.1 Superconducting bulk and its applications

Superconducting bulk YBCO is grown using half-melt
materials at a high temperature of nearly 1000 °C, followed
by a very slow cooling. The bulk almost has a single-crystal-
like structure, and a large critical current of more than
10° A/cm? is obtained at liquid-nitrogen temperature.

The special feature of the bulk is that the introduction
of pinning centers is easily carried out by controlling the
density of fine Y,BaCuOs particles as pinning centers in
the bulk. The most distinguishing characteristic is that it is
possible to trap a strong magnetic field of 2 to 3T, even at
liquid-nitrogen temperature. This value is much higher than
the magnetic field of an ordinary permanent magnet.

Recently, the mechanical strength of bulk has been
increased by polymer impregnation, and this bulk has
trapped a very high magnetic field of 17T at 30K.

Superconducting bulk has been applied as a bearing
system that is used to store electricity in a flywheel system,
as shown in Fig. 19. The capacity of this system is about
10kW/h and it has operated safely for many months.

The second application is a magnetic separation system
for the water cleaning made by Hitachi, Ltd. The impurity
particles in water join magnetic particles, and they are
removed from the filter by the strong magnetic field of the
bulk. The operation can be continuous and results have been
impressive.

9.2 Superconducting tapes

9.2.1 Silver-sheathed tape with Bi-2223 superconductor
At present, this type of superconducting tape is only

commercially available in Japan by Sumitomo Electric

Industries, Ltd. As is shown in Fig. 20, the tape is 4 mm
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Base-GP
contact

Substrate(MgO)

Fig. 18.

10 kWh class Flywheel System

Fig. 19.

in width and 0.25 mm in thickness, and inside the sheath
there are 55 filaments of Bi-2223 superconductor. Recently,
Sumitomo has succeeded in producing higher-quality tapes
by introducing a heat-treatment process under a high
pressure of 300 atmospheric pressures, and has obtained a
critical current of 200 A at 77 K.

9.2.2  Superconducting electric power cable

In 1998, Tokyo Electric Power Company and Sumitomo
Electric Industries, Ltd. joined to produce a three-phase
power transmission cable of 100 m, as shown in Fig. 21.
Also Furukawa Electric Corp. made a single-phase trans-
mission cable of 500 m in 2005.

Counterelectrode
(La-YbBa,Cu;0,.,.
L=0.9 -1.2pH/)

GP insulator
(SrSn0,)

G P(La'YBa2CU3o7_x)

(Color online) Cross section of HTS ramp-edge junction.

Flywheel Rotor

11
i

[Ishikawajima-Harima Heavy Industries Co., Ltd.]

(Color online) Electricity storage system of flywheel type.

9.2.3  Superconducting magnet for maglev trains

Our laboratory worked with the Central Railway Japan
Corp. and Sumitomo Electric Industries, Ltd., to construct a
magnet for a maglev train, using Bi-2223 superconducting
tapes. The magnet has a racetrack shape and consists of
twelve pancake coils, of 1 m length and 50cm height, as
shown in Fig. 22.

This magnet is operated at 20 K and generates a magnetic
field of 2.5T at the center of the magnet. Furthermore, the
rate of decay of the persistent current is only 0.5% a day.
This magnet is very successful and last October, a train using
this magnet reached a speed of 500 km/h.

1P074



JJAP PROOF

Jpn. J. Appl. Phys., Vol. 45, No. 12 (2006) S. TANAKA

Fig. 20. Cross section of Ag sheathed Bi-2223 tape.
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Voltage: 66kV

Capacity: 114MVA

Length: 100m

Components: Cable, Trifurcating
box, Testing pot head
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Lg N, Cooling System
Temperature: 67K-80K
Pressure: -0.5MPa
Refrigerator: 1kW x 3
No.of Cryo Pump : 2

HTS Cable
HTS Tape: Bi-2223
Conductor, Shielding Conductor:
Co-axial
Dielectric material:
PPLP (Lg N, impregnated)
Outer diameter: 136mm

Fig. 21. (Color online) Field test of HTS cable.

Fig. 22. (Color online) Development of racetrack-shaped coil manufacturing technology.

