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ADVANCED MATERIALS

HITACHI DEVELOPS CERAMIC SUPERCONDUCTING DEVICE
OW111017 Tokyo KYODO in English 1003 GMT 11 Aug 87

[Text] Tokyo, 11 August KYODO--Hitachi Ltd. said Tuesday it has test-
menufactured a ceramic superconducting quantum interference device (squid)
that it made into the form of a fine film by applying its semiconductor fine
process technology.

The new squid, which reached its superconducting temperature through cooling
with cheap liquid nitrogen at minus 196 C, can detect faint magnetic fields
with a strength only a 10 millionth that of the earth’s magnetic field.

This means that the new squid can be incorporated into medical diagnostic
equipment intended for diagnosing brain and heart disorders by catching
changes in the extremely weak magnetic fields these organs generate, the
company said.

Hitachi’s new squid is made using a high-frequency sputtering process to form
a thin film of yttrium-barium-copper oxide onto a substrate of magnesium
oxide, which is then heat-treated in an oxygen environment.

The resulting superconducting film is one to two microns thick (a micron
equals 1/1,000th of a millimeter) and superconducts at minus 187 C, at which
temperature it has a maximum current density in excess of 6,000 amperes per
square centimeter.

Optical exposure and chemical etching processes are then used to make a hole
in the middle of the film, after which two Josephson junctions are connected
to both of the hold to form a squid.

International Business Machines Corp. announced a thin-film ceramic squid
similar to the Hitachi squid in April. However, the IBM squid has to be
cooled to minus 205 C, and is not as sensitive as the hitachi squid.

Hitachi said it plans to officially announce its new squid at the
international superconducting electronics conference, which will be held in
Tokyo 28-29 August.

/12232
CSO: 4306/0523




ADVANCED MATERTALS

RECENT TRENDS IN SUPERCONDUCTOR DEVELOPMENT DISCUSSED
Tokyo SHIN KINZOKU KOGYO in Japanese Summer 1986 pp 1-8

[Article by Hideo Thara, Electrotechnical Laboratory: "Recent Developments in
New High-Field Superconductors"] :

[Text] 1. Introduction

Broad new fields of application for superconductors are opening up in the
forms of superconducting magnets, power storage, power transmission, etc., as
well as transformations in medical treatment and the manufacturing industry.
In the electronics fields, also, the future for new materials is bright with
regard to Josephson elements and Fluxon elements. in addition to the
conventional superconductors Nb, NbTi, Nb3Sn, and V3Ga, such new materials as
NbjAl, Nb3Ge, NbN, and PbMogSg have been added, with considerable interest
focused on their application. A new phase was also ushered in with the
availability of such new materials as the superconductors MoN and UBeqj3, the
compound function superconductor BaPbj;_,Bi 03, the artificial lattice
superconductor Au/Cr, and the organic superconductor (BEDT-TTF),Ij.

Topics for superconductor development fall into the following six categories:
(1) Development of high critical temperature (T.) materials

(2) Development of higher critical magnetic field (Hgp) and high critical
electric current density (J.) materials

(3) Development of materials for high-performance Josephson elements and
Fluxon elements

(4) Development of superconductors with new functions
(6) Development of superconductors with new materials

Development objectives for these categories are summarized along with related
materials in Table 1.

The need for high-T materials mentioned in (1), in a word, lies in escape from
the restrictions imposed by liquid He. This becomes quite obvious when we
consider both the technological and economic burdens of the refrigeration



Table 1.

Areas of Superconductor Development

Area of development

Developmental objective

(1) High-T, materials

(2) High-H, and high-J.
materials

(3) High-performance J
element and f element
materials

(4) New-mechanism super-
conductors

(5) New-function super-
conductors

(6) New-material super-
conductors

At preseﬁt 30K, next
100K, finally 300K

Wire making of present
materials 100T, finally
1000T

High speed, high reli-
ability, high durability

Superconductors with
exciton and plasmon
mechanism, T, approxi-
mately 1000 K

Superconductors of light
and magnetism linking

Moving toward high T,
for organic conductors

Material system
Nb3Si, Nb3C, MoN, RuN
Nb3A1N(A1,Ge)Nb3Ge,
NbN PbMogSg,

application of £
electrons

Nb, NbN, Nbj3Ge, NbjAl

CuCl(?) Cds(?)

_ Artificial lattices,

low-dimensional
materials

BaPbj _4BiyBi 03,
LigTig_ 403

(BEDT-TTF) )14

required for liquid He, and also the instability of future He supplies. For

these reasons, and as

can also be
superconductors with T, of 30-35 K is needed.

seen from Figure 1,

development of

If a closed cycle cooling

system is possible, then superconductor technology will require only a power
source for wuse any time, any place. This can be expected to hasten
popularization. The use of liquid hydrogen and liquid Ne is also meaningful
in consideration of reduced refrigeration cost and freedom from problems of
raw resources availability.

