



 EMBED PowerPoint.Slide.12  [image: image1.emf]T (K)

T

c

Super conducting nature

r

(Ohm 

–

m)

Fig. Electrical resistivity Vs. Temperature 

Resistivity of Mercury suddenly dropped at the temperature below 4 K 

This phenomena has many important applications in many emerging fields

such as energy technology, telecommunication, computing, super fast

transportation, medicine etc.
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The temperature at which the transition from normal state to superconducting

state takes place on cooling in the absence of magnetic field is called the

critical temperature (T

c

) or the transition temperature.

The following are the general properties/features of superconductors

:

The transition temperature is different for different substances.

For a chemically pure and structurally perfect specimen, the

superconducting transition is very sharp. For impure specimens and for

those which are structurally imperfect, the transition range is broad (above

one tenth of a degree).

Superconductivity is found to occur in metallic elements in which the

number of valence electron (Z) lies between 2 and 8.

Superconducting elements, in general, lie in the inner columns of the

periodic table.

For elements in a given row in the periodic table, T

C

versus Z

2

gives

straight line.



[image: image3.emf]Transition metals having odd number of valence electrons are

favourable to exhibit superconductivity.

Materials for which Z

r

> 10

6

(where Z is the number of valence

electrons and

r

is the resistivity) show superconductivity.

Ferromagnetic and anti-ferromagnetic materials are not

superconductor.

In addition to the drop in electrical resistivity to zero when cooled to

transition temperature the following changes also occur

:

 the magnetic flux lines are rejected out of the

superconductor. this property is known as Meissner effect.

 there is a discontinuous change in specific heat

 there are small changes in thermal conductivity and the

volume of the material.

The current in a superconducting ring persists for a very long time.
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When a weak magnetic field is applied to a superconducting specimen

at a temperature below transition temperature

T

C

, the magnetic flux

lines are expelled

.

The specimen acts as an ideal diamagnet. This

effect is called Meissner effect

.

This effect is reversible, i.e. when the temperature is raised from below T

C

,

at T = T

c

the flux lines suddenly start penetrating and the specimen returns

back to the normal state. Under this condition, the magnetic induction inside

the specimen is given by

where H is the external applied magnetic field and M is the magnetization

produced inside the specimen.

When the specimen is superconducting, according to Meissner effect, inside

the bulk superconductor B=0. Hence

or   M= - H

Thus the material is perfectly diamagnetic. Magnetic susceptibility can be

expressed as
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Remarkably, the magnetic behavior of a superconductor is distinct from 

perfect diamagnetism. It will actively exclude any magnetic field present 

when it makes the phase change to the superconducting state.



[image: image6.emf]Let us consider a superconducting material under normal state. Let J be

the current passing through the material of resistivity

r

. From Ohm’s law

we know that the electric field E = J

r

. On cooling the material to its

transition temperature

r

tends to 0. If J is held finite E must be zero.

From Maxwell’s equation, we know

Under superconducting condition since E is zero dB/dT = 0; or B =

constant. This means that the magnetic flux passing through the

specimen should not change on cooling to the transition temperature.

The Meissner effect contradicts this result. According to Meissner effect

perfect diamagnetism is an essential property of defining

superconducting state. Thus

From zero resistivity     E=0

From Meissner effect    B=0
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Based on diamagnetic response superconductors can be classified as

type I and type II.

Superconductors exhibiting a complete Meissner effect (perfect

diamagnetism) are called

type I superconductors

(also known as

soft

superconductors

).

When the magnetic field strength is gradually increased from its initial

value H < H

c

, at H

c

the diamagnetism abruptly disappear and the transition

from superconducting state to normal state is sharp as shown in Fig.

Pure specimens of Al, Zn, Hg and Sn are some examples of type I

superconductors.
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In

type II superconductors

as shown in the above Fig, up to field H

C1

the

specimen is in a pure superconducting state. The magnetic flux lines are rejected.

When the field is increased beyond H

C1

(the lower critical field), the magnetic flux

lines start penetrating. The specimen is in a mixed state between H

C1

and H

C2

(the

upper critical field). Above H

c2

, the specimen is in a normal state. This means that

the Meissner effect is incomplete in the region between H

C1

and H

C2

. This region is

known as

Vortex-region

.

Type

II

superconductors are known as

hard superconductors

.

Type II superconductors are of great practical interest because of the high current

densities that they can carry.

Zr and Nb are some examples of this type.
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BCS Theory of superconductivity was put forward by Bardeen, Cooper and

Schrieffer in 1957 and hence named as BCS Theory.

