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Unit 3 

Introduction to magnetism and superconductivity Basic magnetic phenomena: paramagnetism, 

ferromagnetism, ferrimagnetisms, anti-ferromagnetism; nano-magnetism; giant and colossal magneto 

résistance; ferrofluids. Basic superconductivity phenomena; flux quantization and Josephson effects.  

--------------------------------------------------------------------------------------------------------------------------------------------------

Introduction: Many electrical engineering devices such as inductors, transformers, rotating machines, and 

ferrite antennas are based on utilizing the magnetic properties of materials. There are many instances where 

permanent magnets are also used either on their own or as part of device such as rotating machine or a 

loudspeaker. The majority of engineering devices make use of the ferromagnetic & ferrimagnetic properties as 

well other magnetic properties such as diamagnetism & paramagnetism. Although superconductivity involves 

the vanishing of the resistivity of a conductor at low temperatures. The advent of high Tc superconductivity, 

discovered in 1986 by George Bednorz & Alex Muller at IBM Research  laboratories in zurich. High-Tc 

superconductors are already finding applications in such devices as superconducting solenoids, sensitive 

magnetometers, and high – Q microwave filters. 

The Steady Magnetic Field 

When iron filings are sprinkled around a magnet they do not fall randomly.   In any small region they tend to 

point in the same direction, and often line up head to tail forming a chain of filings.  The orientation of the 

filings in any small region is parallel to the direction of the magnetic field in that region.  Thus the pattern of 

iron filings in the vicinity of a bar magnet shows the pattern of the magnetic field near the magnet - they help 

us to visualize the magnetic field. 

Magnetic field lines 

A family of lines can be drawn to indicate the orientation taken up by iron filings in the vicinity of a magnet.  

When arrows are added to show the actual direction of the magnetic field the lines are called magnetic field 

lines. When they are correctly drawn, the areal density of the field lines (i.e. the number of lines per area 

normal to the lines) is proportional to the magnetic field strength.  Thus magnetic field lines represent the 

direction and strength of a magnetic field just as electric field lines represent the direction and strength of an 

electric field. At this point, the concept of a field should be a familiar one. Since we first accepted the 

experimental law of forces existing between two point charges and defined electric field intensity as the force 

per unit charge on a test charge in the presence of a second charge, we have discussed numerous fields. 

These fields possess no real physical basis, for physical measurements must always be in terms of the forces 

on the charges in the detection equipment. Those charges that are the source cause measurable forces to be 

exerted on other charges, which we may think of as detector charges. The fact that we attribute a field to the 

source charges and then determine the effect of this field on the detector charges amounts merely to a 

division of the basic problem into two parts for convenience. 

 

 
Figure3.1: Magnetic field of a bar magnet 
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Force on a current in a magnetic field 

A current-carrying conductor in a magnetic field has a magnetic force exerted on it. Since the force depends on 

the length (l) and orientation of the wire, it is simplest to consider the force on the current in a short straight 

section of the wire (called a current element).  

 

 F I 

 

 

 V 

 

 Figure 3.2.Force on a current in a magnetic field 

 

 

The direction of the force (F) is perpendicular to both the direction of the current and the magnetic field as 

shown in figure 3.2.    Since there are two directions perpendicular to the plane containing the directions of the 

field and the current (the shaded plane in figure 3.2) we need a rule to define one of them: if you curl the 

fingers of your right hand form the direction of the current towards the field direction, then your thumb gives 

the direction of the force. (There are other mnemonics for this direction for example arrange the thumb and 

the next fingers I of your left hand roughly at right angles. they represent force, field, and current in the order 

thumb, first finger, and second finger.)  

 F = IBl si  α                                                                                         
Here I is the current, B is the magnitude of the magnetic field, l is the length of the segment of wire and α is the 
angle between the directions of the current and magnetic field.  Note that this relation applies only to a short 

current element; to find the force on a complete wire or a more complex system, it is necessary, in principle, to 

combine the forces acting on all the parts of the system. 

MAGNETIC MATERIALS 

Magnetic fields exist 

•In the vicinity of certain metallic materials, when these are specially treated (e.g. bar magnets and 

magnetron magnets), 

• When an electric current flows through a wire. 

In particular, the magnetic field distribution revealed by patterns of iron filings near a bar magnet and a 

solenoid of similar shape are very much alike.  These two phenomena are closely related. 

