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Introduction

A very large number of modern devices depend upon

magnetic properties of materials for their working. For example,

the speakers, electrical power generators, electrical machines,

transformers, television, data storage devices like magnetic tapes

and disks, magnetic compass etc.

MRI (Magnetic Resonance Imaging) scan is an

important non-invasive diagnostic tool used in the

medical field.

An understanding the origin of magnetism and the

behaviour of magnetic materials will be helpful not only in the

selection of suitable materials for a particular application but

also in proper utilization of such devices.

Further, it is highly useful in designing new applications

of these materials.

3.1 MAGNETISM IN MATERIALS

It arises from the magnetic moment or magnetic dipole of

the magnetic materials. When an electron revolves around the

positive nucleus, orbital magnetic moment arises. Similarly when

the electron spins, spin magnetic moment arises.
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Materials which can be magnetised by an external

magnetic field are called magnetic materials. 

The space around the magnet or the current

carrying conductor where the magnetic effect is felt is

called magnetic field.

Magnetic line of force is a continuous curve in a

magnetic field as shown in fig. 3.1. The tangent at any point

of this curve gives the direction of resultant intensity at that point.

Fig. 3.1 Magnetic field

All the molecules of a material contain electrons rotating

around the nucleus. These orbits are equivalent to circulating

currents. So they produce a magnetic motive force (m.m.f). m.m.f.

is a force which produces the magnetic effect.

In most of the molecules, each m.m.f due to an individual

orbit is neutralised by an opposite one. But, in the magnetic

materials like iron and steel, there are number of unneutralised

orbits. Then, the resultant axis of m.m.f produces a magnetic
dipole.

In unmagnetised specimens, the molecular m.m.f axes lie

along continuous closed paths. Therefore, no external magnetic

effect can be found.

In magnetic specimens, the magnetic dipoles will line up

parallel with the exciting m.m.f.

When the exciting m.m.f. is removed, the magnetic dipoles

may remain aligned in the direction of the external field. Thus,

it produces permanent magnetism.
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Basic Definitions

To understand the magnetic properties of materials in

detail, we must study the basic terms and definitions involved

in magnetism.

Magnetic flux 

Total number of magnetic lines of force passing

through a surface is known as magnetic flux.

It is represented by symbol  and its unit is weber (Wb).

3.2 MAGNETIC FLUX DENSITY (or) MAGNETIC

INDUCTION B 

Magnetic flux density at any point in a magnetic

field is defined as the magnetic flux  passing normally

through unit area of cross section  A  at that point.

It is denoted by the symbol ‘B’ and its unit is

weber  metre
2
 Wb / m

2 or tesla  T .

Magnetic flux density is given by

     B    

A

        weber / metre
2
 or tesla T. 

It is also called magnetic induction

3.3 INTENSITY OF MAGNETISATION I 

The term magnetisation means the process of

converting a non - magnetic material into a magnetic

material.

When an external magnetic field is applied to the metals

such as iron, steel, some alloys etc, they are magnetised to

different degrees.
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The intensity of magnetisation I is the measure of

magnetisation of magnetised specimen.

It is defined as the magnetic moment per unit

volume of the material. 

         i.e.,   I    
M
V

     weber / metre
2
 

where M  Magnetic moment of the substance 

V  Volume of the specimen

3.4 MAGNETIC FIELD INTENSITY (or) STRENGTH H

Magnetic field intensity at any point in a magnetic field

is the force experienced by a unit north pole placed at that point.

It is denoted by ‘H’ and its unit is newton per weber

N / Wb or ampere turns per metre A / m.

3.5 MAGNETIC PERMEABILITY 

Magnetic permeability of a substance measures the degree

to which the magnetic field can penetrate through the substance.

It is found that magnetic flux density B is directly

proportional to the magnetic field strength H

B    H

B     H

where  is a constant of proportionality.

It is known as permeability or absolute permeability of the

medium

    
B
H
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Thus, the permeability of a substance is the ratio of

magnetic flux density  B  inside the substance to magnetic field

intensity  H .

Absolute permeability of a medium or a material is

also defined as the product of permeability of a free space

 o  and the relative permeability of the medium  r  

i.e.,      o    r

Unit of permeability is henry / m (or) H / m

Relative Permeability r of a Medium

Relative permeability of a medium is defined as the

ratio between absolute permeability of a medium    to

permeability of a free space  o 

r    

o

 

Thus, the relative permeability is purely a number and it

has no unit. For air and non - magnetic material, its value is ‘1’.

3.6 MAGNETIC SUSCEPTIBILITY   

Magnetic susceptibility    of a specimen is a

measure of how easily a specimen can be magnetised in

a magnetic field.

It is defined as the intensity of magnetisation

produced in the substance per unit magnetic field

strength  H .

    
I
H
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It is a dimensionless quantity because both I and H have

same units.

Magnetic induction in a given magnetic material for the

applied field strength ‘H’ is given by

          B    
o
  H  I 

B   
o
H 




 1  

I

H
 




B

H
  

o
 1         ...(1)      

...  
I

H
          

But, we know that

B

H
        

o
 r ...(2)      

 . . .   o r       

From the eqns (1) and (2), we have

o r  o 1   

r    1  

    r  1

3.7 MICROSCOPIC CLASSIFICATION OF MAGNETIC

MATERIALS

Magnetic materials are classified into two categories based

on existence of dipole moment and the response of magnetic

material to external magnetic fields namely,

(i) Diamagnetic materials - no permanent magnetic moment.

(ii) Paramagnetic, ferromagnetic, antiferromagnetic

and ferrimagnetic materials - having permanent

magnetic moment.
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Generally, diamagnetic and paramagnetic materials are

known as non-magnetic materials, due to poor response to an

external magnetic field.

The ferromagnetic, antiferromagnetic and ferrimagnetic

materials are known as magnetic materials. These materials

strongly respond to an external magnetic field.

Diamagnetism

Diamagnetism is exhibited by all the materials.

The atoms in diamagnetic materials do not possess

permanent magnetic moments.

However, when the diamagnetic material is placed in an

external magnetic field, the electrons in the atomic orbits tend

to counteract the external magnetic field. Hence, the atoms

acquire an induced magnetic moment.

As a result, the material becomes magnetised.

The direction of the induced dipole moment is opposite to that

of externally applied magnetic field.

Due to this effect, the material is very weakly repelled in

magnetic field. This phenomenon is known as diamagnetism.
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We can understand diamagnetism by the schematic

illustration in fig 3.2 (a) and (b).

When the magnetic field H is zero, the atoms possess zero

magnetic moment (fig 3.2 (a)).

When a magnetic field Ho is applied in the direction shown

(fig 3.2 (b)), the atoms acquire an induced magnetic moment in

the direction opposite to that of the magnetic field.

Fig. 3.2

The strength of the induced magnetic moment is proportional

to the applied field and hence the magnetisation of the material

varies directly with the strength of the magnetic field.

The induced dipoles and magnetization vanish as soon as

the applied magnetic field is removed.

The susceptibility of the diamagnetic material is negative.

Due to this, the material is weakly repelled in the magnetic field.

Diamagnetic materials

The materials which exhibit diamagnetism are called

diamagnetic materials.

(a) Diamagnetic material. The atoms do not possess magnetic

moment.

(b) When a magnetic field Ho is applied, the atoms acquire

induced magnetic moment in the direction opposite to the

applied field resulting in negative susceptibility
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Properties

(i) The diamagnetic materials repel the magnetic lines of

force. The behaviour of a perfect diamagnetic materials

in the presence of the magnetic field is shown in

fig. 3.3. 

(ii) There is no permanent dipole moment. Therefore, the

magnetic effects are very small in these materials.

(iii) The magnetic susceptibility is negative and it does not

depend on temperature and applied magnetic field

strength.

Example: Gold, germanium and silicon.

Paramagnetism

In certain materials, each atom or molecule possesses a net

permanent magnetic moment (due to orbital and spin magnetic

moments) even in the absence of an external magnetic field.

The magnetic moments are randomly oriented in the

absence of an external magnetic field as shown in fig. 3.4(a).

This makes the net magnetic moment zero and hence the

magnetisation of the material is zero.

But, when an external magnetic field is applied, the

magnetic dipoles tend to align themselves in the direction of

the magnetic field as shown in fig. 3.4(b) and the material

becomes magnetized.

Fig. 3.3 Behaviour of diamagnetic material
in a magnetic field
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This effect is known as paramagnetism.

With an increase in temperature, increase in thermal

agitation disturbs the alignment of the magnetic moments.

It tends to randomize the dipole direction thus leading to

decrease in magnetization.

This indicates that the paramagnetic susceptibility

decreases with increase in temperature. It is noted that the

paramagnetic susceptibility varies inversely with temperature.

    
1

T

    
C
T

Fig. 3.4 Paramagnetic material.

(a) Each atom possesses a permanent magnetic moment.
When  H = 0, all the magnetic moments are randomly
oriented so M = 0.

(b) When a magnetic field H
0
 is applied, the magnetic

moments tend to orient themselves in the direction of
the field, resulting in positive susceptibilty
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This is known as the Curie’s law of paramagnetism.

C is a constant which is called as Curie’s constant.

Paramagnetic materials

The magnetic materials which exhibit paramagnetism

are called as paramagnetic material.

Properties

(i) The paramagnetic materials attract the magnetic lines

of force.

(ii) They possess permanent dipole moments.

(iii) The value of susceptibility is positive and it depends

on temperature. It is given by

    
C

T  

(iv) The spin alignment is shown in fig 3.5.

Fig 3.5 Dipole alignment for paramagnetic materials

Example: Manganous sulphate, ferric oxide,

        ferrous sulphate and nickel sulphate

3.8 FERROMAGNETISM

Certain metals like iron (Fe), cobalt (Co), nickel (Ni) and

certain alloys exhibit high degree of magnetisation.

These materials show the spontaneous magnetization

i.e., they have magnetisation (atomic magnetic moments are

aligned) even in the absence of an external magnetic field.

This indicates that there is a strong internal field within

the material which makes the atomic magnetic moments align

with each other.

This phenomenon is known as ferromagnetism.
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3.9 ORIGIN OF FERROMAGNETISM AND EXCHANGE

INTERACTION

The ferromagnetic property is exhibited by transition elements

such as iron, cobalt, and nickel at room temperature and rare earth

elements like gadolinium and dysprosium.

The ferromagnetic materials possess parallel alignment of

dipoles. This parallel alignment of dipoles is not due to the

magnetic force existing between any two dipoles. The reason is

that the magnetic potential energy is very small and it is smaller

than thermal energy.

The electronic configuration of iron is 1s
2
, 2s

2
, 2p

6
, 3s

2
,

3p
6
, 3d

6
, 4s

2
. For iron, the 3d subshell is an unfilled one. This

3d subshell have five orbitals.

For iron, the six electrons present in the 3d subshell occupy

the orbitals such that there are four unpaired electrons and two

paired electrons as shown in figure 3.5.

These four unpaired electrons contribute a magnetic

moment of 4. This arrangement shows the parallel alignment

of four unpaired electrons.

Fig. 3.5 Orientation of electrons spins
in 3d subshell in iron atom

The parallel alignment of dipoles in iron is not due to the

magnetic interaction. It is due to the Pauli’s exclusion principle

and electrostatic interaction energy.