Developmental objective (2) is now the formation into wire of previously
available superconductors NbjAl, Nb3(Alg 7Gep 3)Nb3Ge, and PbMogSg. For the
long term, there is the need for research to increase the high-T, properties
of heavy fermion superconductors which have a good probability of showing high

Tc2.

With regard to (3), Nb and NbN will be basic materials in the near future,
with Nb3Ge and the Al5 compound NbjAl the subjects of special applications.
Because of the poor durability and reliability of Pb alloys, it seems certain
that they will be replaced by materials of the Nb family.

Objective (4) 1is the implementation of high-T superconductors with new
superconductor structuring by means of (plasmons) (quanta of collective
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Figure 1. Critical Temperature (T.) and
Coolant Temperature for Superconductors

excited state electrons) and (excitons) (quanta of electrons and positive
holes bonded together by static force), which will replace current
superconductor structuring by means of phonons (lattice vibration). There are
also methods which use a position shift in phase-completing electron density
waves, without creating these sorts of electron pairs.

(5) is designed to 1link superconductors with characteristics of light,
electricity, magnetism, heat, force, radiation, etc., to obtain new functions
from these superconductors. Examples include such photosensitive materials as
BaPbj _4Bi, 03 and such magnetic superconductors as ErRh,B;, and HoPbgSg.



(6) involves superconductors which use as constituents materials other than
ordinary inorganic metals, including organic materials and oxides. These
materials can be included in any of the functional categories (1)-(5), but in
terms of the growth of new materials, they should receive special
consideration as an independent category.

Directions of development for superconductor wire and material for Josephson
elements were explained previously by Tachikawa and Mikoshiba in this
publication, and will not be duplicated here. Instead, we will emphasize the
developmental directions for new superconductors beyond those. Materials
discussed here will be new high-T, superconductors, oxide superconductors
having optical sensor functions, heavy fermion superconductors having a good
probability of giving rise to high H.9 superconductors, and organic
superconductors having some probability of becoming new material
superconductors. '

2. New High-T, Materials

Categories of high-T, materials vary depending on the developmental objectives
of T,. At present, normally those materials are considered which have a T, of
15 K or above but less than 20 as shown in Table 2. However, the objects of
future practical research will probably show higher T.s than such materials
currently in use, including Nb3Sn wire (18.4 K) and NbN Josephson elements
(17.3 K). In the area of wire development, materials having a high T, include
Nb3Ga (20.3 K), Nb3(Alp 7Gep. 3) (20.7 K) and Nb3Ge (23.9 K). In the
electronics field, this category includes materials of Al5-type structure,
including Nb3Sn. The reader should refer to footnoted documents (2) and (3)
for more information on these materials.

From the point of view of developing new high-T, materials, there are
previously popular materials which presently have a low T, but demonstrate the
possibility of rasing the maximum T, value (23.9 K). These include such
materials as Nb3Si, Nb3C and V3C, which have the Al5-type structure, and MoN,
RuN, and RhN, which have the Bl-type structure. These materials having a
high-T, are substances not present in equilibrium phase diagrams, and are
extremely difficult to synthesize. The cause of this difficulty in synthesis
turns out to be the cause of the high T. In other words, research and
development regarding high-T, materials becomes R&D on the technology of
nonequilibrium materials synthesis itself. It seems apparent that both the
difficulties and the points of interest in future R& on these high-T,
materials will lie in this area.

Why, then, do the Al5-form Nb3Si and Nb3C yield high T.s? The answer is
provided by empirical rule, from a lattice constant and T,. When an Al5-type
compound of the Nb family is graphed and plotted as shown in Figure 2, with
the lattice constant on the horizontal axis and T, on the vertical axis, then
T. can be predicted for Nb3Si of 30 K, and for Nb3C, with a lattice constant
of 4.08 A, of over 77 K. A separate empirical rule form Dew-Hughes predicts
values for Nb3Si and Nb3C of 38 K and 55 K, respectively. Al5-type NbsX
compounds can be stabilized in a state of equilibrium when the atomic radius
ratio lies in the range of 0.97 < ry/ry, < 1.065. Since rg/ry = 0.88 and
rc/rNp = 0.51, the production of Nb3Si and, in particular that of Nb;C,



Table 2. Characteristics of High-T, Superconductors (T, > 15 K)
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beéomes difficult. This is because on each face of the body-centered cubic
lattice formed by Si or C, two Nb atoms must be skewered like dumplings on a
stick, with negative effects for the atomic radius ratio. Thus, the ver
g y

cause of a raise in T, also causes an increase in the difficulty of synthesis.
At present, a T of 19 K can be implemented for NbSi through application of 1 M
bar (one million atmospheres) through explosion compression. With Nb3Ge, up
to the present, only values of 13 K and below have been obtained using such
methods as CVD, simultaneous vapor deposition, and the sputter method
achieving 2.3 K and above. In the future, it will be necessary to develop
synthesizing processes using negative ions and plasma to increase the ion
radius of Si and C.

