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• Introduction of Magnetic properties,

• Classification of magnetic materials,

• Concept of ferromagnetism, Saturation magnetization;

• Curie and Neel temperature, Temperature dependence of conductivity

materials;

• Magnetostriction, magnetic anisotropy, spin-orbit interaction ;

• Superconductivity.
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What is Magnetic properties of Materials ?

It is common characteristics of Materials. Magnetic properties of material involve

concept based on the magnetic dipole moment. Some of the material has the ability to

create internal dipole moment . For this reason this kinds of material present special type of

properties. Some common characteristics of this material is …

1. Attracting other magnetic material.

2. Inducing pole within the material .

3. The polarity of two pole are opposite .

4. When magnetizing occurring then some parameter of  material is changed (Current, 

Magnetic flux).
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Although the magnetic properties of electrons must ultimately be explained with quantum

mechanics, the magnetism arising whenever we have charge in motion. This motion can

be that of an electron (either spinning or orbiting) or it can be in the form of a current.

Remember: Moving charges produce magnetic fields, and external magnetic fields exert a

magnetic force on moving charges.



Dr. Mallikarjuna Golla, Asst. Prof., SELECT 6

We know that an electric dipole consists of two equal but

opposite charges separated by some distance, such as in a

polar molecule.

Every magnet is a magnetic dipole. A bar magnet is a simple

example. Note how the E field due an electric dipole is just

like the magnetic field (B field) of a bar magnet. Field lines

emanate from N pole and reenter the S pole. Although they

look the same, they are different kinds of fields.

E fields affect any charge in the vicinity, but a B field only

affects moving charges. As with charges, opposite poles

attract and like poles repel.

Magnetic Dipoles 
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Sources of Magnetism

We have seen charges in motion (as in a current) produce magnetic fields. This is one

source of magnetism.

Another source is the electron itself. Electrons behave as if they were tiny magnets.

Quantum mechanics is required to explain fully the magnetic properties of electrons, but

it is helpful to relate these properties back to the motion of charges. Every electron in an

atom behaves as a magnet in two ways, each having two magnetic dipole moments:

1. Spin magnetic dipole moment - due to the "rotation" of an electron.

2. Orbital magnetic dipole moment - due to the "revolution" of an electron around the

nucleus.

Note: Electrons are not actually little balls that rotate and revolve like planets, but

imagining them this way is useful when explaining magnetism without quantum

mechanics.
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Magnetism:

Magnetism is the force of attraction or repulsion of a magnetic material due to

the arrangement of its atoms, particularly its electrons.

• Any two opposite poles separated by a finite distance constitute a magnetic dipole.

• Magnetization depends on the arrangement of the magnetic dipoles within the material.

MAGNETIC DIPOLE:
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Magnetism in matter

Magnetization Vector (M) and Magnetic Field Strength H

The magnetic state of a substance is described by a quantity called the

magnetization vector M. The magnitude of this vector is defined as the

magnetic moment per unit volume of the substance. (magnetic moment /cm3).

Magnetic moment, is also called a magnetic dipole moment

(Ampere)(meter)2, is a measure of the object's tendency to align with

a magnetic field. Its positive direction depends on the way the object responds to

the magnetic field.

Introduction of Magnetic Properties
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The total magnetic field Induction at a point within a substance depends on both

the applied (external) field and the magnetization M of the substance. Recognizing

the similarity between M and H, we can write:

B = µo ( H+ M )

µo is a constant called the permeability of free space = 4πx10-7 (H.𝑚−1)

H magnetic field strength within the substance (A/m).

The quantities H and M have the same units. Because M is magnetic moment per 

unit volume, its SI units are:  (Ampere)(meter)2/(meter)3= ( A/m ).

So, for these substances placed in an external magnetic field, we can write: 

M =  χ H

where χ (Greek letter Chi) is a dimensionless factor called the magnetic susceptibility.
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Magnetic moment μm :
A vector quantity associated with the magnetic properties of electric current loops or, more generally,

magnets. It is equal to the amount of current flowing through the loop multiplied by the area encompassed by

the loop, and its direction is established by the right hand rule for rotations𝜇𝑚 = 𝐼. 𝐴 . 𝑢𝑛
𝑢𝑛 = A unit vector induced from loop as right hand rules.