The Pauli’s exclusion principle and electrostatic

interaction energy are combined together and constitute

a new kind of interaction known as exchange interaction.

The exchange interaction is a quantum mechanical

concept.
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The exchange interaction between any two atoms depends

upon the interatomic separation between the two interacting

atoms and the relative spins of the two outer electrons. The

exchange interaction between any two atoms is given by

Eex   Je S1
 S

2

where Je is the numerical value of the exchange integral,

S
1
 and S

2
 are the spin angular momenta of the first and second

electrons.

The exchage integral value is negative for a number of

elements. Therefore, the exchange energy value is negative

(minimum energy configuration) when the spin angular

momentum S
1
 and S

2
 are opposite direction.

Hence, antiparallel alignment of dipole is favoured. This

explains the antiparallel alignment of dipoles in

antiferromagnetic materials.

In some materials like iron, cobalt and nickel the exchange

integral value is positive. The exchange energy is negative when

the spin angular momentum is in the same direction. This will

produce a parallel alignment of dipoles.

A plot between the exchange integral and the ratio of the

interatomic separation to the radius of 3d orbital r/rd is shown

in figure 3.6.

Fig. 3.6 Exchange integral as a function of 
r
rd
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For the transition metals like iron, cobalt, nickel and

gadolinium the exchange integral is positive, whereas for

manganese and chromium the exchange integral is negative.

The positive value of the exchange integral represents the

material is ferromagnetic and the negative exchange integral

value represents the material is antiferromagnetic.

In general, if the ratio, r/rd  3, the material is

ferromagnetic, otherwise the material is antiferromagnetic. It

should be noted that manganese is suitably alloyed so that

r/rd  3, then it will become ferromagnetic.

3.10 SATURATION MAGNETIZATION AND CURIE

TEMPERATURE

Definition

The maximum magnetization in a ferromagnet when

all the atomic magnetic moments are aligned is called the

saturation magnetization M
sat

.

When temperature is increased, lattice vibrations become

more energetic which leads to a disruption of the alignments of

the spins. The spins cannot align perfectly with each other.

The lattice vibration may be sufficient to disorientate the

spin of the atom.

The ferromagnetic behaviour disappears at a critical

temperature called the Curie temperature, denoted by TC. At

this temperature the thermal energy of lattice vibrations in the

crystal can overcome the potential energy of the exchange

interaction and hence destroy the spin alignments.

Above the Curie temperature, the ferromagnetic materials

behaves like paramagnetic.
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The saturation magnetization M
sat

 therefore decreases from

its maximum value M
sat

 0 at absolute zero temperature to zero

at the Curie temperature.

Figure 3.7 shows the dependence of M
sat

 on the

temperature when M
sat

 is normalized to M
sat

 0 and temperature

is the reduced temperature, that is T/TC. at

T/TC  1, M
sat

  0.

Fig. 3.7    Normalized saturated magnetization versus reduced
         temperature T / TC where TC is Curie temperature  

   (1043 K).                                 

Since at the Curie temperature, the thermal energy kTC,

is sufficient to overcome the exchange energy Eex then

Eex  k Tc

The magnetic susceptibility of ferromagnetic materials is

very large.

The Curie temperature Tc depends on the substance and

it is well above the room temperature.
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The susceptibility of ferromagnetic material is given by

Curie-Weiss law:

Magnetic susceptibility,    
C

T  Tc

Where C is the Curie constant.

Table 3.1 gives Tc values along with the saturation

magnetization for certain ferromagnetic substances.

Table 3.1

Curie temperature Tc and saturation magnetization

Ms at 300 K for ferromagnetic substances

Substance
Tc

 K 

Ms

  105 JT 1 m 3

o Ms

 T 

Iron 1043 17.1 2.15

Cobalt 1388 14.0 1.76

Nickel 627 4.85 0.61

Gadolinium* 292 20.6 2.60

CrO
2

386 5.18 0.65

*For Gd, the Ms value is at 0 K.

3.11 DOMAIN THEORY OF FERROMAGNETISM

Weiss proposed the concept of domains in order to explain

the properties of ferromagnetic materials.

Principle

The group of atomic dipoles (atoms with permanent

magnetic moment) organised in tiny bounded regions in

the ferromagnetic materials are called magnetic domains.

Explanation

Ferromagnetic material contains a large number of

domains. In each domain, the magnetic moments of the atoms

are aligned in same direction.
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Thus, the domain is a region of the ferromagnetic material

in which all the magnetic moments are aligned to produce a

net magnetic moment in one direction only. Thus, it behaves

like a magnet with its own magnetic moment and axis.

In a demagnetized ferromagnetic material, the domains are

randomly oriented as shown in fig.3.8 (a) so that the

magnetization of the material as a whole is zero.

The boundaries separating the domains are called domain
walls. These domain walls are analogous to the grain

boundaries in a poly crystalline material.

However, the domain walls are thicker than the grain

boundaries. Like grain growth, the domain size can also grow
due to the movement of domain walls.

When a magnetic field is applied externally to a

ferromagnetic material, the domains align themselves with field

as shown in fig.3.9(b).

(a) (b) 
Fig. 3.8

(a) Schematic illustration of magnetic domains in a

demagnetised ferromagnetic material. In each domain the
magnetic dipoles are aligned but the domains are aligned
at random so that the net magnetization is zero.

(b) Domain configuration in a magnetized body. The magnetic

moments of domains are aligned resulting in strong net
magnetization.
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This results in a large net magnetization of the material.

Note: The domain walls are also known as Bloch walls.

Process of Domain Magnetisation

We know that in an unmagnetised specimen, the domains

are randomly oriented and the net magnetization is zero.

When the external magnetic field is applied, domains align

with the direction of field resulting in large net magnetisation

of a material.

There are two possible ways in which the domains are

aligned in the external field direction.

(a) By the motion of domain walls

Fig. 3.9 (a) shows an unmagnetised specimen in which

domains are randomly aligned.

When a small magnetic field is applied, the domains with

magnetisation direction parallel or nearly parallel to the field,

grow at the expense of others as shown in fig.3.9 (b).

This domain growth occurs due to the movement of domain

walls away from the minimum energy state.

Fig. 3.9
(a) Random domain alignment 
(b) Domain wall movement         
(c) Domain rotation.                
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(b) By rotation of domains

As the magnetic field is increased to a large value (i.e.,

near saturation) further domain growth becomes impossible

through domain wall movement.

Therefore, most favourably oriented and fully grown

domains tend to rotate so as to be in complete alignment with

the field direction, as shown in fig. 3.9(c)

Origin of domains

We know that according to thermodynamics, the free

energy of a solid tends to reach a minimum. It is found that

the domain structure occurs in order to minimise the total

energy of ferromagnetic solid.

Types of Energy involved in the process of domain

growth

To study the domain structure clearly, we must know four

types of energy involved in the process of domain growth. They

are

(i) Exchange energy

(ii) Magnetostatic energy

(iii) Crystal anisotropy energy

(iv) Magnetostrictive energy

(i) Exchange energy

It is the energy associated with the quantum mechanical

coupling that aligns the individual atomic dipoles within a single

domain. It arises from interaction of electron spins. It depends

upon the interatomic distance.

Fig 3.10 (a) shows a cross section through ferromagnetic

crystal having a single domain structure established by exchange

energy with a saturation.
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(ii) Magnetostatic energy

Magnetostatic energy or magnetic potential energy is the

energy present in any ferromagnetic materials when that

material produces an external field.

This is due to the presence of resultant dipole moment in

that material even in the absence of external magnetic field.

The magnetic energy of the specimen can be reduced by

dividing the single domain into two domains as shown in

fig. 3.10 (b). 

Further subdivision into N domains (fig. 3.10c), reduces the

magnetic energy to 1 / N of the magnetic energy of the material

with single domain.

A domain structure shown in fig 3.10 (d) and (e) have zero

magnetic energies due to the introduction of triangular domains

at the top and bottom of the crystal. These triangular domains

are called closure domains.

(iii) Crystal anisotropy energy

It is the energy of magnetisation which is the function of

crystal orientation.

Fig. 3.10 Origin of domains
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In fig. 3.11, magnetisation curves for iron with applied field

along different crystallographic directions have been drawn.

It is obvious from the figure 3.11 that much greater fields

are needed to produce magnetic saturation in [1 1 1] direction

as compared to the field required in [1 0 0] direction.

The difference in magnetic energy to produce saturation in

an easy [1 0 0] direction and hard [1 1 1] direction is called

crystal anisotropic energy.

(iv) Magnetostrictive energy

When a material is magnetised, it is found that it suffers

a change in dimensions. This phenomenon is known as

magnetostriction.

This deformation is different along different crystal directions.

So if the domains are magnetised in different directions,

they will either expand or shrink. This means that work must

be done against the elastic restoring forces.

The workdone by the magnetic field against these elastic

restoring forces is called the magneto - elastic energy or

magnetostrictive energy.

Ferromagnetic materials

The materials which exhibit the ferromagnetism are

called ferromagnetic materials.

Fig. 3.11 Hard and easy directions for magnetisation
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Properties

 All the dipoles are aligned parallel to each other due to

the magnetic interaction between the dipoles.

 They have permanent dipole moment. They are

strongly attracted by the magnetic field.

 They exhibit magnetisation even in the absence of

magnetic field. This property of ferromagnetic materials

is called as spontaneous magnetisation. 

 They exhibit hysteresis (lagging of magnetisation with

applied magnetic field).

 On heating, they lose their magnetisation slowly.

 The dipole alignment is as shown in fig. 3.12

Fig. 3.12 Dipole alignment for ferromagnetic materials 

 The magnetic susceptibility is very high and it depends

on temperature.

It is given by

       
C

T  
 (for T    , paramagnetic behaviour

           T    , ferromagnetic behaviour)

where C is Curie constant and  ferromagnetic Curie temperature.

Antiferromagnetism

Antiferromagnetic materials are magnetic materials

which exhibit a small positive susceptibility of the order

of 10
 3

 to 10
 5

.
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Table 3.2

Comparison of Dia, Para and Ferro-magnetic Materials

S.No.
Dia-magnetic

material

Para-magnetic

material

Ferro-magnetic

material

1. In diamagnetic
material, there
are equal number
of electron spins
which are
randomly oriented
and hence the net
magnetic moment
of atom is zero.

In paramagnetic
material, there
are unequal
number of
electron spins and
hence there exists
a permanent
magnetic moment.

In Ferromagnetic,
there are large
number of
unequal electron
spins and hence
there exists
enormous amount
of permanent
magnetic moment.

2. When the
material is placed
in the magnetic
field, the
magnetic flux
lines are repelled
away from the
material.

When the
material is placed
in the magnetic
field the magnetic
flux lines passes
through the
material.

When the
material is placed
in the magnetic
field the magnetic
flux lines are
highly attracted
towards material.

3. The susceptibility
is negative

   ve

The susceptibility
is positive and

small    ve

The susceptibility
is positive and

large    ve

4. The susceptibility
is independent of
temperature.

The susceptibility
varies inversely
with the absolute
temperature.

The susceptibility
depends upon the
temperature.