For such Bl-type compounds as MoN and RuN, as shown through empirical rules in
Figure 3, the relationship between the lattice constant and T, predicts a T,
of approximately 30 K for MoN, TcN, RuN, and RhN. Also, in addition to the
nitrides, the relationship between the electron state density N(Ep) and T,
predicts a T, of approximately 23-32 K for Tc, Ru, and Rh. When easily
generated lattice vibration irregularities and instability in covalent bonding
are added to substances having these high electron state densities, even
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higher T, can be expected. The above are based on empirical rules, but for
MoN we have precise T, calculations based on band calculations, form which a T
of 29.3 K can be estimated. The authors have also confirmed the accuracy of
these band calculations, and consider these estimates to be highly accurate.




Synthesis of Bl-MoN has been attempted in the United States, Japan, and
Germany, with theoretical estimates by the NR1 group in the United States of

9 K, by the authors of 13 K, and by Linker and associates in Germany of 6 K.
Actually, more than 10 other groups have also attempted synthesis using the
sputter and high pressure methods, but their results have been far from the
target T..

The causes of low T, lie in the presence of large quantities of unbonded N and
of N space lattices within the Bl-MoN crystals. This incomplete Mo and N
bonding is caused by the fact that a large part of the electron structure of
Bl-MoN is in antibonding status, making bonds unstable. 1In order to raise the
T, for the Bl-type transition metal compounds it is necessary to increase the
electron state density and thus increase the number of valence electrons.
Then the proportion of antibonding orbits will increase and bonds will become
destabilized. Even here, the principle, which causes T. elevation, makes
production difficult. Such methods as the use of active electron state
nitrogen and atomic ions, catalytic effects, the optical atomic level
epitaxial method and high-pressure high-temperature processing are thought to
be effective in overcoming this problem, and are being widely tested.

We will discuss one method of high-pressure synthesis. This method was chosen
for testing because, although there is hex-Mon in the Bl-MoN combined phase,
the packed density of electrons in the Bl phase is higher, so that there is
more possibility of improved crystallization and hex--Bl phase transition with
high-pressure high-temperature treatment. When Bl-MoN crystals were processed
under 6 GPa of pressure at a temperature range of 700-1,400°C, phase
transition was observed from the Bl phase to the hex phase for all but a small
portion of the sample. The maximum T, was 16.3 K which, as Table 1 shows, is
the highest T, obtained for presently available superconductors consisting of
other than cubic crystal materials. This is of great importance, since actual
experience to date has normally shown higher T, values for cubic crystals than
for hexagonal ones. As Figure 4 shows, it is known that when crystals of the
same composition are changed from hexagonal to cubic there is an increase in
T, of 5-10 K. From this, too, we can estimate a T, of 21-26 K for B1-MoN if
perfect crystals could be obtained. In addition, a T, for perfect Bl-MoN
crystals of approximately 25 K can be estimated from the N space lattice
concentration for B1-MoN and the electron state density ratio for hex MoN and
Bl1-MoN. It is only a question of time until the T, for Bl-MoN exceeds the T,
for NbN and reaches 20 K or above.

A T, of 30 K is also estimated for Bl-RuN, and at present production is being
attempted. Production of this substance is difficult, since the antibonding
orbit specific gravity is greater than that for MoN. At present, Bl-RuN
crystals have not been successfully obtained in perfect form, but a T, of 10 K
or above has been obtained for systems having a low nitrogen content. This T,
is still low, but since relatively high T, values have been obtained so
simply, it appears that Ru-N systems will provide superconductors having high
T, properties. Although there is some hope for the future, implementation
will be difficult since at present Ru is among the precious metals, with only
approximately 8 tons produced annually worldwide. Reserves should be
confirmed. There are also expectations for TcN and RhN, but these face
similar difficulties with regard to resources.
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Other high-T, materials research has taken the form of investigating new
crystal forms other than Al5-type and Bl-type compounds. This research does
not involve the expansion of already existing materials, so the linear
estimates used up to this point do not hold. Instead, a qualitative leap in
materials design methods is required. Presenting results only for the sake of
documentary convenience, such cubic crystals as Y-Mo-B, Y-Nb-B, Y-Nb-P and Y-
Mo-P are powerful candidates. Y and Mo, and Y and Nb, show nonsolid-
solubility, and do not react, while through B or P both can be bonded. Such
action by B or P is termed the "Gorota Ishi" [small-stone] effect. These
physical systems are also in a disequilibrium phase. It seems likely that the
new physical systems resulting from such combinations with nonsolid-soluble
elements will provide a direction for future investigations into high-T,
materials.

