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HISTORY:

Superconductivity is the name given to a remarkable combination of electric and magnetic properties which appears in certain materials when they are cooled to extremely low temperatures.  Such very low temperature first became available in 1908 when the Dutch Scientist Heike Kamerling Onnes at the University of Leiden succeeded in liquifying helium, and by its use was able to obtain temperatures down to about 1 K ( 1 Kelvin equal to -273 degree Celsius). 

Onnes, experimenting with platinum, found that, when cooled, it resistance fell to a low value which depended on the purity of specimen.  At that time the purest metal was mercury and, in an attempt to discover the behavior of a very pure metal was at low temperature, he found that at very low temperature the resistance of mercury became immeasurably small.  This was not surprising, but soon discovered (1911) that was manner in which the resistance disappeared was completely unexpected.  Instead of resistance falling smoothly as the temperature was reduced towards 0 K, the resistance fell sharply at about 4 K and below this temperature the mercury exhibited no resistance whatsoever.  Onnes recognized that below 4 K mercury passes into a new state with electrical properties quite those previously known, and this new state was called “Superconducting State”. After the discoveries of Onnes may materials, generally metals and alloys and more recently, molecular system including organic charge-transfer compounds, have investigated for superconductivity, but the superconducting transition temperature TC (the temperature below which the material losses dc electrical resistance) did not cross 23 K until 1987.  The average rate of increase in TC was about 3 degrees per decade and it appeared as through 23 K was the upper limit of TC.  

After 75 years of research, the high temperature superconductors were discovered by George Bednorz and Allex Muller at IBM’S Zurich research laboratory, Switzerland in 1986.  They discovered a superconducting Lanthanum-Barium-copper-oxides ceramics whose active component was quickly shown to be barium-doped lanthanum cuprate (La2-xBaxCuO4) with a transition temperature TC of 30 K, which although still being rather low was a most exciting compared to progress that had been made in the previous 75 years.  High temperature superconductivity in the La-Ba-Cu-O system was published in September 1986.  The December 1986 meeting of the American Materials Research Society (MRS) in Boston was gain them the Nobel Prize in Physics within the year and to unleash an unparalleled explosion of research in laboratories throughout the world.

Within the months further important discoveries had been made, Maw-Kuen Wu and James Asbhurn of the University of Alabama and Paul C. W Chu of the University of Houston in USA and their Co-workers substituted yttrium for lanthanum.  There idea was that doping the smaller yttrium atom would reproduce the lattice shrinking effect of pressure that Chu and co-workers had found increased TC in La2-xSrxCuO4.  Somewhat serendipitously, Chus team obtained superconductivity at 93 K, well above the temperature of the liquid nitrogen (77 K), in a multiphasic Y-Ba-Cu-O sample.  The superconducting phase was quickly determined to be YBa2Cu3O7 by group at a number of laboratories in the world.  Roughly a year later there were virtually simultaneous announcements of superconductivity above 100 K.  One was by Hiroshi Maeda at National Research Institute for Metals in Tsukuba, Japan, for a Bi-Ca-Sr-Cu oxides compound; another was by Allen M. Hermann and Zhengzhi Sheng at the University of Arkansas, Fayetteville, USA for a TH-Ca-Ba-Cu oxide material.  Stuart S. Parkin and co-worker at IBM Almaden Research Center, San Jose, California, USA, achieved TC 125 K using Th2Ba2Ca2Cu3O10.  The current record of TC 133.5 K was achieved shortly after by Andreas Schilling and Colleagues from ETH Zurich, Switzerland using HgBa2Cu2Cu3O8+d.  This compound has a transition temperature that is remarkably dependent on the applied pressure, such that TC reaches 157 K at 235 kbar.   The highest TC over recorded is currently 164 K for HgBa2Ca2Cu3O8+d under 350 kbar pressure.   Interestingly, this value of TC approaches the lower recorded ground temperature on earth. Even more exciting was discovery in 1991 by Arthur F. Hebard, Robert C. Haddon, co-workers at AT & T bells laboratories, Murray Hills New Jersey, that the potassium-doped fullerene K3C60 is superconducting at 18 K and subsequent discoveries of compounds with higher TC’s. 

The significance of the original Bednorz and Muller discovery was only a great leap in TC, but the discovery of what now appears to be a completely new class of metallic metal oxides with subtly different properties from conventional metals.  It is hoped that understanding the mechanism for superconductivity in these materials might simulate ideas leading to discovery of new class of superconductors.  Both theorists and experimentalists (in Physics and Chemistry) have found high TC superconductivity to be exciting because of the opportunity to make an important contribution to science and perhaps technology. 

THEORY AND MECHANISM:

The new superconducting compounds have in common a low carrier density.  Their characteristic structural elements are chain, planes, and pyramids or octahedral formed by metal with an unstable valence (Cu, Bi) and oxygen ions.  These building blocks are assembled between ions which act as spacers and dopants.  For the critical doping level leading to superconductivity, one charge carrier per formula unit typically is delocalized in the Cu-O bonds.  The higher critical temperatures are found in systems with reduced dimensionality.  Up to now the reproducible limit of critical temperature does not exceed 133k exhibited by the Hg-1223 phase.  Occasional reports of transient zero resistance states in minority phases closer to room temperature seem to indicate, however, that higher transition temperatures may be attained in the future.