I = Circulating current  ; A = Area coverage by loop

Orbital, spin  magnetic movement of an electron are

𝜇𝑜𝑟𝑏 = −
𝑒

2𝑚𝑒
𝐿 𝜇𝑠𝑝𝑖𝑛 = −

𝑒

𝑚𝑒
𝑆
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Magnetic field intensity (H)
A field of force associated with changing electric fields, as when electric charges are in motion.

Magnetic fields exert deflective forces on moving electric charges. Most magnets have magnetic fields as a
result of the spinning motion of the electrons orbiting the atoms of which they are composed;
electromagnets create such fields from electric current moving through coils.

Total magnetic field density B in the material is given by

𝐵 = 𝜇0 𝐻 +𝑀

𝐻 =
𝐵

𝜇0
−𝑀

Relation between B and H

𝐵 = 𝐻. 𝜇

𝐻 = ൗ𝐵 𝜇

𝑖. 𝑒 𝜇 = 𝜇0𝜇𝑟
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Magnetization Vector M

Magnetic  permeability(𝜇) and susceptibility χm

In electromagnetism, the magnetic susceptibility χm is a dimensionless proportionality constant that 

indicates the degree of magnetization of a material in response to an applied magnetic field.

M = 𝜒𝑚𝐻

The Relation Between χm and  μr , 

𝜇𝑟 = 1 + 𝜒𝑚

𝜇 = 𝜇0(1 + 𝜒𝑚)𝑊𝑒 𝑘𝑛𝑜𝑤 𝜇 = 𝜇0𝜇𝑟

The Average dipole moment per unit volume is called Magnetization vector M , Suppose that there are N

atoms in a small volume ΔV and each atom i has a magnetic moment μmi (where i = 1 to N).

where nat is the number of atoms per unit volume and μav is the average magnetic moment per atom.
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Analysis of Magnetic Circuits  

Magnetic Flux (Φ)=
𝒎𝒎𝒇

𝒓𝒆𝒍𝒖𝒄𝒕𝒂𝒏𝒄𝒆

MMF (Magneto Motive Force): Magneto motive force is a force which produce a flux

passing or flowing through a coil.

Magneto Motive Force = 𝑨𝒎𝒑𝒆𝒓𝒆 × 𝑻𝒖𝒓𝒏

MMF = N.I

Units: Ampere-turn

Magneto Motive Force = 𝒇𝒍𝒖𝒙 × 𝒓𝒆𝒍𝒖𝒄𝒕𝒂𝒏𝒄𝒆 (𝒇𝒓𝒐𝒎 𝒑𝒓𝒆𝒗𝒊𝒐𝒖𝒔 𝑬𝒒. )

Magnetic Flux (Φ) : Magnetic flux is defined as the no. of flux

lines of induction passing thorough a surface. It is denoted by

‘Φ’ and unit is Weber's.
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Reluctance (S): Reluctance is property of medium which oppose the passage (or) flow of flux.

S =
𝒎𝒎𝒇

𝒇𝒍𝒖𝒙
=

𝒂𝒎𝒑𝒆𝒓𝒆−𝒕𝒖𝒓𝒏

𝒘𝒆𝒃𝒆𝒓

S=
𝒍

𝝁𝟎𝝁𝒓𝑨
[𝑼𝒏𝒊𝒕𝒔 = 𝑯−𝟏]

Where, 𝒍 = length of the core (m)

𝝁𝟎= Permeability= 𝟒𝞹 × 𝟏𝟎−𝟕

𝝁𝒓= Relative Permeability (H/m)

A= Cross-sectional area (𝒎𝟐)

Magnetic Filed Intensity (H): It is defined as mmf per unit length.