3. Oxide Superconductor Materials

Attention has been focused on oxide superconductors in particular because they
are expected to provide superconductor materials with a surprisingly high T,
for oxides and with a high degree of optical permeability and good optical
performance due to the low carrier concentration. Oxides with T.s of 4.2 K or
above include Lij,, Tip_304 (13.7 K), BaPbP_,Bi,03) (13 K), Rb,WO (7.3 KO and
CsyWO3 (6.2 K). The characteristics of the first three are shown in Table 3.
Of particular interest is BaPbj_4Bi, 03. This material shows a high T, even
though its carrier concentration is one order of magnitude lower than that for
ordinary superconductors. Because of the low carrier concentration, it
resembles the semiconductors in optical permeability and structural




Table 3. Characteristics of Typical Oxide Superconductors

Oxide
g?lg’l-x Lit+.Tis—.O | Rb,WO,
Charaocteristio L3
- i H 1
Grystal forn gonal | orpstal- [orvetal.
crystal spinel revrov—
skite
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Hc,(T) 5.5 18.5
Electvron specific
heat cgefficient 1.6 20 ~1
{m] mol'K2$ '
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s
*% ate plull cm) 545 20000 | (1000)
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mass
ReFleshelliu)
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Absorption
coefficientdcm™!) 103
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sensitivity. This material is also of interest because it shows the highest
T, of the materials with superconductor electrons made up only of sp
electrons, and because of its particularly high degree of electron/lattice
interaction.

BaPbj _4Bx03 is a solid solution of BaPbO3 and BaBiO3, taking on a Perovskite
structure. The superconductor consists of tetragonal crystals in a range of
0.05 < 0.3, with T, maximized when x is approximately 0.25. The material
shows good optical permeability due to its low carrier concentration; at a
thickness of 300 nm, the backing is visible. The substance shows considerable
mutual interaction with infrared rays, having actual optical characteristics
of 0.6 um of 10 percent reflectivity and absorbance coefficient 104 em-1 at
wavelengths of 0.6 um, and 3 percent reflectivity and absorbance coefficient
of 10° cm'! at wavelengths of 1 ym.

The optical detection mechanism of superconductors uses transition across an
energy gap, and in this point superficially resembles the use of band gap
transition by semiconductor sensors. However, the content is quite different.
In principle, a light beam activates the superconductor electron pairs, while
decreases the energy gap, and shows a nonequalibrium superconductor effect.
This makes it possible to utilize changes in the characteristic Josephson
junction I-V gap voltage corresponding with the amount of illumination. This
point differs from the photoelectric effect found in semiconductors, in which
the current varies with the amount of illumination.

10



When using BaPby_,Bi 03 in a sensor, one method involves using the particle
boundaries which occur in sputter membranes as Josephson junction barriers.
For sputter membranes of approximately 200 nm in thickness, aggregates of
crystals having approximate diameters of 250 nm are formed. When these are
heat-treated in an oxidizing atmosphere at 600°C, lead oxides are volatilized
from the highly flawed particle boundaries, and the particle boundaries are
converted to insulators. In this way, using the particle boundaries as a
barrier, the crystals form Josephson junctionms. If 10-unit particle
boundaries are separated and a voltage bias is applied, then 10 elements are
linked in series, a voltage of 10 times the initial magnitude is generated,
and sensitivity is increased by that amount.

The importance for optical sensor materials of low carrier concentration in
oxide superconductors lies in the fact that illumination-caused changes in the
energy gap SA are inversely proportional to the electron state density N(Ep),
in other words the carrier concentration. For this reason, Banl_xBix03 shows
a sensitivity 10 times greater than that of ordinary superconductors. In the
case of Lij, ,Tio 404, the d electrons participate, so that the carrier
concentration increases, making this substance unsuitable for photosensor

material. Future development is needed of materials having higher T, and
lower carrier concentration.

