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The varied dimensions of materials research are examined in relation to India in the
context of the world scenario. The way materials science works today is illustrated by
chosen real-life examples. The problems and challenges posed by the new supercon-
ducting cuprates are presented as a case study. The author’s interests in the area of oxide
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Prologue

I consider the award of a General Medal of the Academy to a Fellow to imply that the
significance and magnitude of the contributions of the awardee to scicnce are more than
satisfactory. I am flattered to be considered worthy of this General Medal and I offer my
sincere thanks to the President and the Council of the Academy. I feel specially honoured
since this medal is named after a truly great Indian scientist, Mcgh Nad Saha.

Following the good traditions of the Academy, I shall take a scientific theme of vital
significance for the award lecture. I have chosen materials research as the topic since the
progress of mankind has been closely linked to man’s quest for new and improved
materials. It is also a highly competitive area of great national importance. I shall discuss
the world scenario as well as new directions in this area and examine some aspects
relevant to our development. [ shall cite a few typical examples from the wide spectrum
of materials to illustrate how materials science works and in doing so, I cannot help being
partial to non-metallic materials. A medal lecture is also the time for taking stock of what
one has done in one’s research career and to account for the support one has reccived.
I shall do this as well, though briefly.

Delivered on October 5, 1990 at the Indian National Science Academy, New Delhi on the occasion
of the Annual General Meeting.
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Materials science is distinctly different from the physics and chemistry of materials.
Physics and chemistry get transformed into materials science wherever they are moti-
vated by an engineering objective. Materials science can be represented by a tetrahedron
(Fig. 1) having as its base, fundamental sciences such as physics and chemistry, embracing

both experimental and theoretical aspects.
The tetrahedron is completed by the en-
gineering design associated with a tech-
nological target. At the centre, holding
the disparate disciplines is the interdisci-
plinary area of materials science. Engi-
neering design requires materials specifi-
cations which are generally formulated in
terms of a set of engineering parameters
that define the functions to be performed.
P C In ordcr to optimize the engineering
paramelters, the cngineer requires a theo-

- - ] retical framework to translate from the
Figl Materials science (M) at the centre of a language of design to the variables or the
tetrahedra: P, Physics; C, Chemistry; T, .
Theory; E, Engineering Design. phenomenological parameters such as
shape, size and history. If, however, a
material is to be designed to satisfy specific engineering requirements, the theoretical
framework should include not only the connections between engineering and the phe-
nomenological parameters, but also a proper understanding of how chemical composi-
tion, structure and honding of the material are related to the particular properties of
interest. Without an understanding of these relationships, materials design aimed at
performing a new or an imiproved function would be lcft to empiricism. Over the last few
years, our fundamental understanding of materials has become sufficiently advanced and
sophisticated to make a demand on those in charge of public funds for sicence and
technology to specify and prioritize the engineering and technologial targets sufficiently
so that concentrated support to materials R&D can lead to substantial public benefit.
Today, I do not plan to provide a history of selected examples to illustrate how materials
science has led to such revolutionary technologies as digital computers, lasers, fibre
optics, plastics or composites. Rather, I shall attempt to show how the mind of a materials
scientist seems to function in his search for new directions and in his thirst for new or
alternative materials in the competitive world of today. In making such a presentation, 1
shall attempt to bring in the Indian focus in the context of world trends, besides some of
my own research interests.

The World Scenario
Today’s world is propelled by man’s urge to live in comfort without excessive dependence
on conventional manual labour and to surpass himself in communications, information
and transportation. We have to accept this to be the situation in the advanced countries
without arguing whether such a life is desirable or necessary. It is also true that most of
the developing countries are nowhere near having such a situation, but it would be
unrealistic to assume that they are not going to be affected by the trends in the advanced
countries. Whether one likes it or not, the poorer countries will eventually buy or borrow
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products of modern technology from the advanced countries.