BCS THEORY: (THEORY OF SUPERCONDUCTIVITY):
The most fruitful approach to a microscopic theory prior to the discovery of high temperature superconductor was due to Bardeen Cooper and Scrieffer in 1957.  This approach, the BCS theory, considered the ordering of electrons in the superconducting state as caused by an attractive interaction between pairs of electrons which results from the interaction of electrons with the lattice of material.  This attraction overcomes the natural coulomb repulsion between electrons carried by a current.  The clue to this interaction is the experimental fact that the transition temperature and the critical field in conventional superconductors depend on the atomic mass (the isotope effect), and that superconductivity has not been discovered in the best conductors, copper and silver, whereas it is common among the poorer conductors.  This suggests that the interaction which produces an ordering is concerned with the vibrations of the lattice of the material.  In addition BCS theory showed that in a metal any force of attraction between pairs of electrons, no matter how weak, would produce instability in the Fermi Sea, so that the formation of some bounds pairs would also lead to the formation of further bound pairs.  This is a co-operative effect which results in the presence of a ground state for the bound pairs that is separated by an energy gap from the allowed excited state of the system, representing the unpaired electrons.  The pairs of the electrons are called Cooper Pairs and they are the key to the theory of superconductivity.  Thus, in the superconductive state, the electrons are no longer free of each other as they are in normal state but are paired off into Cooper pairs.  Consider a Cooper pair consisting of an electron with momentum P1 and one with momentum P2.  The total momentum of this Cooper pairs is P1+P2.  This total momentum is simply the center-of-mass momentum and describes the motion through space of this Cooper as a single unit.  After the exchange of a virtual phonon of momentum Q (through interaction with the vibrating atomic cores making up the lattice), the momentum of the electrons change to P1-Q = P3 and P2+Q = P4.  Adding together,

P1+P2 = P3+P4

Above equation show that the momentum of the pair is exactly the same afterwards as it was before phonon exchange and this in true for all Cooper pairs in the lattice.

If the electrons have opposite spin and orbital angular momentum then the net momentum of the pair is zero and the pair cannot be scattered by the lattice giving rise to zero resistance.  BCS theory can not satisfactory explain the new high temperature superconductor materials.  Many alternatives have been considered involving more direct electron interaction.  However, no completely satisfactory theory has yet emerged.  For example, the (Cu-O2) planes in cuprate materials are anti-ferromagnetic, i.e. the electron spins on Cu are anti-parallel.  The introduction of the holes into planes somehow disturbs this arrangement in such a way that superconductivity arises.  It is not yet known how this occurs but new theories hinge on spin-spin coupling of the electron rather than electron-phonon interaction as predicted by BCS theory. 

The draw back of this theory, we can say, the BCS theory does not provide a strong enough interaction between electrons to keep them paired at high TC, and the more direct electron interactions suggesting are getting nearer to explaining these high values of TC.

APPLICATIONS OF HIGH TEMPERATURE SUPERCONDUCTORS:

The improvement in superconducting properties achieved over the last six years has been dramatic.  In 1991, a study by US department of energy and Electric power Research Institute offered a detailed survey of the potential applications of HTC superconductor.  The survey predicts extensive markets for HTC superconductor in electric motors, power electronics, transportation, heat pump, electromagnetic pump and materials production.  These applications offer the long term prospect of reducing our total energy consumption.  Even a critical temperature of the order of 40 K would make the transmission of electric power by superconductor cable a remarkable economic proposition.  Because of the zero resistance, superconducting cable would be virtually loss-free and none of the power carried by them would be dissipated.

A prototype helium vapor-cooled current lead employing a ceramic high temperature superconductor was designed and tested recently by Westinghouse Science and Technology Center in USA.  They successfully developed at 1 kA, 4.2 to 300 K fully helium vapor cooled HTC superconductor current lead prototype.  This lead can be used in place of conventional all copper leads (of finite resistance, and therefore heat dissipation) to effect a significant refrigeration cost saving.  A single monolithic bismuth based superconductor (BSCCO-2212) was used.  The lead was thoroughly tested and was found to produce a more than 40 % reduction in the required cooling helium vapor as compared to the conventional lead when operating in steady state fully helium vapor cooled conditions.  

Superconducting magnets are manufactured in the form of large solenoid coils.  These magnets can be put to a number of uses including magnetic resonance imaging.  This is a method to scan the whole body as the solenoids can create large uniform magnetic fields.  Large superconducting solenoids can be used for magnetic energy storage applications.

A new bacterial cultivation system has been developed by applying a 7 T superconducting magnet in Japan.  The newly developed cultivation system will reveal the detailed mechanism of the biological effect of high magnetic field, and that superconducting magnet technology may contribute to innovation in industries involving pharmaceutical, fermentation, chemicals and food stuffs.

In magnetic levitation much pioneering work was done by Eric Laithwaite at Imperial College, London on linear motors and a prototype of a train which uses the Meissner effect (produced by conventional superconductors) to float above its rails has been built in Japan.  

Under a Lewis Research Center / Argonne National Laboratory in USA jointly study program experiments were performed to evaluate the potential applications of HTC in large scale space propulsion and power system such plasma rockets, superconducting magnetic energy storage (SMES) and high power transmission lines.  However, the largest payoff space applications of HTC materials could be in the digital processing area.  

Another application on SQUID which is called Superconducting quantum interference devices. Superconducting quantum interference devices (SQUIDs) are ultra-sensitive detectors of the magnetic flux.  The major applications of liquid-nitrogen cooled SQUIDs are in advanced electronic instrumentation for non-destructive testing and geological surveying. A biological and possibly even neurological measurement looks extremely promising.  

The potential of HTS SQUIDs for several applications such as magnetocardiography, rock magnetism and measurements of susceptibility has been already demonstrated.  

In computing, one biggest difficulty in the further miniaturization of computer chips is how get rid of unwanted heat.  If superconductors were used the heat problems would be dramatically reduced.  Improvements in the speed of chips are currently hindered by the time it takes to charge a capacitor owing to the resistance of the interconnecting metal film.  This could be overcome using superconductors. 
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