4. Heavy Fermion Superconductors

Normally, the coefficient <y for electron specific heat (C = YT) is
approximately 1 mJ/mole.K2. However, there are compounds of the lanthanum
(4f) and actinium (5f) series, including such superconductors as UBey3, UPts,
and CeCuySiy in which the F electrons are valence electrons, which show such

abnormally large values for vy as 1,000 mJ/mole:.K2 or above. Because Y is
proportional to the effective electron mass (y-m*), these are called heavy
electron system or heavy Fermion system superconductors. Because the

corresponding upper critical magnetic field Hgyp increases in proportion to the
increase in this Y, as Table 4 shows, Hgpy is exceedingly large despite the low
T. If the T, could be increased, there is a possibility of obtaining a
significantly higher Hgy.

Table 4. Characteristics of Heavy Fermion Superconductors
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An unusually large effective mass is thought to be due to the relationship
between y values and the distance between f electrons, as shown in Figure 5,
and also to the resulting narrowing of the f band, which occurs as the mutual
interaction among f electrons decreases along with reductions in the above-
mentioned distance. The spin fluctuation effect and the many-body effect are
also considered of major importance. In addition, there is the possibility of
superconductors having p waves from the parallel spins of superconductor
electron pairs. (In normal superconductors, the spins of electron pairs are
antiparallel, with spin sum of zero, and are termed s waves.) Experimental
evidence has been reported regarding these p-wave superconducting structures,
including specific heat and ultrasonic wave absorption. Spins are parallel
for p-wave superconductors, so a shielding effect can be anticipated for the
external magnetic field, with the possibility of producing a high-Hgo
superconductor. The mechanism of this heavy Fermion superconductor is not yet
clear, but further study of the application of these materials as new
materials can be expected both because of the possibility of high-Hgy
materials occurring in general and also because of the possibility of high-T,
materials occurring if the electron state density can be increased using the £
electrons.

LR SR lllllllIIIIllIIllll]lllII”IlllITTTT”I'_

T T
L

1000

LI Ill"ll
c
O
£
1L

O ® superconducting
0O = magnehc

& A not superconducting
or magnetic

7 {mJd/mole-{ otom-K?)

T T
R

1

T T T

1

vl ers b beosbiond

{ atom spacing (A)

Figure 5. Interrelationship Between Electron Specific Heat Coefficient and
Distance f Atoms for f Electron Materials

5. Organic Superconductors

The motivation for development of organic superconductors was the formation of
one-dimensional organic superconductors of exciton structure with high T.s as
proposed by Little. This structure makes it possible to form electron pairs
among the conducting electrons in the main chains by means of side chain
electronic polarization (exciton), yielding a high T, (approximately 1000 K).
However, the first organic conductor substance, (IMTSF),PFg (shown in Figure
6), was not in the direction of the exciton structure organic superconductor
proposed by Little, but instead was discovered as an extension of highly
conductive ordinary charge transfer complex single-dimension organic metals.
One-dimensional organic conductors, including TTF TCNQ and TMTSF TCNQ, which
were organic metals with electric conductivity of 103-10% (- 'cm'l), were
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of high
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Figure 6. (TIMISF)9 Molecules and Their Crystal Structures

discovered earlier. However, the lattice instability characteristic of omne-
dimensional metals was generated at low temperatures, with metal-insulator
transitions (termed Peierls transitions by the author of proposal) such as CDW
(charge density wave) transition occurring and resulting in demetalizing of
the material. A superconductor phase could be expected if the one-
dimensionality were encouraged through horizontal mutual interaction, the
metal-insulator transition temperature (Tyj) lowered as far as possible, and
the metal phase continued down to extremely low temperatures. A number of
tests have been performed concerning donor-acceptor recombination for charge
transfer complexes, high-pressure experiments, and chemical modification
methods.

In the midst of all this, in 1980 such materials as (TMTSF))PFg and
(TMTSF)9AsFg synthesized by Bechgaard and associates were discovered to have a
Tyy of 20 K or less. Jorome and Bechgaard then used the Tyy reduction effect
based on the strengthening of mutual interactions in the horizontal direction
through compression confirmed by a TMTSF-DMTCNQ system (TMTSF molecules are
flat, as shown in Figure 4; the stack forms a one-dimensional column). This
was used to show that superconductor transitions occurred in (TMSTSF),PFg.
Undeniably, there are points in this announcement which were developed from
Little's organic superconductor proposal for exciton structure. However, it
does not follow that earlier proposal since both the structure and mechanism
are completely different. Certainly the framework of discoveries in this
field is based on the earlier pursuit of organic materials having high
conductivity, which led to the production of organic metals, and the ability
to maintain this metal phase even at low temperatures gave rise to the
discovery of superconductive properties. 0f course, with (TMISF)Fg it is
necessary to use compression to suppress the transition to the SDW (spin
density wave) phase, which is the insulating phase, but that is not the
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Table 5. T (K) for Organic Superconductors: Pressure (Kbar) in Parentheses