Much of the progress of mankind today is directly or indirectly dependent on advanced
technology materials which perform better and with new dimensions. For some time,
most of the emphasis was on metallic matcrials. Slowly, metallic materials are getting
replaced by non-metallic ones even for use as structural materials. Today, composites and
polymeric materials occupy a prime position as structural materials. Innovations in
non-structural materials have been even more stupendous. New types of sensors have
been devised for every possible situation. Ceramic materials have become a major
component in electronic, electrical, automotive and other industries. Man is excelling
himself in making better and faster “chips”.

Excessive use of carbon-containing polymers (mostly based on petrochemicals), much
of it progressively replacing metals, raises the question as to what man will do when he
has exhausted most, if not all, of the natural carbon resources such as petroleum. This
could happen by the middle or the end of the 21st century. It is possible that man will then
make use of inorganic carbon sources (carbonate rocks) to make hydrocarbons and
polymers. :

Let us look at the key advanced technology materials today. These are :

® Composites (structural materials)

® Materials for electronics and photonics

® Ceramic materials for a variety of uses
The key sectors are:

o Communications (ferrites, fibres, lasers)

o Energy (new batteries, fuel cells, solar energy beneficiation)

® Transportation (composites, superconductors)

In these sectors, major revolutions may occur in the next few years. For example,
amorphous silicon may soon emerge to be cfficient for solar photovoltatic applications.
High-temperature superconductors may revolutionize surface transportation (e.g., levi-
tating traing). Even in conventional areas, new materials are likely to outstrip the old ones
in performance. For example, new magnet materials (¢.g., Nd-Fe-B, nitrided rare earth
alloys) are so much better than the old ferrites or metallic systems. Photonics is slowly
replacing electronics in communications and information technology. There has also
been progress in biomaterials (for replacements, transplants ctc.)

The Mind of the Materials Scientist

The rapid pace with which the materials world has progressed is clearly due to the
uncanny knack of the materials scientist who does not leave any stone unturned in his
search for new and better materials. This cffort is really mindboggling. The following are
some of the factors that have been responsible for the advances made :

o Study of known or even common materials (both natural and unnatural)

o Serendipity

o Design (tailor-making and engineering of materials)

® Creation of demand for new materials

All these characteristics would be obvious to everyone. I would like to underscore,
however, the need to carefully look at common as well as naturally occurring materials.
Coral, which occurs in Nature, has given new ideas for designing ferroic composites.
Something as common as fish scale shows interesting properties (c.g., high dielectric
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Fig2 Diclectnc constant of common fish scale. Note the relatively high values and also the dielectric hys-
teresis given in the inset (Work of K B R Varma of this laboratory).

constant as shown in Fig. 2). The last factor requiring materials scientists to create a
demand (or a market) for their own area is of some sifnificance; in fact, this is true of all
of science and technology as far as India is concerned.

Many real-life examples can be given for each of the above aspects of materials
science. Some of the typical examples that I would cite are the following:

e Silicon nitrides (SiAION)

e Diamond films

e Zeolites and clays (controlled pore inorganic solids)

® The Lanxide process (new composites)

® New sensors (using oxide and other materials including microbiosensors).

I cannot but admire the ingenuity of Ken Jack when he decided to replace part of the
silicon and nitrogen in silicon nitride (Si-N) by aluminium and oxygen respectively to
make Si-Al-O-N (Sialon) expecting it to be an improved high temperature ceramic
material. I recall how Deriyagin carried out the first experiments to break hydrocarbons
such as ethylene and methane in a reducing atmosphere to deposit carbon in the form of
diamond on a metal surface. Diamond films are being investigated in a number of
laboratories today and they are likely to [ind many applications. Zeolites occur in Nature,
but chemists have synthesised a variety of zeolites which permit shape-selective catalysis
by virtue of the specificity of the cage sizes in them. Clays which possess sheet structures
can similarly be modified to carry out selective reactions. A most unusual example of
serendipity and doggedness is provided by the Lanxide process. Newkirk accidentally
found sometime ago that the stuff that collects on the top of molten aluminium is not a
useless muck, but an unusual composite containing the metal and aluminium oxide.
Processes have since been developed to make this material in large quantities to produce
fibres with optimal mechanical properties. Over 200 patents have been filed in the last
three years. We still do not know what real uses will be found for the unusual composites
obtained bv the Lanxide process. but a companv has been set un solelv based on this
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Sensors clearly provide the fincst examples of the versatility and pragmatism of
materials scicntists. Today, we have sensors for most gases and vapours, for heat and for
other forms of radiation. The sensor industry is booming, with Japan taking the lion’s
share of the market. Most sensors use simplc matcrials (c.g. oxides such as Zr0,,Sn0),
and Zn0) and a device to measure the signal (u<ually, clectrical resistance). The sensor
industry is a knowledge-based industry with high returns for a marginal investment. The
Japanese arc now working on a varicty of biosensors which will make use of specific
biological systems (c.g., cnzymes) along with appropriate clectrodes and measuring
devices. For example, a ncedle-shaped scasor can rightaway tell a customer in the
supcrmarket whether the pineapple or melon is ripe or not. I can imaginc a new world
with people carrying not only the needle-shaped sensors to buy {ruits, but a varicty of
other sensors related to human health (c.g., for diabetes, cholesterol level), environment
and even to determine the cleanliness of toilets.