5. Permeability is
less than 1.

Permeability is
greater than 1.

Permeability is
very much greater
than 1.

6. Examples:
Gold, antimony,
bismuth, water,
hydrogen, alcohol,
germanium,
silicon.

Examples:
Platinum, copper
sulphate,
chromium,
aluminium,
manganese
sulphate.

Examples:
Iron, nickel,
cobalt, steel, etc.
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The variation of susceptibility with temperature shows a

peculiar pattern in these materials. The susceptibility increases

with increasing temperature and it reaches a maximum at a

certain temperature called Neel temperature, TN  (Fig. 3.13 (a)).

With further increase in temperature, the material reaches

paramagnetic state. The material is antiferromagnetic below

TN. The transition temperature TN lies far below the room

temperature for most of the materials.

In the paramagnetic state, the variation of inverse

susceptibility 1/ with temperature is linear, as shown in

fig. 3.13(b).

The extrapolation of the paramagnetic line in fig. 3.13(b)

to 1/  0 yields a negative . Therefore, the variation of

susceptibility with temperature obeys modified Curie - Weiss law.

a.f      
C

T   
      

C

T  
              when      T  TN

where  is called paramagnetic Curie temperature and

C is Curie constant.

Fig. 3.13

(a) Variation of susceptibility of an antiferromagnetic
material crystal as a function of temperature (T)

(b) The reciprocal of susceptibility of an antiferromagnetic
material versus temperature
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In antiferromagnetism, the magnetic moments of sub lattices

in crystal cell are equal in magnitude but opposite in direction,

so they cancel out each other. This gives net zero magnetization.

Antiferromagnetic materials

     Magnetic materials exhibit antiferromagnetism are called as

antiferromagnetic materials.

The elements manganese and chromium exhibit

antiferromagnetism at room temperature. Most of the

antiferromagnetic materials are ionic compounds.

MnO, MnS, Cr
2
O

3
, NiCr are some of the compounds which

exhibit antiferromagnetism.

Properties of antiferromagnetic materials

(i) The adjacent magnetic dipoles are aligned antiparallel.

(fig 3.14)

(ii) Antiferromagnetic susceptibility mainly depends on

temperature.

(iii) The magnetic susceptibility of the antiferromagnetic

material is small and positive. It is given by

                 
C

T  
           when    T  TN

       where TN  Neel temperature.

                  T                when    T  TN

(iv) The magnetic susceptibility initially increases slightly

with temperature and beyond Neel temperature, it

decreases with temperature.

Fig. 3.14 Dipole alignment in antiferromagnetic material
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Ferrimagnetism

There are some magnetic materials in which the magnetic

moments of two sub lattices are opposite in direction but not

exactly equal in magnitude (because of two different types of

ions in the lattices).

Such crystals possess spontaneous magnetization and

exhibit most of the properties of ferromagnetic materials. This

uncompensated antiferromagnetism is known as ferrimagnetism.

Ferrimagnetic materials or Ferrites

Materials exhibit ferrimagnetism are called ferrimagnetic

materials or ferrites.

Properties of ferrites

 Ferrites has net magnetic moment.

 Above Curie temperature, it becomes para - magnetic

and it behaves as ferrimagnetic material below Curie

temperature.

 The susceptibility of ferrite is very large and positive. It

depends on temperature. It is given by

    
C

T  
    for   T      TN

 Spin alignment is antiparallel of different magnitudes as

shown in fig. 3.15.

 Mechanically, it has pure iron character.

 They have high permeability and high resistivity

 They have low eddy current loss and low hysteresis loss.

Fig. 3.15 Spin alignment of ferrites
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Applications of ferrites

 Hard magnetic ferrites are used in the manufacture of

permanent magnets.

 Such magnets are used in super-high frequency

technology.

 Soft magnetic ferrites are used in the production of cores

for inductor coils used in telecommunication and

low-power transformers.

 Ferrites are used in magnetic films in which

demagnetization process occurs at the speed exceeding

million times/second. This technology is important for

electronics, automobiles and computer hardware

engineering.

 Ferrites are used in information storage devices such as

magnetic discs and tapes. 

 Ferrite rods are used to produce ultrasonics by

magnetostriction principle.

 Ferrite rods are used in radio receiver to increase

sensitivity and selectivity.

 Since the ferrite has low hysteresis loss and eddy current

loss, it is used in two port microwave devices such as

gyrator, circulator and isolator.

3.12 TYPES OF MAGNETIC MATERIALS

Magnetic materials also are classified into two types based

on magnetisation

(i) Soft magnetic materials

(ii) Hard magnetic materials
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Soft magnetic materials

Definition

Materials which are easy to magnetise and
demagnetise are called soft magnetic materials.

These magnetic materials do not retain the alignment of

magnetic domains after the removal of the external magnetic field.

Properties of soft magnetic materials

 The soft magnetic materials can be magnetised and

demagnetised easily.

 They have high permeability.

 They have low residual magnetism.

 They have low coercivity.

 They exhibit low hysteresis loss. (fig. 3.16).

 The magnetic energy stored is low.

Fig. 3.16 Hysteresis loop for soft magnetic materials
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Examples of soft magnetic materials

 Pure or ingot iron

 Cast iron (carbon above 2.5 %)

 Carbon steel

 Silicon steel (little addition of silicon to steel)

 Manganese and nickel steel (addition of manganese

and nickel to steel)

 Permalloy: (nickel iron alloy contains Ni - 78.15%, Fe -

21% and small quantities of Cr, Co, Cu, and Mn)

 Mumetal: (nickel iron alloy Ni - 75.4%, Cu - 4%, Cr -

1.5% and the remaining iron)

 Perminar (Cobalt  -  nickel - iron alloys as Ni - 50%, Co

- 25% Fe - 25%)

 Soft ferrites

Applications of soft magnetic materials

 Cast iron is used in the structure of electrical machinery

and the frame work of D.C machine.

 Carbon steel has high mechanical strength is used in

making motor of turbo alternators

 Silicon steel is used for the construction of poles of

motor and dynamo and core plates of transformer.

 Manganese and nickel steel is used for making-cable

boxes, meter cases and end rings of turbo-alternators.

 Permalloy is used as thin tape wrapped around the

conductors of loaded submarine cables.

 Mumetal is used for making cores of transformers.

 Perminar is used in armatures of motors, transformer

cores etc.
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Hard Magnetic Materials

Definition

Materials which retain their magnetism and are

difficult to demagnetise are called hard magnetic materials.

These magnetic materials retain the alignment of the

magnetic domains permanently even after the removal of

external magnetic field.

Properties

 The hand magnetic materials have low permeability and

strongly repel the magnetic field.

 They have high retentivity and coercivity.

 They require high magnetising force to attain magnetic

saturation.

 They have large hysteresis loop area and large energy

loss (fig. 3.17).

 The value of B - H product is high.

Examples of Hard magnetic materials

 Tungsten steel: It contains 4.5 to 6% tungsten, 0.5 to

0.7% carbon and the remaining is iron.

Fig. 3.17 Hysteresis loop for hard magnetic materials
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 Cobalt steel: It contains 34% cobalt, 5% chromium, 3.5

to 6% tungsten and remaining is iron.

 Alini: It contains 10 - 15% aluminium,

25 - 30% nickel and 65 - 75% iron.

 Alnico: It contains 18% nickel, 10% aluminium, 5%

copper, 15% cobalt and remaining is iron.

 Cunife: It contains 50% copper, 30% nickel and 20% iron.

 Hypernic: It contains 50% nickel and 50% iron.

Applications of hard magnetic materials

 Tungsten steel is used in making permanent magnets

for dynamos and motors.

 Cobalt steel is used in motors, fans and heavy duty

instruments.

 Alini is used in the design of portable and light weight

instruments.

 Alnico is used for the production of permanent magnets

in smaller size.

 Cunife is useful in producing small size magnets.

Energy Product

The product of retentivity Br and coercivity Hc is known

as energy product. It represents the maximum amount of energy

stored in the specimen.

Therefore, for permanent magnets the value of energy

product should be very high as shown in fig. 3.18.

Fig. 3.18
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Table 3.3

Differences between Soft and Hard magnetic materials

Soft magnetic materials Hard magnetic materials

1. They can be easily magnetised
and demagnestised.

They cannot be easily
magnetised and demagnetised.

2. They have high 
permeability.

They have low permeability.

3. Magnetic energy stored is
low.

Magnetic energy stored is
high.

4. Low hysteresis losses due to
small hysteresis loop area.

Large hysteresis losses due to
large hysteresis loop area.

5. Coercivity and retentivity are
small.

Coercivity and retentivity are
large.

6. The eddy current loss is
small due to its high
resistivity.

The eddy current loss is more
due to its small resistivity.

7. The domain walls are easy to
move.

The domain walls are hard to
move.

8. Examples: Iron silicon alloy,
Nickel iron alloy, silicon
steels and ferrites.

Examples: Tungsten steel,
Cobalt steel, Alini, Alnico
and Cunife.

9. They are used in temporary
magnets electric motor,
generators, transformers,
relays, telephone receivers,
radar and Sonar equipments.

They are used in permanent
magnets loud speakers and
electrical measuring
instruments.
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ANNA UNIVERSITY SOLVED PROBLEMS

Problem 3.1

The magnetic field strength of copper is 10
6

ampere / metre. If the magnetic susceptibility of copper

is  0.8  10
 5

, calculate the magnetic flux density and

magnentisation in copper.              (A.U. May 2014)

Given data

Magnetic field strength H  10
6
 Am

 1
 

Magnetic susceptibility of copper    0.8  10
 5

Solution

We know that       
I
H

 

I     H

   0.8    10
 5

    10
6

Magnetisation in copper I   8 Am
 1

        r    1       1     0.8    10
 5

   1    0.8    10
 5

r    0.999

     H

     r o H

     0.999    4    10
 7

  10
6

B     0.999    4    3.14  10
 7

  10
6

Magnetic flux density B  1.26 wb m
 2
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Problem 3.2

A magnetic field of 1800 ampere / metre produces a

magnetic flux of 3  10
 5

 weber in an iron bar of cross

sectional area 0.2 cm
2
. Calculate magnetic permeability.

                                (A.U. May 2015)

Given data

Magnetizing field H    1800 Am
 1

Magnetic flux     3    10
 5

 weber

Area of cross section A    0.2 cm
2
    0.2    10

 4
 m

2

Solution

    Magnetic flux density B    

A

Substituting the given values, we have

              B   
3    10

 5

0.2    10
 4

B    1.5 weber / metre
2

   Magnetic permeability ‘’    
B
H

    
1.5

1800

Magnetic permeability     8.333    10
 4

 Hm
 1
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Problem 3.3

The saturation magnetic induction of nickel is 0.65

weber / metre
2
. If the density of nickel is 8906 kg / m

3
 and

atomic weight is 58.7, calculate the magnetic moment of

the nickel atom in Bohr magneton.        (A.U. Dec 2016)

Given data

Magnetic induction of nickel B    0.65 wb m
 2

 Density of Nickel       8906 kg m
 3

      Atomic weight M    58.7

o  4  10
 7

 Hm
 1

          Avagadro’s number N  6.023  10
26
 

Solution

      We know that  B    N o m

N    
 N
M

N is the number of atoms per unit volume (atoms / m
3
) 

Substituting the given values, we have

       N    
8906    6.023    10

26

58.7

     N    9.14    10
28

 atoms / m
3

        m    
B

No
[ 

.
 . 