Cat.ion

(TMTSF),X | (BEDT-TTF),X

Anion (x)
PF; 1.4 (6.5)
AsFg 1.4 (9.5)
SbF, 0.38 (10.5)
TaF, 1.35 (11 )
Clo, 1.4
ReO, 1.2 (95)| ~2 (74)
FSO, 3 (5 )
I 2.5
8 (1.3)

Aul, 5.0
IBr, 4.2

essential point. In actuality, substances showing superconductivity have been
found in the subsequent seven categories in the (TMTSF),X series as shown in
Table 5, and (TMTSF),Cl0,, with the molecular volume of X reduced and mutual
interaction (within the column) increased, shows superconductivity at normal
pressure.

Based on this idea, four categories of another organic superconductor series,
the (BEDT-TTF)9X series as shown in Table 5, have been created using the
suppression of the Peierls transition through dimensionality increased by the
chemical modification method. In particular, (BEDT-TTF)oI shows a T, of 1.3 K
for formed crystals, but after compression processing at 1.3 K bar, a T of 8 K
was discovered even when the pressure was released. Aul) shows point symmetry
and has a molecular length shorter than that of I3; because of the increase in
mutual interaction between the columns (BEDT-TTF),Aul) shows a measured T, of
5 K even at normal pressure.

Organic compound superconductors and inorganic compound superconductors differ
on a number of points, the former characterized as follows.

(1) They are composed of such commonly available elements as C, H, 0, Se, I,
and Cl, thus easing problems with resources.

(2) They can be made the object of molecular design for easy improvement of
characteristics.

(3) They are configured as molecules, so there is room to build in functions
in addition to superconductivity.

(4) Because they are organic, processing and forming properties are good.

Some of these points are not particularly appropriate at this time, but the
essence is that materials possessing these characteristics are possible. If
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materials with high T.s become available, they will be strong rivals to

today's inorganic superconductors. The annual change in the organic

superconductor's T, is now similar to that of the inorganic superconductors

before 1970. Whether this T, continues to rise in accordance with the present

trend, or whether it follows the path of the inorganic systems, depends on the

capabilities of researchers in material design.

6. Conclusion

In this review we have discussed the possibilities for new superconductors.

For information on magnetic superconductors and multimembrane superconductors,

readers should refer to references (4) and (27) in the bibliography.
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ADVANCED MATERIALS
‘\

MATERIAL DESIGN OF HIGH PERFORMANCE GLASSES DISCUSSED
Tokyo KINO ZAIRYO in Japanese Feb 87 pp 42-52
[Text] 1. Introduction

High-grade materials are necessary for building a highly advanced system.
This is the reason new and up-to-date materials attract attention. 1In the
field of glass, a material called the new glass is attracting attention as an
up-to-date material. In view of this situation, I wish to make a survey of
the functions the new glass has as a glass and relate in what manner such a
functional glass can be designed.

2. Definition of New Glass

In the first place, new glass can be defined as a highly technical and high-
performance glass. However, let us think a little more concretely on its
definition. Glass is a material used by mankind for more than 5,000 years. A
material with such a long history ought to have some valuable characteristics
worthy of its history. The characteristics of glass follow:

1) Possesses transparency and optical characteristics.

2) The continuous change of composition is possible. Therefore, the fine
adjustment of physical properties is possible.

3) Practically all elements can be taken into the glass as a solid solvent.

4) Shapes from fibrous to flat plate can be freely processed. Highly-precise
processing is also possible.

5) Possesses comparatively high strength and hardness, and it is chemically
stable.

6) Secondary processing such as crystallization, phase splitting, and ion
exchange are possible.

7) Various physical properties such as chemical and biological
characteristics, electrical characteristics, and thermal characteristics can
be provided.




Table 1. New Glass Classified by Characteristics

Characteristics
Type of glass 1 2 3 4 5 6 7
Refractive index distribution glass 0 0 0 0
Quartz system optical fiber 0 0] 0 0
Laser glass 0 0 0 0
Photochromic glass 0 0 0 0
Delay line glass 0] 0 0] 0
Substrate glass 0 0 o
Faraday rotation glass o 0 0
Porous glass 0 0
Biological glass 0 0 o 0
Chemical tempered glass 0 0 o
Machinable crystallized glass 0 0 0]
Chemical cutting photosensitive glass 0 o 0 0
Radioactive waste treatment glass 0 0
Low expansion crystallized glass 0 0 (6]
Characteristics:

1 Transparency, optical characteristics

2 Continuous change of position possible; continuous change of physical

properties

Characteristics as a solid solvent

Shape freedom and workability height

Comparatively high hardness and strength

Secondary processing of crystallization, phase-split and ion exchange

possible

7 Possesses various physical properties such as chemical and biological
characteristics, electrical and thermal characteristics

[« )W C - By V2]

Table 1 shows which of these characteristics are present in glass presently
manufactured using the new glass. By using optical fiber, which plays the
leading role in optical communication, as the example, let us study what
functions have been used. First of all, transparency is a proper function for
the optical fiber. In addition to being simply transparent, there is an
engineering value in that the loss value of 0.2 dB/km which is the theoretical
value of the Si0Oy glass has been realized. By utilizing the freedom of
changing the composition mentioned in item two, an optical waveguide has been
formed by forming a core with a slightly high refractive index and a slightly
low class in a concentric circle. Fibers. extending several tens of
kilometers can be prepared because of the workability mentioned in item four.
The strength and hardness mentioned in item five are extremely important for
use in utility materials.

When considered in such a way, the following definition of new glass is easier

to understand. New glass is a material that has made the best and fullest use
of the many characteristics of glass.
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3. Itemized Discussion on New Glass

An outline will be given here on glass that is presently considered "new
glass,"” and on what sort of new glasses, made of up-to-date materials, will be
used in various devices in the future.

3.1. New Glass Utilizing the Optical Characteristics
(1) Refractive index distribution glass

In parallel with the progress of information transmission technology by
optical fiber and optical electronics, optical circuit parts to perform
optical branching, optical coupling, and waveform matching have become
necessary. The refractive index distribution glass realizes such functions.
There are various forms of this new glass such as the rod lens type, the flat
plate type, and optical waveguide lens.

1) Rod lens

The rod lens is rod-shaped with a high refractive index in the central part,
and a reduced refractive index in a parabolic condition towards the periphery.
Its diameter is about 1 mm. It is used as a microlens in an optical disk
pickup for converging the laser beam on the disk and for receiving light and
condensing on the diode. Moreover, the arrangement of many rod lenses
providing an equal magnification erecting image is called the lens array and
it has contributed to the compacting, weight reduction, and cost reduction of
facsimile -machines and copying machines. How this lens is used is shown in
Figure 1 and example (3) in Figure 1 shows the coupling system of the optical
circuit. Co

Semnireflection

Optical Optical ¥ Film

LD R Fiber fiber .

LED Optical fiber 2etl== Optical
. ag-'s_ iber |fiber
e = = riv
(1) Light source (2) Parallel bean {(3) Position conver-

coupling systen conversion systenmn sion systen

Object Inage
plane Plane

FRP plate

Refractive index
distribution type
'lens

Adhesive
(black color)

(4) Erecting equal Structure of (5) Imaging systenmn
nagnification imaging systen lens layout

Figure 1. Application Examples of Refractive Index Distribution Lenses
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In general, this lens is prepared by the ion-exchange method. In other words,
a glass rod containing an ion with a high polarizability and capable of
causing an easy ion exchange (a univalent cation generally and to be concrete,
T1t, cst) is prepared, this is treated in a molten salt of NaNOj, KNO3, and
ion exchange occurs. As a result, a concentration gradient could be prepared
so that ions such as Na, etc., are present close to the surface and ions such
as Tl, etc., are present in abundance close to the center. The refractive
index would be a similar shape.

2) Flat plate microlens

This lens is prepared by arranging many lenses in an array in a flat plate.
Compared with the rod lens, it is better suited for mass production because it
is flat and dielectric multilayers, filters, and diaphragms can be provided by
surface treatment. It has characteristics such as being capable of composing
an optical circuit by lamination, etc.

The flat plate microlens is prepared by the ion exchange method as is the rod
lens, however, a method for impressing the electric field and expediting the
intrusion speed of the ion has been adopted. In other words, after attaching
a thin titanium film with the thickness of 1y to 2y on one side of a substrate
glass by the sputter method, patterning is made on the part introducing the
ion by the photolithography method and a circled window is prepared. This is
maintained in molten salt, an ion raising its refractive index according to
the electric field is introduced and the functions of a lens are provided.

Besides the above method, there is also the method of stacking, thin films
with a high refractive index in order on a glass substrate that has a
hemispheric hole by using the plasma CVD.

3) Optical waveguide lens
The optical waveguide prepares the functions of optical distribution, optical

coupling, etc., on a flat substrate. Types of optical waveguides are shown in
Figure 2.