The magnetic properties of magnets result from circulating electric currents at an atomic level. Around 

every atom is a moving cloud of electrons. Each orbiting electron constitutes a small electric current which 

produces a magnetic field. 

In addition to its orbital motion, an electron has an intrinsic spin and an associated magnetic field. 

Furthermore, the nucleus of an atom also has a spin and an associated magnetic field.  It is the magnetism 

of the individual atoms and nuclei and their interactions which determines the magnetic properties of 

materials. 

Figure 3.3 Origin of atomic magnetic fields due to  

(a) The orbital motion, 

(b) The spin of an atomic electron,  

(c) The spin of the nucleus. 
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Figure 3.3  

 

 

 

Ferromagnetism 

In certain materials - in particular iron, cobalt, nickel and their alloys - the magnetic fields of adjacent 

atoms and nuclei interact so that in a small volume of the material (but still one that contains an 

enormous number of atoms) the magnetic fields from individual atoms line up.  When an external 

magnetic field is applied these volumes or domains are aligned by the external field to produce a 

powerful magnetic effect.  Such materials are said to be ferromagnetic.   For some materials the 

domains remain aligned when the external field is removed, to form a permanent magnet. 

 

Diamagnetism and paramagnetism 

For most materials the magnetic fields of adjacent atoms do not interact with each other, but only 

with an external magnetic field. For some materials the net magnetic field of each atom is zero.  For each 

electron orbiting the atom in one sense there is one orbiting the atom in the other sense, so that the 

electron currents cancel.  Similarly the spinning electrons have equal, but oppositely directed, 

magnetic fields. Such materials are said to be diamagnetic and are repelled from regions of strong 

magnetic field. Examples of diamagnetic materials are water and liquid nitrogen. 

In the TV program the repulsion of water in an enclosed tube from a magnetron magnet is 

demonstrated. As the water is repelled the bubble moves towards the magnet, giving the impression 

that it is attracted to the magnet. 

Some atoms do have a net magnetic field due to electronic and nuclear motion.   However, because of 

thermal motion only a small fraction of these atoms can be aligned by an external magnetic field. Such 

materials are only weakly magnetic.  They are said to paramagnetic, and are attracted towards a region of 

strong magnetic field. An example of a paramagnetic material is liquid oxygen. 

 

Ferrimagnetisms 

Ferrimagnetic materials such as ferrites (e.g. Fe3o4) exhibits magnetic behavior similar to ferromagnetism 

below a critical temperature called the Curie temperature TC. Above TC , they become paramagnetic. The 

origin of ferrimagnetisms is based on magnetic ordering. All A atom have their spins aligned in one direction 

& all B atoms have their spins aligned in the opposite direction. As the magnetic moment of an A atom is 

greater than that of a B atom, these is net magnetization M in the crystal unlike the anti-ferromagnetic case,  

the oppositely directed magnetic moments have different magnitudes & do not cancel. The net effect is that 

the crystal can possess magnetization even in the absence of an applied field. Since ferrimagnetic materials 

are typically non-conducting & therefore do not suffer from eddy current losses, they are widely used in 

high frequency electronics applications. All useful magnetic materials in electrical engineering are invariably 

ferromagnetic or ferrimagnetic. 
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   Figure 3.4 

Anti-ferromagnetism 

Anti-ferromagnetic material such as chromium has a small but positive susceptibility. They cannot possess 

any magnetization in the absence of an applied field, in contrast to ferromagnets. 

Anti-ferromagnetic materials possess a magnetic ordering in which the magnetic moments of alternating 

atoms in the crystals align in opposite direction. The opposite alignments of atomic magnetic moments are 

due to quantum mechanical exchange forces. 

The net result is that in the absence of an applied field, there is no net magnetization. Anti-ferromagnetism 

occur below a critical temperature called the Neel temperature TN. above TN , Anti-ferromagnetic material 

becomes paramagnetic. 