.
 B  N o m ]
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m    
0.65

9.14    10
28

    4    10
 7

m    5.66    10
 24

 Am
2

    We know that 1 Bohr magneton 

          9.27    10
 24

 Am
2

      m    
5.66    10

 24

9.27    10
 24

      m    0.61 Bohr magneton.

Problem 3.4

A paramagnetic material has bcc structure with a cube

edge of 2.5 Å. If the saturation value of magnetisation

is 1.8    10
6
 ampere / metre. Calculate the average

magnetisation contributed per atom in Bohr magneton.

                                (A.U. Dec. 2016)

Given data

Interatomic distance a  2.5 Å       2.5    10
 10

 m

Magnetisation M  1.8    10
6
 Am

 1

Electronic charge ‘e’  1.6    10
 19

 coulomb

Planck’s constant h  6.625    10
 34

 Js
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Solution

Number of atoms per unit volume

       
No. of atoms in an unit cell

volume of the unit cell a3

        
2

2.5    10
 103

     1.28    10
29

 m
3

Total magnetisation M    1.8    10
6
 Am

 1

Average magnetisation produced per atom

       
1.8    10

6

1.28    10
29

    1.406    10
 23

 Am
 1

  Bohr magneton B    
eh

4m

B    
1.6    10

 19
    6.625    10

 34

4    3.14    9.1    10
 31

  9.27    10
 24

 Am
 2

 

 

Average magnetisation 

produced per atom

in Bohr magneton

 










    

1.4065    10
 23

9.27    10
 24

    1.52 Bohr magneton
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Part - A ‘2’ Marks Q & A

ANNA UNIVERSITY Q&A

 1. On the basis of spin how the materials are classified

as para, ferro, antiferro and ferri magnetic.

(A.U. May 2012)

 Paramagnetic materials have few unpaired electron spins

of equal magnitudes.

 Ferro magnetic materials have many unpaired electron

spins with equal magnitudes.

 Anti ferro magnetic materials have equal magnitude of

spins but in antiparallel manner.

 Ferrimagnetic materials have spins in antiparallel

manner but with unequal magnitudes.

 2. What is Curie constant? or What is Curie law?

(A.U. May 2008)

It is found that susceptibility   is inversely proportional

to the temperature T

    
1

T

    
C
T

where C is constant and it is known as Curie constant. This

relation is known as Curie law.

 3. State Curie - Weiss law and its importance.

(A.U. May 2010)

Curie - Weiss law is given by

x    
C

T  
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         where C   Curie constant

               T   Absolute temperature

                 Curie temperature

Importance: It determines the susceptibility of the magnetic

materials in terms of temperatures ie., If the temperature is

less than curie temperature, a paramagnetic material becomes

diamagnetic.

If the temperature is greater than Curie Temperature, a

ferromagnetic material becomes paramagnetic material.

 4. What is ferromagnetism? (A.U. May 2010)

Certain materials like Iron (Fe), Cobalt (Co), Nickel (Ni)

and certain alloys exhibit spontaneous magnetization i.e., they

have a small amount of magnetisation (atomic moments are

aligned) even in the absence of an external magnetic field.

This phenomenon is known as ferromagnetism.

 5. What are ferromagnetic materials?  (A.U. Jan 2008)

The materials which exhibit ferromagnetism are called as

ferromagnetic materials.

 6. What are the properties of ferromagnetic materials?

(A.U. June 2011)

 All the dipoles are aligned parallel to each other due to

the magnetic interaction between any two dipoles.

 They have permanent dipole moment. They attract the

magnetic field strongly.

 They exhibit magnetisation even in the absence of

magnetic field. This property of ferromagnetic materials

is called as spontaneous magnetisation.
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 7. What is domain theory of ferromagnetism?

(A.U. Dec 2009, Jan 2012)

According to domain theory, a specimen of ferromagnetic

material consists of a number of regions or domains which are

spontaneously magnetized due to parallel alignment of all

magnetic dipoles. The direction of spontaneous magnetisation

varies from domain to domain.

 8. Mention the energies involved in origin of domains

in ferromagnetic material. (A.U. June 2009, May 2011)

(i) Magnetostatic energy (ii) Crystalline energy

(iii) Domain wall energy (iv) Magnetostriction energy.

 9. What is antiferromagnetism? (A.U. June 2010, Jan 2013)

In anti-ferromagnetism, electron spin of neighbouring

atoms are aligned antiparallel. Anti-ferromagnetic susceptibility

is small and positive and it depends greatly on temperature.

10. State the applications of ferrites. (A.U. Dec. 2011)

 They are used in transformer cores for high frequencies

upto microwaves.

 They are used in radio receivers to increase the

sensitivity and selectivity of the receiver.

 Ferrites are used in digital computers and data processing

circuits as magnetic storage elements.

 They are used as an isolator, gyrator and circulator

which are used in microwave devices.

11. What are soft - magnetic materials? (A.U. Dec 2009)

Materials which are easy to magnetise and demagnetise

are called soft magnetic materials.
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12. State the properties of soft magnetic material.

(A.U. Dec 2010)

 They have high permeability.

 They have low coercive force.

 They have low hysteresis loss.

13. Mention few soft magnetic materials and their

applications. (A.U. Jan 2012)

Soft magnetic materials:

(i) Pure or ingot iron

(ii) Cast iron (carbon above 2.5%)

(iii) Carbon steel

Applications:

 Cast iron is used in the structure of electrical machinery

and frame work of d.c.machine.

 Carbon steel has high mechanical strength used in

making motor of turbo alternators.

14. What are hard magnetic materials? (A.U. June 2010)

Materials which retain their magnetism and are difficult

to demagnetise are called hard magnetic materials.

15. State the properties of hard magnetic materials.

(A.U. May 2013)

 They possess high value of B-H product

 They have high retentivity

 They have high coercivity

 They have low permeability.
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16. Mention few hard magnetic materials and their

application. (A.U. May 2008)

 Tungsten steel contains 4.5 to 6% tungsten, 0.5 to 0.7%

carbon and the remaining is iron.

 Cobalt steel contains 34%  cobalt, 5% chromium 3.5 to 6%

tungsten and remaining is iron.

Applications:

 Tungsten steel is used in making permanent magnets

for dynamos, motor. 

 Cobalt steel is used in motor, fans and heavy duty

instruments.

17. Differentiate soft and hard magnetic materials.

(A.U. April 2008, Jan 2009)

S.

No
Soft magnetic materials Hard magnetic materials

1. Magnetic materials can be
easily magnetised and
demagnetised

Magnetic materials cannot be
easily magnetised and
demagnetised.

2. They have high permeability They have low permeability.

3. Magnetic energy stored is
low.

Magnetic energy stored is
high.

4. Low hysteresis loss due to
small hysteresis loop area.

High hysteresis loss due to
large hysteresis loop area.

18. What are ferrimagnetic materials. (A.U. Dec 2011)

Materials which exhibit ferrimagnetism are called

ferrimagnetic materials. They are also known as ferrites.

19. Mention the properties of ferrimagnetic materials.

(A.U. June 2013)

(i) These are the ferromagnetic materials in which equal

number of opposite spins with different magnitudes

such that the orientation of neighbouring spins is in

antiparallel manner.
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(ii) Susceptibility is positive and very large for these

materials.

20. Why ferrites are advantageous for use as transformer

cores?
(A.U. Dec 2010)

Ferrites are used as transformer cores for frequencies upto

microwaves. This is because the eddy current which prevents

the penetration of magnetic flux into the material is very much

less in ferrites than in iron.

21. What is saturation magnetisation?

The maximum magnetisation in a ferromagnet when all

the atomic magnetic moments are aligned is called saturation

magnetization.

ANNA UNIVERSITY SOLVED PROBLEMS

 1. A magnetic field strength of 2  10
5
 amperes / metre

is applied to a paramagnetic material with a

relative permeability of 1.01. Calculate the values

of B and M                      [A.U. May 2015] 

Given data

Magnetic field strength H    2  10
5
  A/m

    Relative permeability r    1.01

Solution

We know that 
M
H

    r  1

M    H r  1
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Substituting the given values, we have

   2    10
5
 1.01    1

M    2    10
3

      B    o M    H

  4    10
 7

 2    10
3
    2    10

5

  4    10
 7

 0.02    10
5
    2    10

5

  4    10
 7

 2.02    10
5

B    0.2537  Wbm
 2

2. Magnetic field intensity of a paramagnetic material

is 10
4
 ampere / metre. At room temperature its

susceptibility is 3.7    10
 3

. Calculate the

magnetization of the material.          [A.U. Dec 2014] 

Given data

Magnetic field intensity H    10
4
  ampere / metre

Susceptibility     3.7    10
 3

Magnetization of the material  ?

Solution

We know that Magnetization    H

Substituting the given values, we have

  3.7    10
 3

    10
4

M    37 ampere / metre
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Part - B ‘16’ Marks Questions

 1. Discuss the domain theory of ferromagnetism.

(A.U. June 2009)

 2. Distinguish between soft and hard magnetic materials.

(A.U Dec. 2009, June 2011)

 3. Describe the ferromagnetic domain theory in detail.

(A.U May 2009)

 4. Explain domain theory of ferromagnetism.

(A.U Dec. 2009, Dec 2012)

 5. Differentiate a soft magnetic material from a hard magnetic

material.

 6. Discuss the origin of ferromagnetism and exchange

interaction.
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Fig 3.2 (a) Electron spins
 around its own axis

Fig. 3.2 (b) Electron spin
 produces magnetic lines

of force            

[
.
 . 
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[
.
 . 

.
  o  4  10

 7
 henry]
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3. (b) Dielectric Properties

of Materials

Dielectric materials: Polarization processes - dielectric

loss - internal field - Clausius - Mosotti relation -

dielectric breakdown - high-k dielectrics.

Introduction

Dielectric materials are electrically non - conducting
materials such as glass, ebonite, mica, rubber, wood and paper.
All the dielectric materials are insulating materials. The
difference between a dielectric and an insulator lies in its
applications.

If the main function of non - conducting materials is to
provide electrical insulation, then they are called as insulators.
On the otherhand, if the main function of non-conducting
materials is to store electrical charges, then they are called as
dielectrics.

Therefore, the study of dielectrics is similar to the

study of insulators.

General properties of Dielectric materials

 Generally, the dielectrics are non - metallic materials of
high resistivity.

 All the electrons in the dielectrics are tightly bound to
their parent nucleus.

 As there are no free electrons to carry the current, the
electrical conductivity of dielectrics is very low.

 They have negative temperature coefficient of resistance
and high insulation resistance.
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 They have a very large energy gap (more than 3 eV)
(fig. 3.19).

Basic Definitions

��������	 
�����

A system consisting of two equal and opposite charges
q,  q separated by a distance  d  is called an electric dipole
(fig. 3.20).

Dipole moment 

The product of the magnitude of the charge q and

distance between two charges  d  is called as dipole moment.

i.e., Dipole moment     qd     

Its unit is coulomb - metre (Cm).