This theory could explain many observed effects such as zero resistivity.

Meissner effect, isotope effect etc.

The BCS theory is based on advanced quantum concept.



[image: image10.emf]Let us consider an electron passing through the lattice of positive ions.

The electron is attracted by the neighboring positive ion, form a positive

ion core and gets screened by them.

The screening greatly reduces the effective charge of this electron. Due

to the attraction between the electron and the ion core, the lattice gets

deformed on local scale. Now if another electron passes by the side of

the assembly of the said electron and the ion core, it gets attracted

towards the assembly.

The second electron interacts with the first electron via lattice

deformation. This interaction is said to be due to the exchange of a virtual

phonon, q, between the two electrons.

The interaction process can be written in terms of the wave vectors, k,

as

the net wave vector of the pair is conserved. The momentum is

transferred between the electrons. These two electrons together form a

Cooper pair and is known as Cooper electron.
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let us consider the distribution of electrons in metals as given by Fermi-Dirac

distribution function

At T = 0 K, all the energy states below Fermi level E

F

are completely filled and all

the states above are completely empty. Let two electrons are added to a metal at

absolute zero Since all the quantum states with energies E≤ E

F

are filled, they

are forced to occupy states having energies E> E

F

. Cooper showed that if there is

an attraction between the two electrons, they are able to form a bound state so

that their total energy is less than 2E

F

. These electrons are paired to form a single

system. These two electrons together form a

Cooper pair

and known as

Cooper

electron.

Their motions are correlated. The binding is strongest when the electrons

forming the pair have opposite momenta and opposite spins,

All electrons pair with attraction among them and lying in the neighborhood of the

Fermi surface form Cooper pairs. These are superelectrons responsible for the

superconductivity.
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Let us consider a thin insulating layer (of thickness about 20

o

A)

sandwiched between two metals. This insulating layer acts as a potential

barrier for flow of electrons from one metal to another. Since the barrier is

so thin quantum mechanically electrons can tunnel through from a metal of

higher chemical potential to the other having a lower chemical potential.

This continues until the chemical potential of electrons in both the metals

become equal.

Insulating layer

Let us now consider yet another possibility. Let us consider a thin

insulating layer sandwiched between two superconductors, as shown in

Fig. In addition to normal tunneling of single electrons, the super electrons

(Cooper pairs) also tunnel through the insulating layer from one

superconductor to another without dissociation, even at zero potential

difference across the junction. Their wave functions on both sides are

highly correlated. This is known as Josephson Effect.
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According to Josephson, when tunneling occurs through the 

insulator it introduces a phase difference   

between the two parts of the wave function on opposite sides of the junction 

as shown in Fig.

The tunneling current is given by
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Josephson Effect.
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Now let us assume that a static potential V

O

is applied across the junction.  This 

results in additional phase difference introduced by the Cooper pair during tunneling 

across the junction.  This additional phase difference 

 


Transition metals having odd number of valence electrons are favourable to exhibit superconductivity. 



Materials for which Zr > 106   (where Z is the number of valence electrons and r is the resistivity) show superconductivity.



Ferromagnetic and anti-ferromagnetic materials are not superconductor.



In addition to the drop in electrical resistivity to zero when cooled to transition temperature the following changes also occur:



	the magnetic flux lines are rejected out of the superconductor.  this property is known as Meissner effect.

	there is a discontinuous change in specific heat

	there are small changes in thermal conductivity and the volume of the material.



The current in a superconducting ring persists for a very long time.














TYPE I AND TYPE II SUPERCONDUCTORS

Based on diamagnetic response superconductors can be classified as type I and type II.  

Superconductors exhibiting a complete Meissner effect (perfect diamagnetism) are called type I superconductors  (also known as soft superconductors).  

When the magnetic field strength is gradually increased from its initial value H < Hc, at Hc the diamagnetism abruptly disappear and the transition from superconducting state to normal state is sharp as shown in Fig. 

Pure specimens of Al, Zn, Hg and Sn are some examples of type I superconductors.
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Cooper pair 



let us consider the distribution of electrons in metals as given by Fermi-Dirac distribution function 

At  T = 0 K, all the energy states below Fermi level EF are completely filled and all the states above are completely empty. Let two electrons are added to a metal at absolute zero  Since all the quantum states with energies E≤ EF  are filled, they are forced to occupy states having energies E> EF.  Cooper showed that if there is an attraction between the two electrons, they are able to form a bound state so that their total energy is less than 2EF.  These electrons are paired to form a single system.  These two electrons together form a Cooper pair and known as Cooper electron. 