9.2.4 Development of next-generation superconducting
tapes
Because silver-sheathed Bi-2223 tapes show a sharp

superconducting film consists of many small grains, and the
critical current through the grain boundaries is very sensitive
to the misfit angles between neighboring grains, as shown in

decease in critical current with increasing magnetic field at
liquid-nitrogen temperature, superconducting tapes contain-
ing YBCO are under development to improve the magnetic
field dependence.

The basic structure of YBCO tape consists of a thin metal
plate, a buffer layer and a superconducting layer, as shown
in Fig. 23.

The most difficult problem results from the fact that the

Fig. 24.'> This sensitivity results from the d-wave symmetry
of the superconductivity wave function.

To make the misfit angles as small as possible, the quality
of the buffer layer (usually an oxide film) is important. This
means that the misfit angles in the buffer layer must be very
small. To obtain a high-quality buffer layer, a new method,
ion-beam-assisted deposition (IBAD), has been developed
by Fujikura, Ltd. in Japan. They chose GdZr,O; as a buffer
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Fig. 24. Misorientation-angle dependence of critical current in YBCO
bicrystals: (001)K:ilt.

layer on hastelloy and obtained an average misfit angle of
10-15°. Then, we attached the thin CeO, film as a cap layer,
and found that the average misfit angle decreased to 4—5°.
The dependence of the critical-current density of the YBCO
film on the misfit angle is shown in Fig. 25, and then we
obtained a high-quality YBCO tape, with a length of 250 m
and a critical current of 250 A/cm at 77 K. At present, this is
the highest value in the world (Fig. 26).

The low-temperature characteristics of this tape are very
important. As shown in Fig. 27, the magnetic field depen-

(10]

(Color online) Structure of second-generation superconducting tape.

dence is weak, and a critical-current density of more than
10 A/m? is obtained in a magnetic field of over 20T at
approximately 20K. This indicates the capability of gen-
erating a magnetic field of over 20 T using a solenoid made
of this type of superconducting tape at a low temperature.
Therefore, the applications of next-generation tapes to high-
resolution nuclear-magnetic-resonance systems, high-energy
accelerators, and nuclear-fusion systems will become pos-
sible in future.

There are two other methods of preparing superconduct-
ing tape: one is metal organic deposition and the other is
MOCVD. Both of them are under development at present,
so they are not discussed in this report.

9.2.5 Superconducting motor for ships

The ship propulsion system is under going a revolution.
In the new system, propellers and the electric motor are
directly connected and they are outside the body of the ship,
as shown in Fig. 28. By employing such a system, freedom
of boat design is very much improved, and as a result,
energy saving becomes possible. This propulsion system is
called a “pod motor”, and a superconducting motor is the
most suitable for this pod motor, because the superconduct-
ing motor generates a large torque even at a slow rotating
propeller speed of about 100 rpm; furthermore, it is much
smaller and much lighter than ordinary motors using copper
wire.

In the United States, various types of superconducting
motors are being developed, but all of them use Bi-2223
superconducting tape. In Japan, a superconducting motor
using YBCO tape has been recently developed, and this is
the first such motor in the world.

9.3 Superconducting electronic devices
9.3.1 Microwave filter

The simplest application of high-quality high-temperature
superconducting film is the microwave filter. The high-
quality thin film is fabricated on the plate of an MgO single
crystal. The transmission characteristics of a well-designed
filter are excellent, and in early stages of development it was
hoped that many filtering systems would be used in the base
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stations of portable telephone systems. However, at present,
only several thousand filters are employed in the world,
because of the cost of the cooling system.
1010
9.3.2 SQUID
The structure and characteristics of the SQUID system
using a low-temperature Nb superconductor are well known.
Jc (A/m?) It shows very high sensitivity to a magnetic field.