Permittivity 

The permittivity denotes the dielectric property of a

medium. It indicates easily polarisable nature of the material.

Its unit is farad metre
1

.

Fig. 3.19 Energy band for a dielectric material

Fig. 3.20 Electric dipole
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Example:

Permittivity of vacuum or free space,


o
  8.854  10

 12
   F m

1

Dielectric constant r 

Dielectric characteristics of a material is determined by its

dielectric constant. It is a measure of polarisation in dielectrics.

Definition

It is the ratio of absolute permittivity of the medium

 and permittivity of free space  
o
 .

Dielectric constant 
r
      

Absolute Permittivity 
Permittivity of free space 

o


  
r
      



o

  

Since dielectric constant is the ratio of same quantity, it

is a dimensionless quantity and it has no unit.

The value of 
r
  1 for air or vacuum. Dielectric constant

is also called as relative permittivity.

Polarisation

The electrical behaviour of a dielectric material can be

changed by the application of an external electrical field.

When an external electric field is applied to a dielectric,

it exerts a force on both positive and negative-charged particles

of each atom present in the dielectric material.
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The positive charges are pushed in the same direction as
that of the electrical field while negative charges are pushed in
the opposite direction. (fig. 3.21)

Consequently, the centres of positive and negative charges

of each atom are displaced from their equilibrium positions in

opposite directions.

This displacement of electrical charges produces local

dipoles or electrical doublet throughout the dielectric. Now, the

dielectric is said to be polarised.

Definition

The process of producing electrical dipoles inside the

dielectric by the application of an external electrical field

is called polarisation in dielectrics.

Polarisability   

It is found that the average dipole moment  

  of a system

is proportional to the applied electric field (E).

i.e.,  

      E    

         or 

       E

where  is proportionality constant and it is known as the
polarisability. 

      



E
           

Fig. 3.21 Electronic polarisation
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Polarisability is defined as the ratio of average

dipole moment to the electric field applied. Its unit is

farad m
2
 or F m

2
.

Polarisation vector  P


 
It is defined as the average dipole moment per unit

volume of a dielectric. If N is the number of atoms per unit
volume and 


 is average dipole moment per atom, then

Polarisation vector 

P


  N 


           

Its unit is coulomb / m
2

Electric displacement vector D


Since the electric field intensity depends on the medium, we
define another electric vector which depends only on magnitude
of charge and its distribution. It is independent of the nature of
medium. This electric vector is known as electric displacement

vector D


. 

The electric displacement vector is used for analysing
electrostatic fields in the presence of dielectrics.

   It is given by  D


    
q

4r
2

...(1)

We know that electric field intensity,

E


    
q

4   r2
...(2)

      or     E  
q

4  r
2  

From equations (1) and (2), we have

D


     E
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D


    
o

r
 E


... (3)

[. . .   
o
 

r
] 

        D


    
o
 1  

e
 E


[ . . .  
r
  1  

e
 ]

where 
e
 is electrical susceptibility.

D


    
o
E


      
o


e
E


Since    P


  
o


e
E


  , we have

D


  
o
E


    P
 ... (4)

Equating eqns (3) and (4), we have


o

r
E


      
o
E


      P


P


      
o
 

r
 E


      
o
 E


P


      E


 
o
 

r
  1

   
P


E
      

o
 

r
  1  ... (5)

Electrical susceptibility e

It is found that for a large number of dielectrics, the

polarisation vector P

 is proportional to the applied electrical

field E

 for field strengths that are not too large.

Thus,        P


    E


P


    
o
 

e
 E
 ... (6)

3.52 Physics for Electronics Engineering



where 
e
 is a scalar constant. It is known as electrical

susceptibility. It is a characteristic property of every dielectric.

   
e
      

P



o
 E
      


o
 

r
  1 E




o
 E





 ...  

P


E
      

o
 

r
  1 





  
e
      

r
  1 ... (7)

3.13 POLARIZATION PROCESSES IN DIELECTRICS

Dielectric polarisation occurs due to several microscopic
mechanisms. In electric field, the macroscopic polarisation vector

P


 is created by the following four microscopic polarisation
mechanisms.

ii(i) Electronic polarisation

i(ii) Ionic polarisation

(iii) Orientational polarisation

(iv) Space - charge polarisation

Electronic polarisation

Electronic polarisation is due to the displacement of
positively - charged nucleus and negatively - charged electrons
of an atom in opposite directions on the application of an
electrical field. This induces dipole moment in the dielectric.

Dipole moment  is proportional to the electric field
strength E.

i.e.,    E

       
e
E

where 
e
 is proportionality constant and it is known as electronic

polarisability.
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Calculation of Electronic polarisability e

(i) Without electric field

Consider an atom of a dielectric material of nuclear charge
  Ze at the centre (point change), where Z is the atomic number.
The electrons of charge  Ze are distributed uniformly throughout
the atom (sphere) of radius R as shown in fig. 3.22.

The centres of electron cloud and positive nucleus are at
the same point and hence there is no dipole moment.

Negative charge density of atom is given by

    
Total negative charge
Volume of the atom

    
 Z e

4
3

  R
3

          
3
4

 
Z e

 R
3   

    ... (1)

(ii) With electric field

When the atom of the dielectric is placed in an electrical
field of strength E, two phenomena occur

(a) Lorentz force (due to electrical field) tends to move the
nucleus and electron cloud of that atom from their
equilibrium positions.
The positive nucleus moves towards the field direction
and the electron cloud moves in opposite direction of
the field as shown in fig.3.23.

Fig. 3.22 Atom without any electric field
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(b) After separation, an attractive
Coulomb force arises between the
nucleus and the electron cloud which
tends to maintain the original
equilibrium position.

When these two forces are equal and
opposite, there is a new equilibrium between the
nucleus and electron cloud of the atom.

The electron cloud and the nucleus are
separated by a distance ‘x’. It results in
formation of electrical dipole in the atom.

 
 
Lorentz force between
nucleus and electron  




 F

L
  Charge  electrical field

 Z e E
... (2)

Coulomb attractive force  F
C
  between nucleus and

electron cloud being separated at a distance x,

F
C
      

Q
p
 Qe

4  
o x

2              
... (3)

           

 
 
Nuclear
Charge Ze 

 
    










 

Total negative
charges enclosed
in the sphere
of radius x

 











4 
o
 x

2

 Total negative
charges enclosed
 in the sphere
 of radius x

 










    Charge density     

Volume of the
sphere of radius x

     
3
4

 
Ze

 R
3    

4
3

  x
3




 
by substituting  from
equation 1

 




Fig. 3.23

Atom with

electric field
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  Z e x

3

R
3  ...(4)

Total positive charge of atom present in the sphere of
radius x,

      Q
p
   Ze        (being a point charge)

Substituting the equation (4) in (3), we have

        F
C
      

Z e 



 
 Z e x

3

R
3  




 

4  
o
 x

2

    i.e.,  F
C
   

 Z
2
 e

2
 x 

4  
o
 R

3
...(5)

At equilibrium, Coulomb force and Lorentz force must be
equal and opposite.

i.e.,  F
L
   F

C
     

Substituting for F
L
 and F

C
 from equation (2) and (5), we

have

ZeE    






  

Z
2
e

2
x

4  
o
 R

3 






    







 

Z
2
e

2
x

4  
o
 R

3 







E    
Z e x

4  
o
 R

3

or        x    
4  

o
 R

3
 E

Ze
... (6)

Due to the application of electrical field on the atom, the
charge centres are displaced from their equilibrium position and
hence the atom gains some dipole moment.
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From the definition of dipole moment, induced dipole
moment ind is given by

    ind  Magnitude of charge  Displacement

i.e., ind  Z e x ... (7)

Substituting equation (6) in (7), we have

ind    Z e  
4  

o
 R

3
 E

Z e

ind  4  
o
 R

3
 E ... (8)

But, the induced dipole moment

in terms of polarisability is given by,

ind  
e
 E ... (9)

where 
e
 is called as electronic polarisability.

On comparing the equations (8) and (9), we have


e
  4  

o
 R

3 ...(10)

Conclusion

(i) Electronic polarisability is independent of temperature.

(Refer equation (10), there is no term representing

temperature)

(ii) It is proportional to the volume of atoms in the

material 
e
  R

3.

(iii) Electronic polarisation takes place in all dielectrics.
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Ionic polarisation

Ionic polarisation is due to the displacement of

cations (positive ions) and anions (negative ions) in

opposite directions.

This occurs in ionic dielectrics (e.g. NaCl crystal) by the
influence of external electrical field (fig. 3.24 (a)).

When an electrical field E is applied on an ionic dielectric,
there is a shift of one ion with respect to another from their
mean positions.

The positive ions displace in the direction of applied electrical
field through the distance x1. The negative ions displace in

opposite direction through the distance x2 (fig. 3.24 (b)).

Fig. 3.24 Ionic polarisation

(a) NaCl crystal without

electric field     

(b) NaCl crystal with electric

field                 

We assume that there is one cation and one anion in each
unit cell of the ionic crystal.

Hence, the net distance between two ions

x  x1  x2 ... (1)

When the ions are displaced from their mean positions in
their respective directions, then the restoring forces appear
which tend to move the ions to move back to their mean position.
The restoring force produced is proportional to the displacement.

For positive ion

Restoring force F  x1

or
  

 
 
Restoring  force  acting
on  the  positive  ion

 



  F  1x1 ... (2)
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For negative ion

Restoring force F  x2

or
  

 
 
Restoring  force  acting
on  the  negative  ion

 



  F  2 x2 ... (3)

where 1 and 2 are restoring force constants which depend upon

the masses of ions and angular frequency of vibrating molecule
in which ions are present.

If m is the mass of positive ion, M is the mass of negative

ion and 
o
 is the angular frequency, then

1  m
o

2 ... (4)

2  M
o

2 ... (5)

Substituting for 1 from eqn (4) in eqn (2), the restoring force

for positive ion can be rewritten as

F    m
o

2
 x1

... (6)

We know that force F    eE ... (7)

Equating the eqn (6) and (7), we get

eE    m
o

2
 x1

       or x1    
eE

m
o

2 ... (8)

Similarly for the negative ion, we can write

x2    
eE

M
o

2 ... (9)

Adding the equations (8) and (9), we have
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x    x1    x2    

 

eE

m
o

2    
eE

M
o

2 




  
eE


o

2  



 
1
m

    
1
M

 


 ... (10)

The dipole moment is equal to  the product of charge and
distance of separation between the charges.

i.e.,   e  x ... (11)

Substituting x from eqn (10) in eqn (11), we have

                e    
eE


o

2  



 
1
m

  
1
M

 




      
e

2
E


o

2  



 
1
m

  
1
M

 


... (12)

      But       E

        or     
i
 E ... (13)

where 
i
 is ionic polarisability of dielectric material

On comparing the equations (12) and (13), we have


i
    

e
2


o

2
 



 
1

m
  

1

M
 




Conclusion

(i) Ionic polarisability 
i
 is inversely proportional to the

square of angular frequency of the ionic molecule. 

(ii) It is directly proportional to its reduced mass given by




 
1
m

  
1
M

 

.
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(iii) It is independent of temperature.