Anisotropic & Giant Magneto resistance 

In general, magneto resistance refers to the change in the resistance of a material (any material) when it is 

placed in a magnetic field. When a non magnetic metal such as copper is placed in a magnetic field, the 

change in its resistivity, & hence the sample resistance, is so small that it has no practical use. When a 

magnetic metal, such as iron, is placed in a magnetic field, the change in the resistivity depends on the 

di e tio  of the u e t flo  ith espe t to ag eti  field. The esisti ity ρ pa allel fo  u e t flo  pa allel 
to the magnetic field de eases, a d the esisti ity ρ pe pe di ula , pe pe di ula  to the field, i eases y 
roughly the same amount. The change in the resistivity due to the applied magnetic field is anisotropic 

(depends on the direction) and is called anisotropic magneto resistance (AMR). The change in resistivity is 

limited to a few percent, but, nonetheless, is still useful. The physical origin of this phenomenon is based on 

the applied field being able to till the orbital angular momenta of the 3d electrons as shown in figure. The 

field otates the 3d o ital’s, ith ha ges the s atte i g of the o du tio  ele t o s a o di g to thei  
di e tio  of t a el; he e ρ pa allel & ρ pe pe di ula  a e diffe e t as sho  i  figu e. 
On the other hand very large magneto resistance, called giant magneto resistance (GMR), has been 

observed in certain special multilayer structures, which exhibits substantial changes in the resistance (e.g. 

more than 10 percent) when a magnetic field is applied. 

 

   Figure 3.5   
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   Figure 3.6 

Even though GMR is a relatively new discovery (1988), it is already widely used in the read heads of hard 

disk drives there are also various magnetic field sensors based on the GMR. 

The special multilayer structures in its simplest form has two ferromagnetic layers (such as Fe or Co or their 

alloys, etc.) separated by a nonmagnetic transition metal layer (such as Cu), called the spacer, as shown in 

figure. The magnetic layers are thin (less than 10 nm), & the non magnetic layer is even thinner. The 

magnetizations of the two ferromagnetic layers are not random; they depend on the thickness of the spacer 

because the two layers are coupled indirectly through this thin spacer.  

In the absence of an external field, two magnetic layers are coupled in such a way that their magnetizations 

are anti-parallel or in opposite directions; this arrangement is also called an antiferromagnetically coupled 

configuration. 

SUPERCONDUCTIVITY 

Zero resistance & the Meissner effect 

In 1911 kamerlingh onnes at the University of Leiden in Holland observed that when a sample of mercury is 

cooled to below 4.2k, its resistivity totally vanishes & the material behaves as a superconductor, exhibiting 

no resistance to current flow. Other experiments since then have shown that these are many such 

substances, not simply metals that exhibit superconductivity when cooled below a critical temperature TC 

that depends on the material. 

 

 
   Figure 3.7 
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On the other hand, there are also many conductors including some with the highest conductivity such as 

silver, gold & copper, they do not exhibit superconductivity. The resistivity of these normal conductors at 

low temperatures is limited by scattering from impurities & crystal defects & saturates at a finite value 

determine by the residual resistivity. 

 
 

Figure 3.8 

 

The two distinctly different types of behavior are depicted in below figure. Between 1911 & 1986, many 

different metals & metals alloys had been studied & the highest recorded critical temperature was about 23k 

in a niobium-germanium compound (Nb3Ge) whose superconductivity was discovered in the early 1970s. In 

1986 Bednorz & Muller, at IBM research laboratories in Zurich, discovered that a copper oxide-based 

ceramic-type compound La-Ba-Cu-O, which normally has high resistivity, becomes superconducting when 

cooled below 35k. In 1987 it was found that Yttrium barium copper oxide (Y-Ba-Cu-O) becoming 

superconducting at a critical temperature of 95k, which above the boiling point of nitrogen (77k). 

This discovery was particularly significant because liquid nitrogen is an expensive cryogent that is readily 

Liquefied &easy to use compared with cryogent liquids that had to be used in the past (liquid helium). 

At present the highest critical temperature for a superconductor is around 130k (-143 degree Celsius) for Hg-

Ba-Ca-Cu-O. These supe o du to s ith TC a o e ≈ 30k a e o  typi ally efe ed as high- TC 

superconductors. 

The vanishing of resistivity is not the only characteristic of superconductor. A superconductor cannot be 

viewed simply as a substance that has infinite conductivity below its critical temperature. A superconductor 

below its critical temperature expels all the magnetic field from the bulk of sample as if it were a perfectly 

diamagnetic substance. This phenomenon is known as the Meissner effect.    
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Figure 3.9 

 

Flux Quantization 

Consider a ring of superconducting material above its TC. Suppose that the ring is immersed in magnetic flux 

lines from a magnet placed above it as shown in figure. When we cool the ring below TC, the magnetic flux 

lines are excluded from the ring itself, due to the Meissner effect, but they go through the hole as shown in 

figure 3.10. If we now remove the magnet, we may think that the magnetic flux lines simply disappear, but this 

is not the case. 