H =
𝒎𝒎𝒇

𝒍
=

𝒂𝒎𝒑𝒆𝒓𝒆−𝒕𝒖𝒓𝒏

𝒎𝒆𝒕𝒆𝒓

Magnetic Flux Density (B): It is flux per unit area. units : Tesla (or) ൗ𝒘𝒆𝒃𝒆𝒓
𝒎𝒆𝒕𝒆𝒓𝟐

B =
Φ
𝑨

B= 𝑯 × 𝝁𝟎𝝁𝒓 ,  H=
𝑩

𝝁𝟎𝝁𝒓
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𝑅 =
𝑉

𝐼

𝑅 =
𝜌𝑙

𝐴

Resistance (𝞨)

Where, 𝜌 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝞨 −𝑚 ,
l= length of the conductor (m),

A=Area of cross section (𝒎𝟐)

Where, 𝑙 = length of the core (m)

𝜇0= Permeability= 4𝞹 × 10−7

𝜇𝑟= Relative Permeability (H/m)

A= Cross-sectional area (𝑚2)

N=Number of turns

Inductance (H)

𝐿 =
𝜓

𝐼
=
𝑁𝜙

𝐼

𝐿 =
𝝁𝟎𝝁𝒓𝑵

𝟐𝑨

𝑙

Capacitance (F)

𝐶 =
Q

𝑉

𝐶 =
𝝐𝟎𝝐𝒓𝑨

𝑑
Where, 𝑑 = distance between 

conducting plates(m)

𝜖0= Primitivity= 8.854 × 10−12

𝜖𝑟= Relative Primitivity(F/m)

A= Area of plate (𝑚2)
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Maxwell Right Hand Rule 

• Assume that the current carrying conductor is held in the right hand

so that the fingers wrap around the conductor and the thumb is

stretched. If the thumb is along the direction of current, wrapped

fingers will show the direction of circular magnetic field lines.

Electromagnet 

• An electromagnet is a type of magnet in which the magnetic field is

produced by an electric current.

• Electromagnets usually consists of wire wound into a coil.

• The main advantage of an electromagnet over a permanent magnet is

that the magnetic filed can be quickly changed by controlling

amount of electric current in the winding.
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Toroidal ring of ferromagnetic material with exciting coil

Toroidal core

Consider a toroidal ring of ferromagnetic material of mean radius ‘R’ and circular

cross section of diameter ‘d’ as shown in Figure. The ring termed core is excited by a

coil wound round it with ‘N’ turns carrying a current ‘I’. By virtue of symmetry, flux

established in the magnetic core is circular in shape.

The flux established along paths that lie mostly in air is

very small compared to the core flux as the core has a

permeability 𝜇𝑟 times that of air. This flux is called

leakage flux, i.e. it leaks through the core.

𝜇𝑟=1 for air and 𝜇𝑟 =5500 for iron core

Flux linkage is the linking of the magnetic field with the

conductors of a coil when the magnetic field passes through

the loops of the coil.

The flux linkage of a coil is simply an alternative term for

total flux used for convenience in engineering applications.
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From Ampere’s law 𝐻𝑙 = 𝑁𝑖

Therefore, the total energy or work required per unit 

volume to increase the magnetic field from an initial 

value B1 to a final value B2 in the toroid is

Energy density of a magnetic field. It is used to find
the energy per unit volume needed to establish the
field B or field intensity H

Magnetostatic energy in a linear magnetic medium
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Materials and Magnetism

❖ Each electron in an atom has two magnetic dipole moments associated with it, one for spin,

and one for orbit. Each is a vector.

❖ These two dipole moments combine vectorially for each electron.

❖ The resultant vectors from each electron then combine for the whole atom, often cancelling

each other out.

❖ For most materials the net dipole moment for each atom is about zero.

❖ For some materials each atom has a nonzero dipole moment, but because the atoms have all

different orientations, the material as a whole remains nonmagnetic.

❖ Ferromagnetic materials, like iron, are comprised of atoms that each have net dipole

moment. Furthermore, all the atoms have the same alignment, at least within very tiny

regions called domains. The domains can have different orientations, though, leaving the

iron nonmagnetic except when placed in an external field.

❖ Permanent magnets are produced when the domains in a ferromagnetic material are aligned.
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Classification of magnetic materials

An atom is said to be magnet if it carries a permanent dipole moment.

The magnetic materials are classified into five groups depending on their response to

the magnetic field.

1. Diamagnetic Materials

2. Paramagnetic Materials

3. Ferromagnetic Materials

4. Anti-ferromagnetic Materials

5. Ferrimagnetic Materials
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1. Diamagnetism 𝝁𝒓 = 𝟏 + 𝝌𝒎
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• An electron moving around the nucleus results in magnetic moment.