(iv) It occurs in ionic substance.

Orientational polarisation

Orientational polarisation takes place only in polar
dielectrics. Polar dielectrics have molecules with permanent
dipole moments even in the absence of an electrical field as
shown in fig. 5.7.

When the polar dielectrics are subjected to an electric field,

the molecular dipoles are oriented in the direction of electric

field.

The contribution to polarisation due to orientation of
molecular dipoles is called orientational polarisation.

This polarisation depends on temperature. When the

temperature is increased, thermal energy tends to disturb the

alignment.

From the Langevin’s theory of paramagnetism, net intensity

of magnetisation     
N 2

B

3kT
.

Since the same principle can be applied to  the application

of electric  field in dielectrics, we may write

Fig. 3.25 Orientational polarisation
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Orientational polarisation

P
o
    

N2
E

3kT

... (1)

But, orientational polarisation is proportional to applied

field E

 and it is given by 

P
o
    N

o
 E


              ... (2)

Comparing the equations (1) and (2), 

we get       
o
    

2

3 k T
    

where 
o
 is orientational polarisability.

Example

Orientational polarisation occurs only in polar dielectrics

such as H2O, HCl and CO etc.

Conclusion

The orientational polarisability is inversely proportional to

absolute temperature of the material.

Note
Orientational polarisation occurs only in polar dielectrics ie.,
dielectric with molecules having permanent dipoles.

Space - charge polarisation

This polarisation occurs due to the accumulation of

charges at the electrodes or at the interfaces of

multiphase dielectric materials (two or more phases). 
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When such materials are subjected to an electrical field at
high temperature, the charges get accumulated at the interfaces
(fig. 3.26). These charges create dipoles. As a result, polarisation
is produced. This kind of polarisation is known as space -

charge polarisation.

Space - charge polarisation is very small when compared

to other polarisation mechanisms and it is not common in most

of the dielectrics.

Example

This polarisation occurs in ferrites and semiconductors.

Total polarisation       e   i   o

Since the space - charge polarisation is very small and it
is neglegible.

Substituting the corresponding expressions for 
e
, 

i
 and


o
, we have

       4  
o
 R

3
      

e
2


o

2 



 
1
M

    
1
m

 



      

2

3kT

We know that total polarisation, P  N  E

Substituting for , we have

Fig. 3.26 Space-charge polarisation
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       P  NE  






 4 

o
 R

3
    

e
2


o

2 



 
1
m

    
1
M

 



    

2

3kT
 







This equation is known as Langevin - Debye equation.

Table 3.5 Comparison of various types of
                     polarisation mechanisms       

Factor
Electronic

Polarisation

Ionic

polarisation

Orientational

polarisation

Space -

charge

polarisation

Definition Electron clouds
are shifted with
respect to
nucleus

Cations and
anions are
shifted

Alignment of
random
molecules takes
place

Ion diffusion
takes place.

Temperature
dependence

Independent of
temperature

Independent of
temperature

Decrease with
increase in
temperature

Increase with
increase in
temperature

Relaxation time Very fast Slow Slower Slowest

Power loss Low High Higher Highest

Frequency
range

1015 Hz 
and above

1013 Hz 106-1010 Hz 102 Hz

Examples Inert gases Ionic crystals Alcohol,
methane,
CH3Cl

Ferrites,
semiconductors

3.14  INTERNAL FIELD OR LOCAL FIELD

When a dielectric material is placed in an external
electrical field, it produces an induced dipole moment.

Now, there are electrical fields acting at any point inside
dielectrics.

(i) macroscopic electric field due to external electrical

field

(ii) electrical field due to electric dipole moment
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This long-range coulomb electrical field produced

due to dipoles is known as internal field or local field.

It is responsible for polarisation of each atom or

molecule in a solid.

Lorentz method to find internal field (Derivation)

The dielectric material is uniformly polarised by placing it
in between two plates of a parallel plate capacitor (uniform
electrical field) as shown in fig. 3.27.

To find internal field acting on an atom at C of dielectric,
let us consider an imaginary small spherical cavity around the
atom. 

The internal field  Eint  at the atom site is considered

to be resultant of the following four components. E1, E2, E3 and

E4.

Fig. 3.27 Dielectric with Electrical field
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i.e.,      Eint  E1  E2  E3  E4     ... (1)

where

E1  Electrical field due to charges on the plates of
the capacitor (without dielectric)

E2  Electrical field due to polarised charges (induced
charges) on the plane surface of the dielectric

E3  Electrical field due to polarised charges induced
on the surface of the imaginary spherical cavity
(to be calculated)

E4  Electrical field due to permanent dipoles of
atoms inside the spherical cavity considered

Macroscopically, we can take E  E
1
  E

2
, i.e., the electrical

field externally applied E1  and the electrical field induced on

the plane surface of the dielectric E2 is considered as a single

electrical field E.

If we consider a dielectric that is highly symmetric, the

electrical field due to dipoles present inside the imaginary cavity

will cancel out each other. Therefore, the electrical field due to

permanent dipoles present inside the cavity E4  0.

Now, the equation (1) reduces to

Eint  E  E3 ... (2)

Calculation of E3

Let us consider a small area ds on the surface of spherical

cavity. It is confined within an angle d at an angle  in the

direction of electrical field E.
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Polarisation P is parallel to E. P
N

 is the component of

polarisation perpendicular to the area ds as shown in fig. 5.10.

P
N

    P cos 

q is the charge on the area ds.

Polarisation is also defined as the surface charges

per unit area.

P
N

    
q
ds

P
N

    P cos     
 q 
ds

      Charge on ds,  q   P cos  ds ... (3)

Electrical field intensity at C due to charge q  (Coulomb’s law)
is given by

E      
q 

4  
o
 r

2

Substituting for q from the eqn (3), we have

E     
P cos  ds

4  
o
 r

2
... (4)

This electrical field intensity is along the radius r and it is
resolved into two components (E

x
 and E

y
) as shown in fig. 3.28(a).

Fig. 3.28
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The component of intensity parallel to the electrical field
direction

     E
x
      E cos  ... (5)

Substituting E from eqn (4) in eqn (5), we have

E
x
    

P cos  ds cos 

4  
o
 r

2

E
x
    

P cos
2 ds

4  
o
 r

2 ... (6)

The component of intensity perpendicular to the

field direction,

E
y
  E sin 

Since the perpendicular components are in opposite
directions [fig. 3.28 (a)], they cancel out each other. Hence, the
parallel components alone are taken into consideration.

Now, consider a ring of area dA which is obtained by
revolving ds about AB [fig. 3.28 (b)].

Ring area dA  Circumference  Thickness
 2  y  r d
 2  rsin   r d







 
. . . sin       

y

r

y      r sin 
 







i.e., dA    2 r
2
 sin  d

... (7)
 
 
Electrical field intensity
due to elemental ring dA 

 



    

P cos
2
  dA

4  
o
 r

2

... (8)
Substituting eqn (7) in eqn (8), we have

E      
P cos

2

4  
o
 r

2    2 r
2
 sin  d

E    
P cos

2 sin  d
2 

o

... (9)
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Electrical field intensity due to charges present in the

whole sphere is obtained by integrating equation (9) within the

limits 0 to . This electric field is taken as E3.

E3        
0



  
P cos

2 sin  d
2 

o

E3     
P

2 
o

     
0



 cos
2 sin  d

E3     
P

2 
o

    
2
3







 . . .     

0



  cos 2 sin d  
2
3

 







E3      
P

3 
o ... (10)

Substituting eqn (10) in eqn (2), we get

Eint  E    
P

3 o

... (11)

Eint is the internal field or Lorentz field.

The equation (11) shows that Eint is larger than the

macroscopic field intensity E. Hence, the molecules are more
effectively polarised.

3.15  CLAUSIUS - MOSOTTI EQUATION

Let N be the number of molecules per unit volume and  be
the molecular polarisability.

Total polarisation P    N Eint

  Eint     
P

N
... (1)
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we know that D     E    
o
 E  P

 E  
o
 E    P

  
o
 E    P

  E    
P

  
o

... (2)

Lorentz field is given by Eint    E    
P

3 
o

... (3)

Substituting eqn (2) in eqn (3), we have

         Eint      
P

  
o

      
P

3 
o

  P 



 

1
  

o

    
1

3 
o

 




 

  P 



 
3 

o
    

o

3 
o
   

o

 




Eint    
P

3 
o

 



 
  2 

o

  
o

 




... (4)

Equating eqns (1) and (4), we have

P

N
      

P

3 
o

 



 
  2 

o

  
o

 




or  
N
3 

o

    
  

o

  2 
o

      




 


o

 



  1




 


o

 



  2

     
N
3 

o

      

r
  1


r
  2

... (5)
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where 
r
 is dielectric constant.     




 ... 

r
   



o

 




The equation (5) is Clausius - Mosotti relation which
relates the dielectric constant (a macroscopic quantity) of the
material with polarisability (a microscopic quantity).

3.16 DIELECTRIC LOSS

When a dielectric is applied with AC voltage, the

electrical energy is absorbed by the dielectric and certain

quantity of electrical energy is dissipated in the form of

heat energy.

This dissipation of electrical energy is known as dielectric loss.

Dielectric loss can occur in both direct and alternating
voltages. It is less in direct voltage than that of alternating voltage.

Expression for dielectric loss (or loss tangent)

When an AC voltage is applied to a perfect dielectric like
vacuum or purified gas, it does not absorb electrical energy and
there is no loss of electrical energy [fig. 3.29 (a)].

Polarisation of the dielectric is in phase with the voltage.
In such a case, the charging current leads the applied voltage
by an angle of 90 as shown in fig 3.29 (b).

We know that power loss,

P
L
  V I cos 

Fig. 3.29 Dielectric loss
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When   90 ,       P
L
  V I cos 90

P
L
  0

[...  cos 90  0]

This means that there is no power loss in the perfect
dielectric.

However, a practical dielectric has always some loss of
electrical energy. In this case, the leakage current does not lead
the applied voltage exactly by 90.

The phase angle  is always less than 90 as shown in
fig. 3.29(c).

The current leads the voltage by 90  . This shows that
there is some loss in electrical energy.  is called dielectric loss
angle. This loss angle is a measure of the power dissipated in
each cycle.

The power loss in a dielectric having a capacitance C for
applied voltage V of frequency f is given by

P
L
  V I cos 

        Since   90  ,  we have

  P
L
    V I cos 90   ... (1)

             P
L
  V I sin 

[. . . cos 90    sin ]

We know that V    IR   or  I    
V

R

Similarly, for capacitor if the capacitive reactance is X
c
,

we can write

I      
V

X
C

... (2)
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Further, X
C
 depends on frequency of applied a.c voltage

and capacitance. It is given by 

 X
C
      

1
2  f C

... (3)

substituting the eqn (3) in (2), we have

I      
V

1
2  f C

      V 2  f C ... (4)

substituting eqn (4) in (1), we have

P
L
  V V 2 f C  sin 

P
L
  2 f C V

 2
 sin  ... (5)

In most of the dielectrics, the angle  is very small.

       sin   tan 

Dielectric power loss P
L
  2 f C V

 2
tan  ... (6)

It is noted that the power loss depends on tan  as long as
other factors like voltage, frequency and capacitance are constant.

tan  is called the power factor of the dielectric.