What T have listed above is at best representative and there are probably heiter
examples one can cite. There is much scicnce behind all such efforts and this is ofiep
forgotten. Newer and improved mcthods of synthesis and characterization are the
essential aspects of this science. Materials scicntists are becoming fearless and arc taking
onmore and more complex materials in all states of aggregation for passible expioitation.

Many fine examples can be given toillustrate the art and science of materials synthesis.
Novel, less energy-consuming methods of synthesis are being developed all the time. To
give a chemical example,' the precursor route has climinated the limitations of the old
brute-force methods to yicld homogencous pure substances {e.g., synthesis of Chevrel
phases and many complex oxides by the precursor route). Positive and negative pressure
effects are attained by appropriate chemical substitution {e.g., partial substitution of V by
Tior Crin V,0,). Similarly, insulators are transformed into metals or superconductors
by composition control. The basic tenet is that there must be a way of making any given
matcrial in any required shape or form. High-pressurc, ultra-high vacuum, very high or
low temperatures, plasma, rapid cooling and varicty of other mcans have been cmployed
to attain the desired conditions for synthesis. A trend worth noting is that many so-called
metastable materials are preparcd this way for use under ordinary conditions. Mctasta-
bility is part of the innovation in matcrials.

Technigues of materials characterization have undergone a dramatic change in the
last few years.! The power of analysis (composition, structure or hoth) on the tiniest of
samples (a few atoms) available today is truly remarkable. The advent of atomic force
microscopy and scanning tunneling microscopy cnables the study of materials at atomic
level under real conditions (in air, with liquid inierface, in vacuum etc.).

The Indian Scenario

The importance of materials for India was pointed out as early as in 1971 by the first
National Committee on Scicnce and Technology (NCST) of which T had the privilege of
being amember, The NCST produced a report? on Indian needs for special materials.
Recently, the erstwhile Science Advisory Council to the Prime Minister has produced
an excellent document® on the materials nceds of India in the world context. We, in
India, are in a unique position where we have to worry about materials for basic needs
as well as for advanced technology. Typical materials related to our basic needs would
be:
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o Housing (Alternative, inexpensive construction materials; replacement for wood
which is scarce; minimization of the use of cement)
® Food (packaging materials)
® Heailth (biomaterials for use in hospitals and in patients)
Some aspects of the Indian scenario that we need to note are the following:-
® Large quantities required of all materials because of our large requirements.

o Availability of the science and technology base and therefore the possibility of

using the knowledge of materials science to solve problems of socies,.

® Unlimited market and future for materials in various sectors, some with export

potential.