• Due to different orientations of various orbits of an atom, the net magnetic moment

is zero in diamagnetic materials.

• Similarly, all the spin moments are almost paired i.e they have even number of

electrons and has equal number of electrons spinning in two opposite directions as

shown in figure. Hence the net magnetic movement in the diamagnetic material is

zero.
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• When an external field is applied the motion of electrons in their orbits changes

resulting in induced magnetic moment in a direction opposite to the direction of

applied field.

• The magnetization induced by the applied magnetic field is very weak and the

magnetic lines of force are repelled.

• This magnetism is also exist in substances with magnetic atoms, but very weak and

completely masked by the contribution of magnetic atoms.

• The magnetic susceptibility is independent of applied magnetic field strength.
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Magnitude of 
susceptibility

Temperature dependence Examples

Small  & negative
(−10−6)

Independent Organic materials, e.g., many polymers;
covalent solids, e.g., Si, Ge, diamond; some
ionic solids, e.g., alkalihalides; some metals,
e.g., Cu, Ag, Au.

Intermediate & 
negative

Below 20K varies with field and 
temperature

Alkali earhs, Bismuth

Large & Negative

(−1)

Exists only below critical 
temperature (Meissner effect)

Superconducting materials

Diamagnetism characterizes the substances that have only non-magnetic atoms

(lack of permanent diople moment).
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2. Paramagnetism

• This class of materials, some of the atoms or ions in the material have a net
magnetic moment due to unpaired electrons in partially filled orbitals.

• However, in the absence of external field the magnetic movements are oriented
randomly, due to this random orientation magnetic movements get cancelled and
possess almost zero magnetization like diamagnetism.

• In the presence of a field, there is now a partial alignment of the atomic magnetic
moments in the direction of the field, resulting in a net positive magnetization and
positive susceptibility.
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▪ The paramagnetic substances consists of magnetic atom that posses permanent dipole

moment.

▪ Each electron in an orbit has an orbital magnetic moment and a spin magnetic moment.

▪ When the shells are unfilled there is net magnetic moment.

▪ In the absence of the external field the net moments of the atoms are arranged in

random directions because of thermal fluctuations. Hence there is no magnetization.

▪ When external magnetic field is applied, there is tendency for the dipoles to align

with the field giving rise to an induced positive dipole moment. The induced magnetism

is the source for paramagnetic behavior.

▪ Paramagnetic susceptibility is small and positive and is independent of applied field

strength.

✓Spin alignment is random.
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Paramagnetic
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Magnitude of 
susceptibility

Temperature dependence Examples

Small  &  positive
(+10−5 𝑡𝑜 + 10−4)

Curie law 𝜒 =
𝐶

𝑇
Due to the alignment of spins of 
conduction electrons. Alkali and 
transition metals.

• When a paramagnetic substance is placed in a nonuniform magnetic field, the induced

magnetization M is along B and there is a net force toward greater fields.

• Magnetization M typically decreases with increasing temperature because at higher

temperatures there are more molecular collisions, which destroy the alignments of

molecular magnetic moments with the applied field.

• When the temperature is increases, the paramagnetism/magnetization effect will

decrease. Also, it directly converted into diamagnetic material if the temperature above

the critical temperature i.e Curie temperature.
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• Ferromagnetic materials such as iron can possess large permanent

magnetizations even in the absence of an applied magnetic field.

• The magnetic susceptibility χm is typically positive and very large (even

infinite) and, further, depends on the applied field intensity.

• The relationship between the magnetization M and the applied magnetic field

μoH is highly nonlinear.

• At sufficiently high fields, the magnetization M of the ferromagnet saturates.

• The origin of ferromagnetism is the quantum mechanical exchange

interaction between the constituent atoms that results in regions of the

material possessing permanent magnetization.

• When placed inside a magnetic field, it attracts the magnetic lines of force

very strongly.

3. Ferromagnetism
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Magnitude of 
susceptibility

Temperature dependence Examples

Very large & 
positive 𝝌 =

𝑪

𝑻−𝜽𝒇

For T > θf paramagnetic behavior

For T < θf ferromagnetic behavior

Fe, Co, Ni etc

• Each ferromagnetic material has a characteristic temperature called the

ferromagnetic Curie temperature θf. Below this temperature the

spontaneous magnetization exists.

