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Superconductivity

Certain metals and alloys exhibit almost zero resistivity when they are cooled to sufficiently low temperature.  This phenomenon is called super conductivity.  The temperature at which the resistivity drops to zero is known as critical temperature.  The materials which exhibit the phenomena are known as superconductors.
The super conductivity was first observed in Hg at 4 K.
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Properties:

· Transition temperature is different for different substances.

· Pure substances the transition temperature is very sharp.

· Substances which are having the valence electron 2 to 8 exhibit superconductivity.

· Superconducting elements lie in the inner columns of the periodic table.

· Materials having odd no.of electrons are favourable and even no of valence electrons are unfavorable.

· Materials having high normal resistivities exhibit superconductivity.

· Z ρ > 106.  Z :  No.of valence electrons show superconductivity.

· Ferromagnetic and anti ferromagnetic materials are not superconductors.

· The resistivity approaches to zero as the temperature is reduced to 0K.

· Magnetic flux lines are expelled out by the superconducting material.
· There is a discontinuous change in the specific heat.

· There is a small change in thermal conductivity and volume of the materials.

· Current persist in the superconducting ring for a long time.

Effect of magnetic field

Superconducting state of a metal mainly depends on temperature and strength of the magnetic field.  Superconductivity disappears if the temperature of the specimen is raised above TC or strong magnetic field is applied.
When the temperature of the specimen is below TC, in the absence of the magnetic field the substance is in the superconducting state.  When the strength of the field reaches the critical value HC, the superconductivity disappears.
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The dependence of the critical field upon the temperature is given by
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HC(T) = HC(0)
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 EMBED Equation.3  [image: image2.wmf]
At T = TC,   HC = 0.
HC(0) is the critical field at 0 K.

Meissner effect

When a weak magnetic field is applied to a superconducting specimen at a temperature below transition temperature TC, the magnetic flux lines are expelled as shown in fig.  The specimen acts as an ideal diamagnet.  This effect is called Meissner effect.  
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When the specimen is in superconducting state, 

B = 0
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This is diamagnetic behavior.

Effect of current:
An electric current flowing through the superconducting material, produce the magnetic field.  As the current is increased, the magnetic field is also increases and at a particular value of the current IC, the magnetic field reaches the critical value and the superconductivity disappears. The current at this position is called critical current.

Critical current is given by


[image: image7.wmf]C

C

rH

I

p

2

=


Type I and Type II superconductors.
Based on diamagnetic response ( Meissner effect ) superconductors can be classified as Type I and Type II superconductors.

Superconductors exhibiting a complete Meissner effect (Perfect diamagnetism) are called Type I superconductors. When the magnetic field is increased from zero, at HC, the superconductivity disappears.  The transition from superconducting state to normal state is sharp.

Examples:  Al, Zn, Hg, Sn
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In Type II superconductors, upto the field 
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 the specimen is in a pure superconducting state.  The substance exhibits perfect Meissner effect upto the field 
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.  When the field is increased beyond 
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 ( lower critical field ), the magnetic flux lines start penetrating.  When the field is increased further, at 
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, the superconductivity disappears.  The field 
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 is known as upper critical field.  After 
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, the substance is in the normal state.  Between 
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, the substance is in the mixed state.  This region is known as Vortex-region.  In this region the substance exhibits incomplete Meissner effect.    These substances can carry high current densities.  
Example:  Zr, Nb
Entropy

Entropy is a measure of the disorder of a system.  In normal metals with decrease of temperature, entropy decreases linearly.  Below the critical temperature the entropy decreases rapidly with temperature.  This means that the superconducting state is more ordered state.
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Specific heat 
In the case of normal metals the specific heat decreases linearly with the temperature.  But in the superconducting materials, at the transition temperature, there is the discontinuity in the specific hear curve.
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Energy gap
In the case of normal metals at T=0 K, all the energy states are completely filled below EF, and the states above are completely empty.  But in the case of super conductors, below TC, there exists an energy gap.  This is due to the pairing of electrons which are known as super electrons.  This energy gap disappears if the temperature is above TC.  Moreover this energy gap is very small as compared to the gaps in semiconductors and insulators.
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Isotope effect

For superconducting materials the transition temperature varies with the average isotopic mass, M, which is given by
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α is isotopic effect coefficient which is approximately equal to 0.5.