Their motions are correlated.  The binding is strongest when the electrons forming the pair have opposite momenta and opposite spins, 



All electrons pair with attraction among them and lying in the neighborhood of the Fermi surface form Cooper pairs.  These are superelectrons responsible for the superconductivity. 
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D.C. JOSEPHSON EFFECT 



According to Josephson, when tunneling occurs through the insulator it introduces a phase difference   

 between the two parts of the wave function on opposite sides of the junction as shown in Fig.

The tunneling current is given by
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where  IO  is the maximum current that flows through the junction without any potential difference across the junction.  IO  depends on the thickness of the junction and the temperature.  With no applied voltage, a d.c. current varies between IO and - IO  according to the value of phase difference 





This is called d.c. Josephson Effect.
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A.C. J OSEPHSON EFFECT 

Now let us assume that a static potential VO  is applied across the junction.  This results in additional phase difference introduced by the Cooper pair during tunneling across the junction.  This additional phase difference 
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JOSEPHSON EFFECT 

Let us consider a thin insulating layer (of thickness about 20 oA) sandwiched between two metals.  This insulating layer acts as a potential barrier for flow of electrons from one metal to another.  Since the barrier is so thin quantum mechanically electrons can tunnel through from a metal of higher chemical potential to the other having a lower chemical potential.  This continues until the chemical potential of electrons in both the metals become equal.

































Insulating layer



Let us now consider yet another possibility.  Let us consider a thin insulating layer sandwiched between two superconductors, as shown in Fig.  In addition to normal tunneling of single electrons, the super electrons (Cooper pairs) also tunnel through the insulating layer from one superconductor to another without dissociation, even at zero potential difference across the junction.  Their wave functions on both sides are highly correlated.  This is known as Josephson Effect.  
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BCS Theory of superconductivity was put forward by Bardeen, Cooper and Schrieffer in 1957 and hence named as BCS Theory.  

This theory could explain many observed effects such as zero resistivity.  Meissner effect, isotope effect etc.  

The BCS theory is based on advanced quantum concept. 












Let us consider an electron passing through the lattice of positive ions.  

The electron is attracted by the neighboring positive ion, form a positive ion core and gets screened by them.  

The screening greatly reduces the effective charge of this electron.  Due to the attraction between the electron and the ion core, the lattice gets deformed on local scale.  Now if another electron passes by the side of the assembly of the said electron and the ion core, it gets attracted towards the assembly.  

The second electron interacts with the first electron via lattice deformation.  This interaction is said to be due to the exchange of a virtual phonon, q, between the two electrons.  

The interaction process can be written in terms of the wave vectors, k, as



the net wave vector of the pair is conserved.  The momentum is transferred between the electrons.  These two electrons together form a Cooper pair and is known as Cooper electron.
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In type II superconductors as shown in the above Fig, up to field  HC1 the specimen is in a pure superconducting state.  The magnetic flux lines are rejected.

 

When the field is increased beyond HC1 (the lower critical field), the magnetic flux lines start penetrating.  The specimen is in a mixed state between HC1 and HC2 (the upper critical field).  Above Hc2, the specimen is in a normal state.  This means that the Meissner effect is incomplete in the region between HC1 and HC2.  This region is known as Vortex-region. 



Type II superconductors are known as hard superconductors.  



Type II superconductors are of great practical interest because of the high current densities that they can carry.



Zr and Nb are some examples of this type.  














Superconductor

Remarkably, the magnetic behavior of a superconductor is distinct from perfect diamagnetism. It will actively exclude any magnetic field present when it makes the phase change to the superconducting state.
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Let us consider a superconducting material under normal state.  Let J be the current passing through the material of resistivity r.  From Ohm’s law we know that the electric field E = Jr.  On cooling the material to its transition temperature r tends to 0.  If J is held finite E must be zero.  From Maxwell’s equation, we know



Under superconducting condition since E is zero dB/dT = 0; or B = constant.  This means that the magnetic flux passing through the specimen should not change on cooling to the transition temperature.  The Meissner effect contradicts this result.  According to Meissner effect perfect diamagnetism is an essential property of defining superconducting state.  Thus

From zero resistivity     E=0

From Meissner effect    B=0
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THE 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.  The specimen acts as an ideal diamagnet.  This effect is called Meissner effect. 