• Ferromagnetism occurs below a critical temperature called the Curie

temperature 𝜽𝒇 𝒐𝒓 𝑻𝒄. At temperatures above 𝜽𝒇, ferromagnetism is lost

and the material becomes paramagnetic.
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4. Anti-ferromagnetism

▪ Antiferromagnetic materials such as chromium have a small but

positive susceptibility.

▪ They cannot possess any magnetization in the absence of an

applied field, in contrast to ferromagnets.

▪ Antiferromagnetic materials possess a magnetic ordering in which

the magnetic moments of alternating atoms in the crystals align in

opposite directions, as schematically depicted in Figure 8.16.

▪ 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.

▪ Antiferromagnetism occurs below a critical temperature called

the Néel temperature TN. Above TN, antiferromagnetic material

becomes paramagnetic.
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Magnitude of 
susceptibility

Temperature dependence Examples

small & positive
𝜒 ∝ 𝑇 when T<TN

𝜒 =
𝐶

𝑇+𝜃
when T>TN

FeO, MnO4, MnS,

Cr2O3, FeCl2

✓ The magnetic susceptibility increase with the increase of temperature and reaches

maximum at a certain temperature. This temperature is known as Neel temperature (𝜃 or TN).

Above this temperature the susceptibility again decreases.

✓ Spins are aligned antiparallel

✓ These elements will be wise range of applications in magnetic storage devices.
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5. Ferrimagnetism

• The origin of ferrimagnetism is based on magnetic ordering, as schematically

illustrated in Figure 8.17. All A atoms have their spins aligned in one direction

and 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, there is net

magnetization M in the crystal.
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✓Spin alignment is antiparallel of different magnitudes.

• Unlike the antiferromagnetic case, the oppositely directed magnetic moments have

different magnitudes and do not cancel. The net effect is that the crystal can possess

magnetization even in the absence of an applied field.

• Ferrimagnetic materials such as ferrites (e.g. Fe3O4) exhibit magnetic behavior similar to

ferromagnetism below a critical temperature called the Curie temperature TC. Above TC,

thermal energy randomizes the individual magnetic moments and the material becomes

paramagnetic.

• Since ferrimagnetic materials are typically nonconducting and 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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Application of magnetic materials 

• Electrical Transformers, Motor and Generator

• Electromechanical relays for protection

• Magnetic energy storage (Data Storage and electrical storage)

• Sound Systems and recording

• Magnetic relays and sensors

• Transportation and Communication

• Instrumentation (PMMC, MI, EMMC)

• Biomedical devices (MRI and CT Scans) and so on.
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Saturation Magnetization and Curie Temperature

➢ Even though electrons exchange forces in

ferromagnets are very large, thermal energy

eventually overcomes the exchange and produces

a randomizing effect.

➢ This occurs at a particular temperature called the

Curie temperature (TC).

➢ Below the Curie temperature, the ferromagnet is

ordered and above it, disordered.

➢ The saturation magnetization goes to zero at the

Curie temperature. A typical plot of magnetization

vs temperature for magnetite is shown below.
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Fig. 8.21 Normalized saturated magnetization

versus reduced temperature T∕TC where TC is

the Curie temperature (1043 K) for Fe.

In x-axis, T is varying from 0 to TC

TC = constant and used for normalization.

Here, T< TC

In y-axis, Msat(T) is magnetization

varying w.r.t T.

Msat(0) is the magnetization at absolute

zero of temperature. It is used for

normalization.
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➢ The maximum magnetization in a ferromagnet when all the atomic magnetic moments

have been aligned as much as possible is called the saturation magnetization Msat.

➢ In the iron crystal, for example, this corresponds to each Fe atom with an effective

spin magnetic moment of 2.2 Bohr magnetons aligning in the same direction to give a

magnetic field μo Msat or 2.2 T.

➢ As we increase the temperature, lattice vibrations become more energetic, which leads

to a frequent disruption of the alignments of the spins. The spins cannot align

perfectly with each other as the temperature increases due to lattice vibrations

randomly agitating the individual spins.