We have little choice but to develop our own base in advanced technology matciials.
Our materials industry is at best in its infancy and we have to grow. If we have to solve our
serious economic problems, we would have to develop knowledge-based industries many
of which would depend on key materials. We have to export value-added products and
reach an export figure of at least Rs. 100,000 crores per annum in the next S years. This
can be done if a judicious materials policy is developed wherein we decide clearly what
to make, what to sell and what to import. There are many natural resources that we need
to properly exploit. We have to decide on what and how much of mineral assets to sell and
hoard. Typical of them are the monazite sand and the titanium ore. We still use imported
nickel-based alloys in many of our installations instead of titanium. Even though
expensive, there may be advantage in using our own indigenous materials. Our buildings
over-use expensive construction materials. We have not found enough use for what we
make in plenty (e.g., aluminium). We have not learnt to make standard materials (e.g.,
steel) at a reasonsable cost. We have got used to a culture which is against innovation;
some industries do not even have the all-important profit-motive. In addition, we are not
clear-headed about the most essential things that we need.

Let us take the example of photovoltaics. We still have not decided as to how much of
solar photovoltaic power we will produce indigénously for the rural sector. Will it be 25
or 100MW in the 8th Plan? In the 7th Plan, it was supposed to be 25 MW, but we just
ended up with less than 5 MW. Depending on this target, we have to produce the required
polycrystalline silicon which is then to be transformed into single crystals and then to
wafers. Roughly 25 tonnes of polycrystalline silicon are required for IMW of solar pho-
tovoltaic power based on crystalline silicon wafer cells. Today, we are just able to produce
around 25 tonnes per annum of polycrystalline silicon at Mettur. Since the strategy for
photovoltaics for the next 5 years will have to be based on crystalline silicon wafers, it is
important that we have an exact short-range target. In the long term, it is possible that
amorphous silicon films may replace the crystalline wafers. We would then not require
as much polycrystalline silicon. The deveopment of our silicon industry, therefore,
crucially hinges on our national priorities as much as on new technologies.

The report of the Science Advisory Council to the Prime Minister® lists the following
key materials to be crucial to India’s development:

® Electronics Sector

Silicon (crystalline/amorphous).
Gallium arsenide and other semiconductors
Superconducting oxides
o Communications Sector
Fibres
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Semiconductors (phosphors, lascrs)
Magnetic materials (Fe-Nd-B, recording matcrials)
Non-linear optic matcrials (including both inorganic and organic)
® Transportation Sector
Aluminium alloys
Toughened zirconia
Kevlar and carbon-carbon composites
® Energy sector
Amorphous silicon (photovoltaics)
Hydrogen storage materials
New battcries
® Other industrial sectors
Sensors (oxides)
Lasers (for machining, annealing etc)
Superconductors (for magnets)
Concentrated and comprehensive cffort is recommended with regard to the following
advanced materials:

® Metals and Alloys: Titanium

® Electronic Materials - Silicon based micro-electronics and 111-V
semiconductors (Ga As)

® Magnetic Materials: Nd-Fc-B, Superconducting Nb alloys

® Ceramics; Zirconia

o Composites; (a) Carbon, SiC, Kevlar fibres

(b) Carbon composites

It is hightime that we become materials-conscious and develop a well-orchestrated policy
which will pay proper attention to all aspects of the innovation chain. Since India cannot
afford to be bchind economically and industrially, there is little choice for us in this
regard. We have to recognize our needs and challenges in matcrials and start our action
plan. Given the right support and direction, nothing should stop us from reaching where
we want to go. At the same time, we have to be conscious of newer developments so that
Wwhen the time comes, we can join the race. If we do not, we shall soon be having a new
colonial era when we will owe our existence to the advanced countries who will be able
to demand the price they choose for materials crucial for our development.