A persistent current is set up on the inside surface of the superconducting ring that flows to maintain the flux 

constant in the hollow. This superconducting generates flux lines in the hollow as if to replace those taken 

away by the removal of the magnet, as depicted in figure. Since the current can flow indefinitely in the ring, 

the overall effect is that the magnetic flux is trapped within the ring. Indeed, if we were to bring back the 

magnet the current in the ring would disappear to ensure that the magnetic flux in hollow remains unchanged. 

Figure 3.10.a) Above TC the flux lines enters the ring.b) The ring and magnet are cooled through TC. The flux 

lines do not enter the superconducting ring but stay in the hole.c) Removing the magnet does not change the 

flux in the hole. 
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   (c) 

Figure3.10 

 

The origin of flux trapping can be appreciated by considering what would happen if the flux were allowed to 

change,that is, 
Φt ≠ .A changing flux would induce a voltage v = − Φt    around the ring that would drive an 

infinite current I = VR  where R = .This is not possible ,and hence the flux cannot change ,which means we 

must have 
Φt = .One should also note that can be no electric field inside a superconductor becauseE = Jσ =0, 

since the conductivity � is infinite. 

What would happen if we have a superconducting ring (below TC) that initially had no flux in the hole? If we 

were to bring a magnet to it, then the flux lines would now be excluded from both the ring itself and also the 

hole since the trapped flux within the ring is zero. 

It turns out that the trapped flux φ i side the i g is ua tu  phe o e o . The s allest ua tized amount of 

flux is called the magnetic flux quantum and is given by 

 
h

  Or 2.06798 × − 5wb.  

The flux ᵩ in the ring is an integer multiple n of this quantum,  

    Φ = h
 

 

JOSHEPHSON EFFECT: 

 

The Josephson junction is a junction between two superconductors that are separated by a thin insulator (a 

few nanometers thick) as depicted in figure 3.11 

 
 Figure 3.11 

If the insulating barrier is sufficiently thin, then there is a probability that the copper pairs can tunnel across 

the ju tio . The a e fu tio  ψ of the oppe  pai ; ho e e , ha ges phase y θ he  it tu els th ough 
the junction, not unexpected as the pair goes through a potential barrier. The maximum super conducting 
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current IC that can flow through this weak link depends on not only the thickness and area (size) of the 

insulator but also on the superconductor materials and the temperature. The current I, or the supper current, 

though the ju tio  due to oppe  pai  tu eli g is dete i ed y the phase a gle θ, I = IC sin    -------1 

Where, IC is the maximum current or the critical current. 

 If the current through the junction is controlled by an external circuit, then the tunneling copper pairs on the 

either side of the junction (in the superconductors) adjust their respective phases to maintain the phase 

change to satisfy equation 1. If we plot I-V Characteristics of this junction as in figure we would find that for I < IC, the behavior follows the vertical OC line with no voltage across the junction. Figure 3.12 I-V characteristics 

of a Josephson junction for positive currents when the current is controlled by an external circuit. 

 
Figure 3.12  

 

If the current through the junction exceedsIC, then the copper pairs cannot tunnel through the insulator 

because equation 1 cannot satisfied. There is still a current through the junction, but it is due to the tunneling 

of normal, that is single electrons as represented by the curve OABD in figure. Thus the current switches from 

point C to point B and then follows the normal tunneling curve B to D. At point B, a voltage develops across 

the junction increases with the current. 

A dc voltage is applied across the Josephson junction, and then the phase change ϴ is modulated by the 

applied voltage. The most interesting and surprising aspect is that the voltage modulates the rate of the phase 

through the barrier, that is,  ddt = evh  

When we integrate this, we find that ϴ is time and voltage dependent, so, according to equation 1. The 

current is a sinusoidal function of time and voltage, that is, I = IC sin  − π v th ) 

Or I = I  sin πft) 
Where Io is anew constant incorporating  and the frequency of the oscillation of the current is given by f = vh ---------------------2 

The Josephson junction therefore generates an oscillating current of frequency f when there is a dc voltage V 

across it.  
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We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 

 

If you have any queries or you want to submit your 

study notes please write us at 

rgpvnotes.in@gmail.com 
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