➢ The ferromagnetic behaviour disappears at a critical temperature called the Curie

temperature, denoted by TC. When the thermal energy of lattice vibrations in the

crystal can overcome the potential energy of the exchange interaction and hence

destroy the spin alignments.
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Gadolinium
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Hysteresis Loop (or) B-H Curve

In addition to the Curie temperature and saturation

magnetization, ferromagnetism can retain a memory

of an applied field once it is removed. This behavior

is called hysteresis and a plot of the variation of

magnetization with magnetic field is called a

hysteresis loop.

Retentivity or Residual or Remanent

Coercivity or coercive filed 
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SOFT AND HARD MAGNETIC MATERIALS

Figure 8.37 Soft and hard 

magnetic materials.

→Based on their B–H behavior, engineering

materials are typically classified into soft and

hard magnetic materials.

→Soft magnetic materials are easy to magnetize

and demagnetize and hence require relatively

low magnetic field intensities. The hysteresis

loop has a small area, so the hysteresis power

loss per cycle is small.

→Soft magnetic materials are typically suitable

for applications where repeated cycles of

magnetization and demagnetization are

involved, as in electric motors, transformers,

inductors, and Electromagnetic relays where

the magnetic field varies cyclically.
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→Hard magnetic materials, on the other hand, are difficult to magnetize and demagnetize

and hence require relatively large magnetic field intensities.

→Their B–H curves are broad and almost rectangular. They possess relatively large

coercivities, which means that they need large applied fields to be demagnetized. The

coercive field for hard materials can be millions of times greater than those for soft

magnetic materials. Their characteristics make hard magnetic materials useful as

permanent magnets in a variety of applications.

→From B–H curves, It has high retentivity (residual) magnetism property in the material.

→It is also clear that the magnetization can be switched from one very persistent direction

to another very persistent direction, from +Br to −Br, by a suitably large magnetizing field

intensity.

→It is apparent that hard magnetic materials can also be used in magnetic storage of digital

data, where the states +Br and −Br can be made to represent 1 and 0 (or vice versa).
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Magnetostriction

If we were to strain a ferromagnetic crystal (by applying a suitable stress) along a

certain direction, we would change the interatomic spacing not only along this direction

but also in other directions and hence change the exchange interactions between the

atomic spins. This would lead to a change in the magnetization properties of the crystal.

In the converse effect, the magnetization of the crystal generates strains or changes in

the physical dimensions of the crystal.
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Magnetostriction is responsible for the transformer hum noise one hears near power

transformers. As the core of a transformer is magnetized one way and then in the

opposite direction under an alternating voltage, the alternating changes in the

longitudinal strain vibrate the surrounding environment, air, oil, and so forth, and

generate an acoustic noise at twice the main frequency, or 120 Hz, and its harmonics.

The crystal lattice strain energy associated with magnetostriction is called the

magnetostrictive energy, which is typically less than the anisotropy energy.

The longitudinal strain Δℓ∕ℓ along the direction of magnetization is called the

magnetostrictive constant, denoted by λ. The magnetostrictive constant depends on

the crystal direction and may be positive (extension) or negative (contraction).

When the crystal reaches saturation magnetization, λ also reaches saturation, called

saturation magnetostriction strain λsat .
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Magnetic Anisotropy

In general, magnetoresistance refers to the change in the resistance of a material (any

material) when it is placed in a magnetic field.

When a magnetic metal, such as iron, is placed in a magnetic field, the change in the

resistivity depends on the direction of the current flow with respect to the magnetic

field.

The resistivity ρ∕∕ for current flow parallel to the magnetic field decreases, and the

resistivity ρ⊥, perpendicular to the field, increases by 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 magnetoresistance (AMR). The change in

resistivity is limited to a few, is still useful.
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On the other hand, a very large magnetoresistance, called giant magnetoresistance

(GMR), has been observed in certain special multilayer structures, which exhibit

substantial changes in the resistance (e.g., more than 10 percent) when a magnetic field

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

their magnetizations are antiparallel or in opposite directions; this arrangement is also

called an antiferromagnetically coupled configuration. We will use the notation FNA

to represent the antiparallel configuration, where N stands for the nonmagnetic metal.

We can apply an external magnetic field to one of the layers and rotate its

magnetization so that the two magnetizations are now in parallel as in Figure 8.47c.