Superconductors--A Case Study
In order to illustrate how a typical area of materials grows with time, I shall take the
example of superconducting materials. Superconductivity has been a fascinating subject
since the discovery by Kammerlingh Onnes in 1911 that mercury becomes supercon-
ducting at 4.2 K. The superconducting state of a solid when it offers no resistance to the
passage of electricity and repels a magnet has not only been a favourite ground for
scientists interested in the study of solids, but also of intense interest to engineers and
technologists because of the tremendous applications. We have been beneficiaries of
superconductor technology for some time. NMR imaging employed in medical diagnos-
tics instead of the traditional catscan employing X-rays uses large superconducting
magnets. Many electronic devices using superconducting materials have been fabricated.
Although power transmission or energy storage using superconducting wires has not
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become a reality, there is every likelihood that there will soon be high-speed levitating
trains using superconductor technology. All this has been done with materials which
become superconducting at liquid helium temperatures. The discovery of the new copper
oxide superconductors (T_~30 K) by Bednorz and Miiller* in 1986 opened up new
exciting possibilities. Today, we have many ceramic oxide materials which become super-
conducting well above liguid nitrogen temperature’ (Fig. 3.) There is every chance that
some day onc may discover materials which become superconducting even at higher tem-
peratures, possibly close to room temperature. It would be truly remarkable if we can
have large superconducting magncts which at best would require chilled water for
cooling.
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Some of the important objectives of research and development programmes in
superconductivity today are: )
(i) to acquire better and additional experimental data on the existing high T,
materials in order to improve our understanding of the essential properties:
(This is important since only measurcments made on pure, horogenous materials are of real significance.
This is specially true of measurements made on relatively large single crystals).
(i1) to develop suitable models to understand the basic mechanisms responsible for

high-temperature superconductivity and related aspects of these materials;

(The well-known BCS model does not seem to describe the new oxide superconductors. Although there has
been a spate of theoretical papers on high-temperature superconductivity of oxide materials, there is yet no
model which is completely satisfactory. It is necessary to have models which interpret knowr. results and also
make predictions that can be verified).

T (K)
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(iii) to look for new materials (with or without copper) exhibiting high T ;

(It is essential that the search for newer materials with high T continuces. One hope is that someday one
will find a materia! with T, close to room temperawre. Anather important cffort should be to look for non-
copper materials with high T, If we can discover them, the situation with theory will change dramatically since
most models require the d-orbitals of Cu).

(iv) to improve our understanding of the chemistry; process parameters and of the
ceramic propertics of oxide superconductors;

(This is an area of great importance since we do not know enough about the pracessing of ceramic powders.
New methods of synthesis and continuous processing techniques need to be worked on thoroughly).

(v) to prepare good quality high T_ films by a variety of techniques (plasma, laser
ablation, rf-sputtering, electron beam evaporation, MOCVD etc.) for electronic
device fabrication;

(Most of the superconductor applications in electronics require the maicrials to be in the form of films. It
is therefore necessary to make homogencous films with good current carrying capacity).

(v1) to prepare high 7_bulk superconductors in the form of tapes and wires with
high current carrying capacity;

(The main limitation in the use of oxide superconductors for high-ficld, large-scale applications is that we
cannot make wircs or tapes of these materials with high current density. The difficulty is not because of the
ceramic nature of the materials alone, but also with the inherently low current density of these granular
materials. If by proper oricntation of particles and other techniques, we can get high T_tapes or wires which
can operate in moderatce to large magnctic ficlds, then the applications of these materials would be many.
There has been some success in this direction in Japan).

(vii) to fabricate SQUIDS, detectors, superconductor-semiconductor hybrids and
other electronic devices for various applications with high 7_materials;

(There has already been some success in this direction, but more effort is necessary to get reliable,
commercially viable devices).

(viii) to build small proto-type generators, magnets etc. with ceramic materials,
in order to gain experience;

(This experience would be necessary if and when we have the right ceramic materials with high T).

(ix) to build prototype levitating trains and continue to experiment on ship-
drive systems; and

(The usc of superconductors in designing levitating trains is limited to Japan. More cffort is necessary

in this arca. Experimental trains using ceramic tapes may be wothwhile. Experience alrcady gained in ship-
drive systems has to be consolidated).

(x) in India, there is not adequate expertise in building large magnets even with the
conventior:al liquid helium supercoductors. It would be good to make a beginning now,
eventhough late. This could help, for example, in fabricating magnets for NMR
imaging required in large numbers in hospitals. It is to be noted that based on the
recommendation of NCST, BHEL was supposed to take up some major projects using
Nb alloys as early as 1973, but this did not happen.

