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We know that when current passes through any appliance, there is a relation between the current and the resistance of the object. The more the resistance, the smaller the current. In fact, there is a simple relationship, I=V/R, where I is the current across the resistance R when there is a voltage V applied. How do we understand this resistance? When a voltage is applied, electrons move in the conductor. The atoms themselves stay in place. This flow of electrons (or some times ions) causes current. As the electrons move due to the electric forces, they experience resistance due to collisions with the (ionic) atoms in their path. 

The electrons in an electric circuit give up some of their kinetic energy each time they collide with an ion. This energy is absorbed by the ions. Since their position is relatively fixed inside the conductor, this energy cannot be converted to motion of the ions. Instead, the kinetic or vibrational energy of the ions increases. This vibration is perceived as heat, and hence there is a temperature increase of a conductor when a current is passed through it. The process by which energy is transferred from the electrical power supply to the conductor is called Joule heating.

It was the scientist James Joule who deduced that the heat produced was proportional to the square of the current multiplied by the electrical resistance of the wire, Q a I2 R .

As long as the ionic atoms are vibrating around their mean positions, there is energy loss due to this heating. Another way of saying this is that if you pass current through a conductor, it dissipates to nothing after some time. Hence you need a continuous energy supply (like a battery or the mains current in the house) to keep the current going, so that your appliance (light bulb or fan) continues to work.

Superconductors

No, this is not Mr Rajnikanth. It was found that as the temperature is lowered, the electrical resistivity of a metallic conductor also decreases gradually. In a pure conductor, the resistance may go to zero, but normally there is a small non-zero resistance even at the lowest temperatures.

Aside: Scientists have shown that nothing can be cooled below a temperature called the absolute zero of temperature. In the Celsius scale where water boils at 100 degrees and freezes at 0, this temperature is -273 degrees, or -273oC. In the absolute scale of temperature, measured in Kelvin, this is 0 K.

Soon, materials were found whose resistance drops suddenly to zero even when it is above absolute zero temperature. This is seen in the abrupt transition in the resistivity of the material to zero, and the temperature at which this transition happens is called the critical temperature, Tc. Such materials, when there is no resistance to the flow of current, and thus no heat dissipation, are called superconductors.

An electric current flowing in a loop of superconducting wire can persist indefinitely with no external power source. There is thus a lot of interest in these materials: after all, you just have to get the current into the wire once: after that it circulates for ever and you have no more electricity bills!

The practical difficulties

While it seems like a great idea, unfortunately there is a catch. So far, materials have been found to be superconducting at very low temperatures indeed. So all the energy you save on the heat dissipation is used in cooling the material! 

Superconductivity was discovered on April 8, 1911, a century ago, by Heike Kamerlingh Onnes. His study was made possible by the use of the fact that helium remained liquid down to 4K; a fact that had recently become known. When the mercury was cooled to 4.2 K with this liquid helium, the solid mercury became superconducting.

In subsequent decades, superconductivity was observed in several other materials such as lead.  The initial superconducting materials like mercury or lead had a transition temperature (when superconductivity sets in) of less than 10 Kelvin (10 K = -263oC). Since our household wiring system is kept at much higher temperatures, it did not seem likely that there would be much use for this discovery.

However, work in these areas continued, with the quest for materials that show superconductivity at higher and higher temperatures. More than 50 years ago, it was discovered that interactions between electrons and atomic vibrations (called phonons) held the key to understand superconductivity.

Theory of Superconductivity

The complete microscopic theory of superconductivity was finally proposed in 1957 by Bardeen, Cooper and Schrieffer. Independently, the superconductivity phenomenon was explained by Nikolay Bogolyubov.  This BCS theory explained that two electrons pair up through the exchange of phonons. These electron pairs see hardly any resistance from the atoms because of this pairing up, and hence form superconducting currents. For this work, the authors were awarded the Nobel Prize in 1972.

This phenomenon is called quantum phase coherence. The first word means that is cannot be understood by a classical description of physics but needs quantum mechanics, that governs the behaviour of matter at very small sizes (atomic and sub-atomic levels). The last word means that the behaviour of the electron pair is not independent but correlated. The middle word is the hardest but indicates that the property of the electrons that is correlated or coherent is what is called the phase of the particles.

Think of it this way: a single electron gets stopped by various atoms on its way; this gives rise to resistance in the material. However, if two electrons pair up in a special way, they can travel through the material literally without resistance. This is how superconductivity works.

Today, there are several specialised processes which make use of superconducting technology. One such example are the magnets with extremely high magnetic field of 80,000 gauss (Earth's magnetic field is a gauss or so) in the Large Hadron Collider at CERN, Switzerland.  To achieve this, LHC magnets are operated at 1.9 K above absolute zero, that is almost 300oC below room temperature.

High Temperature Superconductivity

About 25 years ago, superconductivity was discovered in a class of materials at 35 K, a temperature much higher than ever expected. These are the lanthanum based cuprates. Soon, yttrium barium copper oxide (YBCO) with a critical temperature to 92 K was found. The structure of the material, that is, the manner in which the atoms are arranged on a lattice, is found to be an important feature for superconductivity.

This was the beginning of high temperature superconductivity. The excitement was not that these temperatures are closer to room temperature, but that these temperatures are higher than liquid nitrogen temperatures (nitrogen gas liquefies at 77 K). Hence, cheap and easy-to-get liquid nitrogen could be used to cool YBCO compounds to below transition temperatures.

Is room temperature Superconductivity possible?

In about 1993, the highest temperature superconductor -- a ceramic material consisting of mercury, copper, barium, calcium and oxygen – HgBa2Ca2Cu3O8+d  – with Tc = 138 K (and d small) was found. The search continues. In the meanwhile, scientists have been spending time trying to find out, not why a substance is superconducting, but rather why it loses superconductivity above a certain temperature! After all, if electrons can pair up coherently below a certain temperature, what stops them from doing so above that temperature?

A recent study has shown that, above the transition temperature, electrons are pairing up just as they must in a superconductor, but for some reason they are not co-operating coherently to carry current. This may help to identify why superconductivity gets destroyed at higher temperatures. This issue's cover photo shows how electron pairing occurs even at temperatures above transition. You can see the neat ordering that exists even above Tc . However, for some reason, they fail to be superconducting.These measurements may help scientists zero in on ways to induce coherent superconductivity at a higher range of temperatures than previously possible. And that would be an essential step to achieving real-world applications without the need for expensive cooling systems.