This parallel configuration is frequently called ferromagnetically coupled layers and

is denoted as FNF.

The resistance of the antiparallel FNA in Figure 8.47b structure is much higher than 

that of the parallel structure FNF in Figure 8.47c.
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Spin-Orbit interaction 

An electron in an atom will experience an internal magnetic field Bint . Because, from

the electron’s reference frame, it is the positive nucleus that is orbiting the electron.

The electron will “see” the nucleus, take as charge +e, circling around it, which is

equivalent to a current I = +ef. where f is the electron’s frequency of rotation around

the nucleus.

The current I generates the internal magnetic field Bint at the electron. From

electromagnetism texts, Bint is given by

𝐵𝑖𝑛𝑡 =
𝜇0 𝐼

2𝑟

where r is the radius of the electron’s orbit and μo is the absolute permeability
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𝐵𝑖𝑛𝑡 =
𝜇0 𝑒

4𝜋𝑚𝑒𝑟
3
𝐿

Internal magnetic field at an electron in an atom

The electron’s spin magnetic moment μspin will couple with this internal field, which

means that the electron will now possess a magnetic potential energy ESL that is due to the

coupling of the spin with the orbital motion, called spin-orbit coupling. ESL will be

either negative or positive, with only two values, depending on whether the electron’s

spin magnetic moment is along or opposite Bint, Take z along Bint so that

ESL = −Bint μspin,z, where μspin,z is μspin along z, and then show that the energy E2 of the 2p

orbital splits into two closely separated levels whose separation is

Where, Orbital 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝐿) = 𝑚𝑒 𝑣 𝑟 = 𝑚𝑒 𝑤𝑟 𝑟 = 𝑚𝑒𝑤𝑟
2

∆𝐸𝑆𝐿 =
𝑒ℎ

𝑚𝑒
𝐵𝑖𝑛𝑡

Spin–orbit coupling
potential energy

Orbital, spin  magnetic movement of an electron are

𝜇𝑜𝑟𝑏 = −
𝑒

2𝑚𝑒
𝐿 𝜇𝑠𝑝𝑖𝑛 = −

𝑒

𝑚𝑒
𝑆



Dr. Mallikarjuna Golla, Asst. Prof., SELECT 62



Dr. Mallikarjuna Golla, Asst. Prof., SELECT 63

Superconductivity

• The superconductivity involves the vanishing of the resistivity of a conductor at

low temperatures and is normally explained within quantum mechanics.

• All superconductors are perfect diamagnets and, further, they have present or

potential uses that involve magnetic fields.

• In 1911, Kamerlingh Onnes observed that when a sample of mercury is cooled to

below 4.2 K, its resistivity totally vanishes and the material behaves as a

superconductor, exhibiting no resistance to current flow.

• There are many such substances, not simply metals, that exhibit superconductivity

when cooled below a critical temperature Tc that depends on the material.

• There are also many conductors, including some with the highest conductivities

such as silver, gold, and copper, that do not exhibit superconductivity. The

resistivity of these normal conductors at low temperatures is limited by

scattering from impurities and crystal defects and saturates at a finite value

determined by the residual resistivity.
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• In 1986 Bednorz and Müller, at IBM Research Laboratories, discovered that a

copper oxide–based ceramic-type compound La–Ba–Cu–O, which normally has

high resistivity, becomes superconducting when cooled below 35 K.

• Following this Nobel prize–winning discovery, a variety of copper oxide–based

compounds (called cuprate ceramics) have been synthesized and studied.
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• At present the highest critical temperature for a superconductor is around 130 K

(−143 °C) for Hg–Ba–Ca–Cu–O. These superconductors with Tc above ∼30 K are

now typically referred as high-Tc superconductors.

• High-Tc superconductors are already finding applications in such devices as

superconducting solenoids, sensitive magnetometers, and high-Q microwave

filters, power cables and superconducting current limiters and so on.

• The quest for a near-room temperature superconductor goes on, with many

scientists around the world trying different materials, or synthesizing them, to

raise Tc even higher.
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➢ A superconductor below its critical temperature expels all the magnetic field

from the bulk of the sample as if it were a perfectly diamagnetic substance. This

phenomenon is known as the Meissner effect.