Core n,

T nz
(a) Buildup type %

(d) Ridge type

(b) Embedded type g

(e) Diffusion
=]

type
(c) Microstrip type

%

Figure 2. Types of Thin Film Three-Dimensional Optical Waveguides
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(2) Energy of light transmission

Quartz glass, high-purity multicomponent glass, halogenide glass, chalcogenide
glass, and heavy-metal oxide glass can be selected according to the
transmitted optical wavelength for materials that are used for transmission
such as those that are used for communication and transmit light over a long
distance, and those that are used for a laser knife and laser material
processing machines and transmit a high-energy laser beam.

1) Quartz system glass

This glass system has already been put to use in optical communication. The
low transmission loss of 0.2 dB/km has been realized for light with a
wavelength of 1.5 um. This is also the theoretical value. Therefore, the
future theme may be to offer a further low-priced fiber without any loss in
capacity. For achieving this purpose, the problem of what process should be
used for minimizing the OH group, which causes the transmission loss, may
become an important technical theme.

2) High-purity multicomponent system glass

Because a refractive index difference between the core and clad can be larger
in this glass than in the quartz system glass, a fiber with a high numerical
aperture can be prepared and it excels in optical coupling with the light
source. However, the transmission loss is several dB/km to 30 dB/km and it is
used for the data link between equipment at a distance of 1- to 2-km.
Although there is a possibility it may compete with plastic fiber in the
future, the high-purity multicomponent glass presently possesses
characteristics excelling the plastic fiber in the degree of more than one
digit.

3) Infrared transmission glass

When trying to obtain a fiber with a lower transmission loss than the quartz
system fiber, it is necessary to use the wavelength range decreasing the
transmission loss by Rayleigh scattering. In other words, the method of using
infrared radiation rays is the only solution. Because the transmittable
wavelength range is up to 2 uym in the quartz system fiber, a material capable
of transmitting longer wavelength infrared radiation rays should be selected.
Three types of glass are candidates for an infrared light transmitting fiber:
heavy metal oxide glass, fluoride glass, and chalcogenide glass. A minimum
transmission loss of a value one to three digits lower than the quartz system
glass can be expected. However, the actual transmission loss of the fiber
still falls short of that for the quartz system glass. (Note; The same
performance has been obtained for extremely short ones.) The reason is that
the concentration of impurities is still high; microcrystals are generated in
the glass and cause scattering. In other words, the basic problem is that it
lacks stability compared with the quartz system glass and a breakthrough is
required for future development.
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(3) Laser glass

Because glass excels in workability and can be made into all sizes from large
to fibrous types, the application field will widen when a high=efficiency
glass laser is developed. Glass containing rare earth ions such as Nd, Yb,
Ho, Er, and Tm as active ions has been confirmed showing a laser oscillation.
However, the active ions maintained in the glass reflect the disordered
structure of the glass, the width of the oscillation spectacle is wide and the
oscillation efficiency is low. Besides the oxide system glasses such as the
silicate glass and phosphate glass, the fluoride and chalcogenide glass are
being studied as hosts. The phosphate glass, compared with other oxide system
glasses, has the characteristic of the sectional area of induction emission
being high, and in the fluoride phosphate glass the nonlinear refractive index
coefficient is small. :

The laser nuclear fusion has been studied as an application of the glass laser
and has become an important theme of the gigantic chemistry.

(4) Photochromic glass

The phenomenon of changing the light transmittance by optical irradiation is
called photochromism. A glass showing such a phenomenon has been prepared and
put to use. There is the type in which the structural defects in the matrix
of the glass are centered around coloring and the type that contains silver
halide as the photosensitive crystal. An explanation of the latter type will
be given as it has already been put to use.

Glass matrices of various compositions can be used. When glass containing
silver and halogen is melted, silver and halogen are melted in ion condition
in the glass. When the glass is heat treated at an intermediate temperature
between the transition point and softening point of the glass, microcrystals
of silver halide are deposited. The transparency of the glass can be
maintained when the size of the crystal lattice is around 10 nm and the
distance between the crystal lattices is 60- to 100-nm. When ultraviolet
radiation rays or visible light rays are irradiated on crystal lattices, the
silver halide undergoes a light oxidation-reduction reaction, decomposes, and
becomes colored as an atomic silver is generated. Because coloring and
decoloring mecessitate a mechanism for stabilization by means of the
structural recombination at the atomic 1level, those that stipulate the
coloring and decoloring speeds are those that take part in the transport
phenomenon such as the alkali ion in the glass and those that take part in the
oxidation-=reduction reaction such as copper.

The photochromic glass is presently sued in spectacles. Other applications
such as functional materials for optical memory of information storage,
switching elements, and display devices can be expected. For this purpose, it
is necessary that characteristics such as the coloring and decoloring speeds,
etc., be improved.