Some Aspects of Personal Research
No talk in the Academy by a Fellow should end without some reference to the Feliow’s
own research work conducted in the recent past. I shail therefore bricfly mention one line
of research related to materials that I have been invoived for over three decades.
Transition metal oxides have constituted one of my main areas of research for several
years.'® These oxides exhibit a whole gamut of properties because the metal-oxygen bond
is.not too ionic as the metai-fluorine bond or too covalent as the metal-sulphur bond. This
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is why metal oxides exhibit a range of properties with insulating behaviour at one end and
metallic or superconducting behaviour at the other. My students and co-workers have
synthesised and charaterized a variety of oxides, more importantly, have designed several
novel oxides with the desired properties. Many of these oxides have found use as catalysts,
electronic ceramics and so on. I am specially happy that the new superconductor
revolution has been based on layered oxides of copper, a class of materials which my co-
workers and I have been investigating for many years. Since the discovery of high T,
superconductivity in these materials, we have been engaged actively not only in the
synthesis and characterization of novel superconducting oxide materials, but also in
carrying out experiments designed to understand some aspects of the mechanism of
superconductivity in cuprates.®® Let me list some of the important contributions that we
have made in this ficld before I make a briel mention of some of the work that we are
pursuing at present.

Some Highlights of Oxide Research of the Author

related to Superconductivity First Publication
o Elcctronic properties of Perovskite oxides 1969, 1971, J Phys Chem Solids;
Phys Rev

e Structure and properties of layered oxides 1973, Mater Res Bull
of K,NiF, structure

® An overview of layered oxides 1984, J Solid State Chem

& Independent identification of YBa,Cu 0, 1987, Nature
(90 K superconductor)

® First observation of non-resonant microwave 1987, J Phys C Solid State
absorption by cuprate superconductors

e Importance of oxygen holes and hole pairing 1987, 1988,Phys Rev; Physica C
in the mechanism of superconductivity

o Studies of bismuth and thallium cuprate 1988, Physica C; Solid State

superconductors Commun

o New families of thallium and bismuth 1988, 1989, 1990 Phys Rev; App
cuprate superconductors Phy Lett

® Possible occurrence of superconductivity 1989, Solid State Commun
in nickelates ‘

® Mectal oxidation states in oxide 1989, 990 App Phys Lett; Phys Rev
superconductors

@ Non-existence of the so-called 60 K 1990 Phys Rev
superconducting phase in 123 cuprates

® Importance of charge-transfer energy to 1990, Phys Rev
superconductivity

The search for new cuprate superconductors continues. In addition, in the last few
months we have been looking for copper-free oxides which could show superconductivity.
This is important since most of the recent models for superconductivity require the d-
electrons of copper. Encouraged by the finding'® that the Cu-O charge-transfer excitation
energy and the p-d hybridization strength which determine the intensity of the Cu(2p)
satellite in X-ray photoemission, also play a crucial role in the superconductivity of the
cuprates (Fig.4), we are exploring several other systems experimentally to look at this
aspect more carefully. At the same time, we are examining to see how the polarizability
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Epilogue

It it not unlikely that ceramic materials will be used in turbines and automobile engines
in the near future. It is quite likely that the photon era will replace the electron era and
we will soon have very efficient optical communication and optical computers. New
aeroplanes will be made almost entirely of composites, as also a good part of the
automobiles. Levitating trains will probably operate in many countries. The future looks
not only unlimited, but also scary. Today’s trends are such that “who will dominate the
world” will be determined by ‘“who will dominate advanced materials science and
technology.” Will it be Japan, Germany or the U.S.? Clearly, technological leadership will
be the requisite for international leadership. Yet, in spite of such a world scenario, except
probably in Japan, there has been near absence (or, at the very best, lukewarm response)
by Governments to urgent needs; this is not in India alone. The industry’s response even
in some advanced countries has not been altogether promotive. Market forces alone
seem to detgrmine the industry’s investment in materials in some of them and this would
be bad for the future (an important lesson to be learnt by the advanced countries such as
the U.S. as well as a less-developed country like India). We cannot be caught flat-footed
when something comes along to change technological trends in vital sectors in such a big
way as to change our life-styles altogether.
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