100k NG e S S — In the case of using high temperature superconductors
‘ such as YBCO, the superconducting thin film is sputtered on
the plate of a bicrystal, and Josephson junctions are formed
on the crystal boundary. The sensitivity of SQUID systems
3 3 using YBCO operating at 77K is about ten times lower
j i than that of an Nb-based system operating at 4K, but by
0 5 10 15 20 25 30 Iimproving the manufacturing process and the design, the
B (T) sensitivity will be increased in the near future.
Note that a SQUID system using a Hg-based high-
Fig. 27. (Color online) Comparison of J.-B-T propertics: YBCO, (Nb,  temperature superconductor showed low flux noise level
Ti);Sn. several times smaller than that using YBCO at 77 K.
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The application of high-temperature SQUIDs to a mag-
netocardiograph has been made recently by Hitachi, Ltd.'®
It consists of 51 SQUIDs on one plate and is used for the
diagnosis of human heart diseases.

9.3.3  Single-quantum flux (SFQ) devices

The structure of a SFQ device is in principle the same
as that shown in Fig. 29. In this superconductor ring, the
magnetic field is quantized, and by applying a current pulse
to the ring, the Josephson junction reaches a normal state for
a short duration, and the quantized flux appears or disappears
in the ring depending on the original state. The state of
the flux in the ring is O or 1, and responds to the 0 or 1 of
an information signal. Thus, this device acts as a flip-flop
device. The transmission of quantized flux is performed
using a Josephson transmission line, as shown in Fig. 30.

(12]

(Color online) Comparison of propelling system; (a) ordinary system and (b) new system with pod motor.
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(Color online) Controlling SFQ with use of SQUID.

Combining these two devices, full logical operations can be
performed.

The electricity consumption of the SFQ circuits is very
small, 0.1 uW per one logic gate, and this is about one-
hundredth that of semiconductor circuits. The operation
speed is about 100 GHz, and this is one hundred times faster
than that of semiconductor circuits.

In the past ten years, the circuit technology of SFQ
circuits using Nb-based SFQs has made good progress, the
integration of more than 10* junctions has become possible,
and small-scale MPU, high-speed shift registers and high-
speed switching systems have been developed.

Special features of SFQ circuits based on high-temper-
ature superconductors are a high-speed operation of over 100
GHz and a high-temperature operation at approximately 40
K. On the other hand, the integration is more difficult than
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Fig. 31.
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Photomicrograph
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Fig. 32.

that of Nb-based SFQ circuits owing to the complexity of
process technology. In this report, two types of SFQ circuits
are shown, one is a high-speed sampler and the other is a
toggle flip-flop circuit. In both of them, about twenty
Josephson junctions are used and operated at about 40 K.
The high-speed sampler is very useful for observing
waveforms of a very short pulse greater than 40 GHz, which
will be popular in future communication systems. Figure 31

(b)

Input
(2.0 mA/div)

Clock 1 . de. . |
(1.0 mA/div)| EEEEEEEE

Output 1
(0.2 mV/div)

Output 2
(0.2 mV/div)

Time (1ms/div)

(b)

(Color online) Fabricated 1:2 switch circuit.

is also shown.!”

is a photograph of the circuit of the sampler using YBCO
junctions, and the obtained waveform of a high-speed pulse

The toggle flip-flop circuit generates two output pulses for

one input, and can be used as demultiplexer. Figure 32

This circuit is operated faster than 370 GHz.'®
(13]

shows a photograph of such a circuit, and the waveforms of
one input and two output signals are shown for comparison.
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At present, the integration of a high-temperature SFQ
circuit is limited to about 100 junctions, but it is hoped that
this will reach to more than 500 junctions.

10. Summary

The discovery of high-temperature superconductivity is
one of the most brilliant events in the 20th century, and it
led to the wider physical concept of a “strongly correlated
electron system”. This system is extremely complicated;
thus, the physics of high-temperature superconductivity is
not thoroughly understood yet. However, as far as the
superconductivity problem, the classical concept of the
Ginzburg-Landau theory can be applied qualitatively.

Before the discovery of high-temperature superconduc-
tivity, many excellent scientists tried to find this phenom-
enon for about 20 years, and we should not forget their
endeavors. Thus, the author added a section on the
prehistoric view in this report.

In the last ten years, many applications of high-temper-
ature superconductivity have been made, and some of them
are introduced in this report. These applications will spread
to a very wide range of technologies, including information
technology, and energy technology, and environmental
technology. These are vital to the world in the 21st century.

The author hopes to accelerate the research and develop-
ment of high-temperature superconductivity and its applica-
tions.
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