Variation of power loss with frequency

The power loss changes with frequency. Its value is high in
the electrical frequency and low in the optical frequency (fig. 3.30).

Fig. 3.30 Variation of power loss with frequency

Dielectric Properties of Materials 3.73



Factors affecting dielectric loss

Dielectric loss may increase due to the following factors.

 high frequency of the applied voltage

 high value of the applied voltage

 presence of humidity

 temperature rise

Note: Dielectric loss is an engineering problem involving
heat generation and heat dissipation. It plays a
dominant role in high - voltage applications.

3.17 DIELECTRIC BREAKDOWN

When the strength of electric field applied to a dielectric
exceeds a critical value, very large current flows through it. The
dielectric loses its insulating property and becomes a conductor.
This phenomenon is known as dielectric breakdown.

Dielectric strength

The electric field strength at which dielectric

breakdown occurs is known as dielectric strength. It is

the breakdown voltage per unit thickness of the material.

Dielectric strength    
Dielectric breakdown voltage

Thickness of dielectric

In practical applications, the failure or breakdown of a
dielectric material is of great concern to engineers. There are
different mechanisms by which dielectric breakdown takes place.

Types of dielectric breakdown

Some important types of dielectric breakdown are

(i) Intrinsic breakdown and avalanche breakdown

(ii) Thermal breakdown
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(iii) Chemical and electrochemical breakdown

(iv) Discharge breakdown

(v) Defect breakdown

(i) Intrinsic breakdown

In dielectric, the charge displacement increases with
increasing electrical field strength.

Beyond a critical value of electrical field strength, there is
an electrical breakdown due to physical deterioration in dielectric
material (fig. 3.31).

When the applied electrical field is large, some of the
electrons in the valence band cross over to the conduction band
across the large forbidden energy gap. They become conduction
electrons producing large conduction current.

As a result, a large current flows through the dielectric
and breakdown occurs. This type of breakdown is called
intrinsic breakdown.

Avalanche breakdown

The conduction electrons are accelerated to very high
velocity and energy on further application of electrical field.

These conduction electrons collide with valence electrons in
the covalent bond and they transfer their energy to valence
electron. The valence electrons on acquiring this energy, jump
from the valence band to the conduction band.

This process continues as more and more valence electrons
jump to the conduction band by breaking the covalent bond.

Fig. 3.31 Intrinsic breakdown
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As a result, a large current flows through the dielectric
and breakdown occurs. This type of breakdown is called
Avalanche breakdown.

Characteristics

 Intrinsic and avalanche breakdowns require large
electrical field.

 They occur even at low temperatures (about room
temperature and at lower temperature).

 They do not depend on the size and shape of the
dielectric material and configuration of electrodes.

 They can occur in thin samples.

 They occur within a short span of time (microseconds).

(ii) Thermal breakdown

When an electric field is applied to a dielectric material,
some amount of heat is produced. This heat must be dissipated
from the material.

In some cases, the amount of heat produced is very large
as compared to the heat dissipated. Due to excess of heat, the
temperature inside the dielectric increases and may produce local
melting in the dielectric material.

During this process, a large amount of current flows
through the material and causes the dielectric to breakdown.
This type of breakdown is known as thermal breakdown.

Characteristics

 This type of breakdown occurs only at high temperatures.

 The strength of the electrical field to create dielectric
breakdown depends upon the size and shape of the
dielectric sample.

 The breakdown time is of the order of few milliseconds.

 It requires moderate electrical fields.
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(iii) Chemical and Electrochemical breakdown

Electrochemical breakdown is similar to thermal
breakdown. When the temperature of a dielectric material
increases, mobility of ions increases and hence the
electrochemical reaction may take place.

This leads to leakage current and energy loss in the

material and finally dielectric breakdown occurs. 

This type of breakdown is known as chemical and

electrochemical breakdown.

Characteristics

 It occurs even at low temperatures.

 It depends on the concentration of ions and magnitude
of leakage current.

(iv) Discharge breakdown

Discharge breakdown occurs when a dielectric contains
occluded gas bubbles (fig. 3.32). When this type of dielectric is
subjected to electrical field, the gases present in the material
will easily ionise and thus produce large ionisation current.

The gaseous ions bombard the solid dielectric. This causes
electrical deterioration and leads to dielectric breakdown. This
is known as discharge breakdown.

Characteristics

 This breakdown occurs at low voltages.

 It occurs in the dielectric material where there are a
large number of occluded gas bubbles.

Fig. 3.32 Discharge breakdown
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 When discharge takes place at a point, the surrounding
places are burnt and hence their electrical properties are
affected. 

Thus, the life of an insulating material depends upon the
number of discharges which are taking place inside the material.
That is, it depends upon the frequency of applied voltage.

(v) Defect breakdown

The surface of the dielectric material may have defects such
as cracks, porosity and blow holes (fig. 3.33). Impurities like dust
or moisture may present at these discontinuities (defects). This
leads to a breakdown in a dielectric material.

Remedies for dielectric breakdown

To avoid breakdown, the insulating material should have
the following properties:

 It should have high resistivity to reduce leakage current.

 It should have high dielectric strength to withstand high
voltage.

 It should have small dielectric loss.

 It should have sufficient mechanical strength.

 It should be resistant to oils, liquids, gas fumes, acids
and alkalies.

 It should have small thermal expansion to prevent
mechanical damage.

 It should be fire-proof.

Fig. 3.33 Defect breakdown
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Classification of dielectric materials

Dielectric materials are classified based on the physical
state as

(i) Solid dielectric materials

(ii) Liquid dielectric materials

(iii) Gaseous dielectric materials

Types of Dielectrics

Based on the applications, there are two types of dielectric
materials

(i) Active dielectrics (Ferroelectrics, piezoelectrics and
pyroelectrics)

(ii) Passive dielectrics (electrical insulating materials)

Active dielectrics or Ferroelectric materials

Active dielectrics are the materials which are used to
generate, amplify, modulate and convert the electrical signals.
They are used to store electrical energy.

Passive dielectrics (Insulating materials)

The function of the insulating material is to obstruct the

flow of electric current.

Uses of dielectric materials

 Almost all electrical devices depend on insulating
materials in some way or the other. Most of the failures
in such devices may be due to defective insulation.

 Insulating materials are used in power and distribution
transformers, rotating machines, capacitors, cables,
transmission equipment, switch-gear and electronic
appliances.
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3.18 HIGH K DIELECTRICS

The term high-k dielectric refers to a material with a
high dielectric constant k. High-k dielectrics are used in
semiconductor manufacturing processes where they are usually
used to replace a silicon dioxide gate dielectric or another
dielectric layer of a device.

The using of high-k gate dielectrics is one of several
methods developed to allow further reduction of the size of the
microelectronic components.

Need for high-k materials

 Silicon dioxide SiO2 is used as a gate oxide material

for decades. As transistors have decreased in size, the
thickness of the silicon dioxide gate dielectric has steadily
decreased to increase the gate capacitance and thereby
drive current, raising device performance.

 As the thickness scales below 2 nm, leakage currents
due to tunneling increase drastically, leading to high
power consumption and reduced device reliability.

 Replacing the silicon dioxide gate dielectric with a high-k
material allows increased gate capacitance without the
associated leakage effects.

Concept of high k-dielectrics

The gate oxide in a MOSFET is made as a parallel plate
capacitor as shown in fig. 3.35. The capacitance C of this parallel
plate capacitor is given by

C  
o k A

t

where

A - capacitor area
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k - the relative dielectric constant of the material
                (3.9 for silicon dioxide)

0 - permittivity of free space

t - thickness of the capacitor oxide insulator

Fig. 3.35 Cross-section of a N channel MOSFET transistor

showing gate oxide dielectric     

The leakage current limitation constrains further reduction
of thickness t of capacitor. Thus, an alternative method to
increase gate capacitance is to alter k by replacing silicon dioxide
with a high-k material as shown in fig. 3.36.

Fig. 3.36 Conventional silicon dioxide gate dielectric structure

               compared to a potential high-k dielectric structure

In such a case, a thicker gate oxide layer may be used
which can reduce the leakage current flowing through the
structure as well as improving the gate dielectric reliability.
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Table 3.6
High k Dielectrics

Material k - value

SiO2 3.9

Si3N4 7.5

Al2O3 8.5 - 10.5

Y2O3 12 - 20

Ta2O5 20 - 35

CeO2 26

La2O3 27

TiO2 30 - 100

HfO2 35

BaSrTiO3 200 - 300

Major applications of high-k materials

They have a wide range of applications other than gate
oxides. Some of their important applications are listed below:

 Storage capacitor dielectrics

 High aspect ratio diffusion barriers for Cu interconnects

 Adhesion layers

 Highly conformal coatings for micro fluidic and MEMS
applications

 Coating of nano-porous structures

 Fuel cells, e.g. single metal coating for catalyst layers

 Bio-MEMS

 Electroluminescence
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ANNA UNIVERSITY SOLVED PROBLEMS

Problem 3.5

A parallel plate capacitor consists of two plates each of

area 5  10
 4

 m
2
. They are separated by a distance

1.5  10
 3

 m and filled with a dielectric of relative

permittivity 6. Calculate the charge on the capacitor if it

is connected to a 100 volt DC supply.        (A.U. Dec 2012)

Given data

Area of the capacitor plate A  5  10
 4

 m
2

Distance between the plates d  1.5  10
 3

 m

Relative permittivity of the dielectric 
r
  6

Applied voltage V  100 V

Permittivity in free space, 
o
  8.85  10

 12
 F m

1

Solution:

       We know that Q    CV

Also, we have the relation

C    

o

r
 A

d

Q    

o

r
 AV

d

Substituting the given values, we have

Q      
8.85  10

 12
  6  5  10

 4
  100

1.5  10
 3
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Q    1.77  10
 9

 C

Charge on the capacitor   1.77  10
 9

 coulomb.

Problem 3.6

If a NaCl crystal is subjected to an electrical field of

1000 V / m and the resulting polarisation is

4.3  10
 8

 C  m
2
, calculate the relative permittivity of

NaCl.                             (A.U. April 2012)

Given data

Applied electrical field E    1000 V m
1

Polarisation P    4.3  10
 8

 C m
2

Permittivity in free space 
o
  8.85  10

 12
 F m

1

Solution:

We know that P  
o
 

r
  1 E


r
  1  

P


o
 E


r
  1  

P


o
 E

Substituting the given values we have

      
r
  1      

4.3  10
 8

8.85  10
 12

  1000

  1  4.86


r
    5.86
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Problem 3.7

Calculate the electronic polarisability of argon atom given


r
  1.0024 at NTP and N  2.7  10

25
 atoms  m

3
. 

                                    (A.U. Nov 2011

Given data

Relative permittivity 
r
  1.0024

Number of atoms per unit volume  N  2.7  10
25

 atoms   m
 3

Permittivity in free space 
o
  8.85  10

 12
 F  m

1

Solution:

    We know that P    
o
 

r
  1 E

      Also, P    N 
e
 E

      N 
e
 E    

o
 

r
  1 E

    i.e., 
e
    


o
 

r
  1

N

Substituting the given values, we have


e
    

8.85  10
 12 1.0024  1

2.7  10
25


e
    7.9  10

 40
 Fm

2
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Problem 3.8

The dielectric constant of He gas at NTP is 1.0000684.