This effect is reversible, i.e. when the temperature is raised from below TC, at T = Tc the flux lines suddenly start penetrating and the specimen returns back to the normal state.  Under this condition, the magnetic induction inside the specimen is given by 



 where H is the external applied magnetic field and M is the magnetization produced inside the specimen.

	When the specimen is superconducting, according to Meissner effect, inside the bulk superconductor B=0. Hence 



or   M= - H

Thus the material is perfectly diamagnetic.  Magnetic susceptibility can be expressed as 
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Resistivity of Mercury suddenly dropped at the temperature below 4 K 

This phenomena has many important applications in many emerging fields such as energy technology, telecommunication, computing, super fast transportation, medicine etc.












General Properties 

The temperature at which the transition from normal state to superconducting state takes place on cooling in the absence of magnetic field is called the critical temperature (Tc) or the transition temperature. 



The following are the general properties/features of superconductors:

The transition temperature is different for different substances.



For a chemically pure and structurally perfect specimen, the superconducting transition is very sharp.  For impure specimens and for those which are structurally imperfect, the transition range is broad (above one tenth of a degree).



Superconductivity is found to occur in metallic elements in which the number of valence electron (Z) lies between 2 and 8.



Superconducting elements, in general, lie in the inner columns of the periodic table.



For elements in a given row in the periodic table, TC versus Z2 gives straight line.
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SUPERCONDUCTIVITY 

One of the most interesting and unusual properties of solids is that certain metals and alloys exhibit almost zero resistivity (i.e. infinite conductivity) when they are cooled to sufficiently low temperatures. This phenomenon is called superconductivity.  

This phenomenon was first of all observed by H.K. Onnes in 1911 when measuring the electrical conductivity of metals at low temperature.  During the process, he found that when pure mercury was cooled down to below 4K, the resistivity suddenly dropped to zero.  
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General Properties 

The temperature at which the transition from normal state to superconducting state takes place on cooling in the absence of magnetic field is called the critical temperature (Tc) or the transition temperature. 



The following are the general properties/features of superconductors:

The transition temperature is different for different substances.



For a chemically pure and structurally perfect specimen, the superconducting transition is very sharp.  For impure specimens and for those which are structurally imperfect, the transition range is broad (above one tenth of a degree).



Superconductivity is found to occur in metallic elements in which the number of valence electron (Z) lies between 2 and 8.



Superconducting elements, in general, lie in the inner columns of the periodic table.



For elements in a given row in the periodic table, TC versus Z2 gives straight line.





Transition metals having odd number of valence electrons are favourable to exhibit superconductivity. 



Materials for which Zr > 106   (where Z is the number of valence electrons and r is the resistivity) show superconductivity.



Ferromagnetic and anti-ferromagnetic materials are not superconductor.



In addition to the drop in electrical resistivity to zero when cooled to transition temperature the following changes also occur:



	the magnetic flux lines are rejected out of the superconductor.  this property is known as Meissner effect.

	there is a discontinuous change in specific heat

	there are small changes in thermal conductivity and the volume of the material.



The current in a superconducting ring persists for a very long time.







THE 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.  The specimen acts as an ideal diamagnet.  This effect is called Meissner effect. 



This effect is reversible, i.e. when the temperature is raised from below TC, at T = Tc the flux lines suddenly start penetrating and the specimen returns back to the normal state.  Under this condition, the magnetic induction inside the specimen is given by 



 where H is the external applied magnetic field and M is the magnetization produced inside the specimen.

	When the specimen is superconducting, according to Meissner effect, inside the bulk superconductor B=0. Hence 



or   M= - H

Thus the material is perfectly diamagnetic.  Magnetic susceptibility can be expressed as 









Superconductor

Remarkably, the magnetic behavior of a superconductor is distinct from perfect diamagnetism. It will actively exclude any magnetic field present when it makes the phase change to the superconducting state.





Let us consider a superconducting material under normal state.  Let J be the current passing through the material of resistivity r.  From Ohm’s law we know that the electric field E = Jr.  On cooling the material to its transition temperature r tends to 0.  If J is held finite E must be zero.  From Maxwell’s equation, we know



Under superconducting condition since E is zero dB/dT = 0; or B = constant.  This means that the magnetic flux passing through the specimen should not change on cooling to the transition temperature.  The Meissner effect contradicts this result.  According to Meissner effect perfect diamagnetism is an essential property of defining superconducting state.  Thus

From zero resistivity     E=0

From Meissner effect    B=0





TYPE I AND TYPE II SUPERCONDUCTORS

Based on diamagnetic response superconductors can be classified as type I and type II.  