Josephson effect:
Let us consider a thin insulating layer sandwiched between two superconductors as shown in fig.  Since the barrier is so thin quantum mechanically electrons can tunnel from superconductor 1 to 2.  In addition to normal tunneling of single electrons, the super electrons ( Cooper pairs ) also tunnel through the insulating layer even at zero potential difference across the junction.  This is known as Josephson effect.
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D.C. Josephson effect:

According to Josephson, when tunneling occurs through the insulator it introduces a phase difference 
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The tunneling current is given by
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 is the maximum current that flows through the junction without any potential difference.  With no applied voltage a d.c current flows across the junction.  This is called D.C. Josephson effect.

A.C. Josephson effect

Let us assume that a static potential is applied across the junction.  This introduces an additional phase during the tunneling.  According to quantum mechanics, the additional phase difference is given by
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This is of the form
I = Io Sin 
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Therefore, 
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.  This represents an alternating current with angular frequency 
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.  This is the A.C. Josephson effect.  When an electron pair crosses the junction a photon of energy 
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 is emitted or absorbed.
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Fig. V-I Characteristic of Josephson effect

Fig. A.C. Josephson effect

1. When 
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, there is a constant flow of d.c. current IC through the junction.
2. When 
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, a constant current IC flows.

3. When  
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, the current oscillating with a frequency 
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Application of Josephson effect.

1. To generate microwaves.

2. To define standard volt.

3. To measure very low temperatures.

4. Used for switching of signals.

Flux quantization:

The magnetic flux enclosed by the superconducting ring is quantized.  It is an integral multiples of fundamental quantum of flux.  The magnetic flux enclosed by a superconducting ring 
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 is given by
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Where
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  and n = 1, 2, 3, …..
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is the flux quantum and is called Fluxon.  Its value is 2.07 X 10-15 Weber.
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Superconducting Ring
London penetration depth:

When a superconducting material is placed in a external magnetic field, a current is set up on the surface of the material.  The existence of the surface current implies that the applied magnetic field penetrates some distance into the superconductor, decaying exponentially to zero over a length , as shown in fig.  The length 
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is called the London penetration depth.
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According to London the decrease of magnetic field penetration is given by
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Where 
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is given by
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The penetration depth can be defined as the depth from the surface at which the magnetic flux density decreases to 1/e of its initial value at the surface.
BCS theory
This theory was proposed by Bardeen, Cooper and Schrieffer.

1. According to this theory, in the superconductors the electrons are paired together via electron-lattice-electron interaction.
2. Consider an electron passing through the lattice of positive ions.  The electron is attracted by the positive ion and the lattice gets deformations.  This ion attracts another electron.  Thus two electrons attract each other via the lattice interaction which is said to be due to exchange of virtual phonons.
3. The interaction process in terms of the wave vectors can be written as
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4. Therefore 
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.  That is net wave vector of the pair is conserved.  The momentum is transferred between the electrons.  The electron pair is called Copper pair or Cooper electron.


Fig.  The exhange of virtual phonons between the two electrons (Cooper Pair)

5. The spins of Cooper electrons are always opposite in direction.  

6. In a typical superconductor, there will be as many as 106 pairs.
7. The Cooper pairs form a collective state and they drift cooperatively through the material.  Therefore the superconducting state is a highly ordered state.

8. The collision of Cooper pairs with the lattice is vary rare therefore the resistivity is zero.
9. This Cooper pairs are responsible for the super conductivity.

Application of Superconductors:

1. Electric generators

The low loss superconducting coil when rotated in an external magnetic field power is generated.  This principle can be used to generate high power to low power.  Another advantage is the small size and weight of the materials.


30 kVA Superconducting Generator
2. Low loss transmission lines and transformers
Since the resistance is almost zero in the superconducting state, the power loss ( Joule’s loss) during transmission is very low.   Hence they can be used as electric cables.  Superconductors can be used for winding of a transformer.


Superconducting Transformer

3. Magnetic levitation
Meissner effect is the basis of magnetic levitation.  The floating of the superconducting material in the magnetic filed is known as magnetic levitation.  This can be used for high speed transportation.


Magnetic levitation train
4. Generation of high magnetic fields
Current carrying superconducting ring can produce a magnetic field of the order of 50 T with low power.

5. Fast electrical switching.
A superconductor posses two states, the superconducting state and normal state.  The transition from these two states depending upon the current density.  This can be used as a switch known as cryotron.  This can be used in the development of super fast computers.

6. Logic and storage functions in computers.
Josephson effect is used in constructing the memory elements of super computers.

7. SQUIDS

Super conducting quantum interference devices are known as SQUIDS.  Two Josephson junctions mounted on a superconducting ring forms this SQUIDS.  They are based on the flux quantization that is the flux passing through the ring is quantized.  Very minute change in the flux can be detected by this SQUIDS sensors.  These are used to study the signals from the brain and heart.
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