➢ However, when the superconductor is cooled below Tc, it rejects all the

magnetic flux in the sample, as depicted in Figure 8.57. The superconductor

develops a magnetization M by developing surface currents.

➢ Such that M and the applied field cancel everywhere inside the sample. Put

differently μoM is in the opposite direction to the applied field and equal to it in

magnitude. Thus, below Tc a superconductor is a perfectly diamagnetic

substance (χm= −1) and exhibits infinite conductivity, or ρ = 0.

➢ Suppose that we place a superconducting material in a magnetic field above Tc.

The magnetic field lines will penetrate the sample, as we expect for any low μr

medium.
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B = μoH is the applied field

M is the overall magnetization of the sample.

Field inside the sample, Binside = μoH + μoM

which is zero only for B < Bc (Type I)

B < Bc1 (Type II).
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• The superconductivity below the critical temperature has been observed to

disappear in the presence of an applied magnetic field exceeding a critical

value denoted by Bc.

• This critical field depends on the temperature and is a characteristic of the

material. Figure 8.59 shows the dependence of the critical field on the

temperature. The critical field is maximum, Bc(0), when T = 0 K.

• As long as the applied field is below Bc at that temperature, the material is in

the superconducting state, but when the field exceeds Bc, the material reverts

to the normal state.

• We know that in the superconducting state, the applied magnetic field lines are

expelled from the sample and the phenomenon is called the Meissner effect.

The external field penetrate the sample from the surface into the bulk, but the

magnitude of this penetrating field decreases exponentially from the surface.
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If the field at the surface of the sample is Bo, then at a distance x from the

surface, the field is given by an exponential decay,

where λ is a “characteristic length” of penetration, called the penetration

depth, and depends on the temperature and Tc (or the material).

At the critical temperature, the penetration length is infinite and any magnetic

field can penetrate the sample and destroy the superconducting state.

Near absolute zero of temperature, however, typical penetration depths are

10–100 nm. Figure 8.60 shows the Bc versus T behavior for three example

superconductors, tin, mercury, and lead.

Binside = μoH + μoM
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Superconductors are classified into two types, called Type I and Type II,

based on their diamagnetic properties.

A Type I superconductor below Bc is in the Meissner state, where it excludes

all the magnetic flux from the interior of the sample. Above Bc it is in the

normal state, where the magnetic flux penetrates the sample as it would

normally and the conductivity is finite.
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In the case of Type II superconductors, the transition does not occur sharply from the

Meissner state to the normal state but goes through an intermediate phase in which the

applied field is able to pierce through certain local regions of the sample.

As the magnetic field increases, initially the sample behaves as a perfect diamagnet

exhibiting the Meissner effect and rejecting all the magnetic flux.

When the applied field increases beyond a critical field denoted as Bc1, the lower critical

field, the magnetic flux lines are no longer totally expelled from the sample. The overall

magnetization M in the sample opposes the field, but its magnitude does not cancel the

field everywhere.

As the field increases, M gets smaller and more flux lines pierce through the sample until

at Bc2, the upper critical field, all field lines penetrate the sample and superconductivity

disappears. This behavior is shown in Figure 8.61. Type II superconductors therefore

have two critical fields Bc1 and Bc2.
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• Another important characteristic feature of the superconducting state is that

when the current density through the sample exceeds a critical value Jc, it is

found that superconductivity disappears. Since the current through the

superconductor will itself generate a magnetic field.

• At sufficiently high current densities, the magnetic field at the surface of the

sample will exceed the critical field and extinguish superconductivity.

• This plausible direct relation between Bc and Jc is only true for Type I

superconductors, whereas in Type II superconductors, Jc depends in a

complicated way on the interaction between the current and the flux vortices.

CRITICAL CURRENT DENSITY
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Figure 8.64 The critical surface for a niobium–tin alloy, which is a Type II superconductor.
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EXAMPLE 8.3 from KASAP Textbook 
(Saturation Magnetization practical example)

EXAMPLE 8.10 from KASAP Textbook 
(Superconductivity practical example)

Example 6.18 from KASAP Textbook 
(BJT Problem)

Numerical uploaded with separate file
(Related to Magnetic materials problems) 
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