Superconductors exhibiting a complete Meissner effect (perfect diamagnetism) are called type I superconductors  (also known as soft superconductors).  

When the magnetic field strength is gradually increased from its initial value H < Hc, at Hc the diamagnetism abruptly disappear and the transition from superconducting state to normal state is sharp as shown in Fig. 

Pure specimens of Al, Zn, Hg and Sn are some examples of type I superconductors.
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In type II superconductors as shown in the above Fig, up to field  HC1 the specimen is in a pure superconducting state.  The magnetic flux lines are rejected.

 

When the field is increased beyond HC1 (the lower critical field), the magnetic flux lines start penetrating.  The specimen is in a mixed state between HC1 and HC2 (the upper critical field).  Above Hc2, the specimen is in a normal state.  This means that the Meissner effect is incomplete in the region between HC1 and HC2.  This region is known as Vortex-region. 



Type II superconductors are known as hard superconductors.  



Type II superconductors are of great practical interest because of the high current densities that they can carry.



Zr and Nb are some examples of this type.  
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BCS Theory of superconductivity was put forward by Bardeen, Cooper and Schrieffer in 1957 and hence named as BCS Theory.  

This theory could explain many observed effects such as zero resistivity.  Meissner effect, isotope effect etc.  

The BCS theory is based on advanced quantum concept. 





Let us consider an electron passing through the lattice of positive ions.  

The electron is attracted by the neighboring positive ion, form a positive ion core and gets screened by them.  

The screening greatly reduces the effective charge of this electron.  Due to the attraction between the electron and the ion core, the lattice gets deformed on local scale.  Now if another electron passes by the side of the assembly of the said electron and the ion core, it gets attracted towards the assembly.  

The second electron interacts with the first electron via lattice deformation.  This interaction is said to be due to the exchange of a virtual phonon, q, between the two electrons.  

The interaction process can be written in terms of the wave vectors, k, as



the net wave vector of the pair is conserved.  The momentum is transferred between the electrons.  These two electrons together form a Cooper pair and is known as Cooper electron.





Cooper pair 



let us consider the distribution of electrons in metals as given by Fermi-Dirac distribution function 

At  T = 0 K, all the energy states below Fermi level EF are completely filled and all the states above are completely empty. Let two electrons are added to a metal at absolute zero  Since all the quantum states with energies E≤ EF  are filled, they are forced to occupy states having energies E> EF.  Cooper showed that if there is an attraction between the two electrons, they are able to form a bound state so that their total energy is less than 2EF.  These electrons are paired to form a single system.  These two electrons together form a Cooper pair and known as Cooper electron. 

Their motions are correlated.  The binding is strongest when the electrons forming the pair have opposite momenta and opposite spins, 



All electrons pair with attraction among them and lying in the neighborhood of the Fermi surface form Cooper pairs.  These are superelectrons responsible for the superconductivity. 





JOSEPHSON EFFECT 

Let us consider a thin insulating layer (of thickness about 20 oA) sandwiched between two metals.  This insulating layer acts as a potential barrier for flow of electrons from one metal to another.  Since the barrier is so thin quantum mechanically electrons can tunnel through from a metal of higher chemical potential to the other having a lower chemical potential.  This continues until the chemical potential of electrons in both the metals become equal.

































Insulating layer



Let us now consider yet another possibility.  Let us consider a thin insulating layer sandwiched between two superconductors, as shown in Fig.  In addition to normal tunneling of single electrons, the super electrons (Cooper pairs) also tunnel through the insulating layer from one superconductor to another without dissociation, even at zero potential difference across the junction.  Their wave functions on both sides are highly correlated.  This is known as Josephson Effect.  





D.C. JOSEPHSON EFFECT 



According to Josephson, when tunneling occurs through the insulator it introduces a phase difference   

 between the two parts of the wave function on opposite sides of the junction as shown in Fig.

The tunneling current is given by

			









where  IO  is the maximum current that flows through the junction without any potential difference across the junction.  IO  depends on the thickness of the junction and the temperature.  With no applied voltage, a d.c. current varies between IO and - IO  according to the value of phase difference 





This is called d.c. Josephson Effect.





A.C. J OSEPHSON EFFECT 

Now let us assume that a static potential VO  is applied across the junction.  This results in additional phase difference introduced by the Cooper pair during tunneling across the junction.  This additional phase difference 
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