Calculate the electronic polarisability of He atoms if the

gas contains 2.7  10
25

 atoms per m
3
        (A.U. Nov 2014)

Given data

Dielectric constant of the gas at NTP 
r
  1.0000684

Number of He atoms per unit volume N  2.7  10
25

 m
3

.

Solution

Electronic polarisability is given by


e
    


o
 

r
  1

N

Substituting the given values, we have


e
  

8.85  10
 12

 1.0000684  1

2.7  10
25

 2.242  10
 41

 Fm
2

Problem 3.9

A parallel plate condenser has a capacitance of 2  F.

The dielectric has permittivity 
r
 = 100. For an applied

voltage of 1000 V, find the energy stored in the

condenser as well as the energy stored in polarising the

dielectric.                             (A.U. Dec 2016)

Given data

             C  2  10
 6

 F

       V  1000 V  10
3
 V


r
  100
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Solution:

Total energy stored in the capacitor E  
1
2

 CV
2

 E    
1
2

  2  10
 6

  10
32  1 J

To calculate the energy stored in the dielectric material
which is in between the parallel plates of the condenser,
capacitance has to be calculated by removing the dielectric
material.

C
o
      

C


r

      
2  10

 6

100
      0.02 F

Energy stored without the dielectric,

     E    
1
2

 C
o
 V

2
    

1
2

  0.02  10
 6

  10
32

 0.01 J

Hence, energy stored in the dielectric

E   E  E
o
  1  0.01

E     0.99 J
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Part - A ‘2’ Marks Q & A

ANNA UNIVERSITY Q&A

 1. Define dielectric constant. (A.U. Jan 2014)

It is the ratio between absolute permittivity of the medium
 and permittivity of free space 0

Dielectric constant 
r
    

Absolute permittivity 
permittivity of free space 0

r  

o

 2. Define polarisation of a dielectric material.

(A.U. June 2015)

The process of producing electrical dipoles inside the
dielectric by the application an external electrical field is called
polarisation in  dielectrics.

Induced dipole moment      E

E   Applied electrical field

   Polarizability

 3. Name the four polarisation mechanisms. 

(A.U. May 2016)

(i) Electronic polarisation

(ii) Ionic polarisation

(iii) Orientational polarisation

(iv) Space - charge polarisation.
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 4. What is electronic polarisation? (A.U. May 2016)

The induced dipole moment produced in an atom by the
application electric field is known as electronic polarization. It
is due to shifting of negatively changed electron and positively
charged nucleus charges of atom in the material by the applied
electric field.

 5. What is ionic polarisation? (A.U. May 2014)

Ionic polarisation is due to the displacement of cations
(negative ions) and anions (positive ions) in opposite direction
due to the application of an electrical field. This occurs in an
ionic solid.

 6. What is orientational polarisation? (A.U. May 2012)

When an electrical field is applied on the dielectric medium
with polar molecules, the dipoles align themselves in the field
direction and thereby increases electric dipole moment.
    Such a type of contribution to polarisation due to the
orientation of permanent dipoles by the applied field is called
orientational polarisation.

 7. What is space - charge polarisation? (A.U. May 2013)

In some materials containing two or more phases, the
application of an electrical field causes the accumulation of charges
at the interfaces between the phases or at the electrodes.
    As result of this, polarisation is produced. This type of
polarisation is known as space charge polarisation.

 8. What is meant by local field in a dielectric?

(A.U. Jan 2012)

When a dielectric is kept in an external electric field (E),

two fields are exerted due to (i) external field and (ii) dipole

moment created
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These long range coulomb forces which are created due to

the dipoles are called local field in dielectric

It is given by  Eint  E  
P

3 
o

     where P   polarisation

       o    permitivity in free space.

 9. Define dielectric loss and loss tangent.

(A.U. Jan 2012, June 2013)

When a dielectric material is subjected to an A.C voltage,

the electrical energy is absorbed by the material and is

dissipated in the form of heat. This dissipation of energy is called

dielectric loss.

In a perfect insulator, polarisation is complete during each

cycle and there is no consumption of energy and the charging

current leads the applied voltage by 90. 

But for commercial dielectric, this phase angle is less than

90 by an angle  and is called dielectric loss angle. Tan  is

taken as measure of dielectric loss and is known as loss tangent.

10. Define dielectric breakdown and dielectric strength.

(A.U. Jan 2013)

Whenever the electrical field strength applied to a dielectric

exceeds a critical value, very large current flows through it. The

dielectric loses its insulating property and becomes conducting.

This phenomenon is known as dielectric breakdown.

The electrical field strength at which dielectric breakdown

occurs is known as dielectric strength.
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11. Mention the various breakdown mechanisms.

(A.U. Dec. 2012)

(i) Intrinsic breakdown and avalanche breakdown

(ii) Thermal breakdown

(iii) Chemical and Electrochemical breakdown

(iv) Discharge breakdown

(v) Defect breakdown

12. What is intrinsic breakdown? 

For a dielectric, the charge displacement increases with

increasing electrical field strength. Beyond a critical value of

electrical field strength, there is an electrical breakdown due to

physical deterioration in the dielectric material.

13. What is thermal breakdown?

When an electrical field is applied to a dielectric material,
some amount of heat is produced. This heat must be dissipated
from the material.

Due to excess of heat, the temperature inside the dielectric
increases and may produce local melting in the dielectric
material.

This type of breakdown is known as thermal breakdown.

14. What is chemical and electrochemical breakdown?

Electrochemical breakdown is similar to thermal
breakdown. When the temperature of a dielectric material
increases, mobility of ions increases and hence the
electrochemical reaction may take place.

This leads to leakage current and energy loss in the
material and finally dielectric breakdown occurs. 
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15. What is discharge breakdown?

Discharge breakdown occurs when a dielectric contains

occluded gas bubbles. When this type of dielectric is subjected

to electrical field, the gases present in the material will easily

ionise and thus produce large ionisation current.

The gaseous ions bombard the solid dielectric. This causes

electrical deterioration and leads to dielectric breakdown.

16. What is defect breakdown?

The surface of the dielectric material may have defects such

as cracks, porosity and blow holes. Impurities like dust or

moisture may collect at these discontinuities (defects). This will

lead to a breakdown in a dielectric material.

17. Mention any two active and passive dielectrics with

their applications (or) Compare active and passive

dielectrics.
(A.U. April 2013)

S.No. Active dielectrics Passive dielectrics

1. Dielectrics which can
easily adapt itself to
store the electrical
energy in it is called
active dielectrics.

Dielectrics which restricts the
flow of electrical energy in it
are called passive dielectrics

2. Examples: Piezo
electrics, Ferro electrics,
Pyro electrics

Examples: glass, mica, plastic

3. It is used in the
production of
ultrasonics.

It is used in the production of
sheets, pipes etc.
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18. How does the dielectric polarization in polar and

non-polar substances vary with temperature (or)

What are the differences between polar and non-polar

molecules.
(A.U May 2008)

S.No. Polar molecule Non-polar molecules

1. These molecules have
permanent dipole moments
even in the absence of an
applied field.

These molecules do not
have permanent dipole
moments.

2. The polarization of polar
molecules is highly
temperature dependent.

The polarization of this
kind of molecules is
independent of
temperature.

3. These molecules do not
have symmetrical structure
and they do not have centre
of symmetry.

These molecules have
symmetrical structure and
they have centre of
symmetry.

4. For this kind of molecules,
there is absorption or
emission, in the infrared
range

For these molecules, there
is no absorption or emission
in the range of infrared.

5. Examples: CHCl3, H2O,

HCl

Examples: CCl4, CO2, H2

19. What are requirements of good insulating materials?

(A.U. May 2012)

The good insulating materials should have

 high electrical resistivity to reduce leakage current

 high dielectrical strength to withstand higher voltage

 smaller dielectric loss

 sufficient mechanical strength
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ADDITIONAL Q&A

 1. What are the dielectrics?

Dielectrics are insulating materials, in which all the
electrons are bound to their parent molecules and there are no
free charges. Even with normal voltage or thermal energy,
electrons are not released.

 2. What are the types of dielectrics?

Types of Dielectrics

Based on the applications, there are two types of dielectric
materials.

(i) Active dielectrics (Ferroelectrics, piezoelectrics and
pyroelectrics).

(ii) Passive dielectrics (electrical insulating materials)

 3. What are active dielectrics?

Active dielectrics are the materials which are used in
generate, amplify, modulate and convert the electrical signals.
They are used to store electrical energy.

 4. What are passive dielectrics?

The function of the insulating material is to obstruct the
flow of electric current.

 5. What is high-k dielectric?

The term high-k dielectric refers to a material with a
high dielectric constant k High-k dielectrics are used in
semiconductor manufacturing processes where they are usually
used to replace a silicon dioxide gate dielectric or another
dielectric layer of a device.

 6. What are the application of high-k dielectric.

They have a wide range of the following applications
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 Storage capacitor dielectrics

 High aspect ratio diffusion barriers for Cu interconnects

 Adhesion layers

 Highly conformal coatings for micro fluidic and MEMS
application

 Coating of nano-porous structures.

 Fuel cells, e.g. singe metal coating for catalyst layers

 Bio-MEMS

 Electroluminescence 

QUESTIONS

Part - B ‘16’ Marks Questions

 1. (i) Describe the different types of polarization.

(ii) Obtain an expression for electronic and ionic
polarization in dielectrics. (AU May 2009)

 2. Discuss the different types of polarization mechanism and
polarizability involved in dielectric materials.

(AU Dec 2009)

 3. Starting with the internal field expression, Derive Clausis
- Mosotti equation.

(AU Nov/Dec 2013)

 4. (i) What is meant by internal field?

(ii) Obtain expression for internal field using Lorentz
method. (AU Nov/Dec 2012)

Dielectric Properties of Materials 3.95



(iii) The dielectric constant of water is 80. Is water a good
dielectric? Is it useful for energy storage in capacitors?
Justify your answer. (AU April/May 2011)

 5. (i) Deduce Clausius-Mosotti equation and explain its use
in predicting the dielectric constant of solids.

(ii) Discus the different types of polarization mechanism
and polarizability involved in a dielectric material.

(AU July 2009)

 6. Starting with the internal field in a dielectric, obtain
Clausius-Mossotti equation. (AU May 2009)

 7. (i) Give a detailed discussion on the various types of
dielectric breakdown in dielectric materials.

(ii) What are the remedies to avoid breakdown mechanism?

(AU July 2009)

 8. Define thermal breakdown of dielectrics and explain its
characteristics.

 9. Define and explain the different polarization mechanisms in
dielectrics, with necessary polarizability expressions.

(AU Nov/Dec 2011)

10. Define ‘internal field’. Obtain the expression for internal
field using Lorentz method and hence deduce the
Clausius-Mosotti equation. (AU May/June 2012)

11. Explain electronic polarization in atoms and obtain an
expression for electronic polarisability in terms of the
radious of atoms. (AU Nov/Dec 2012)

12. (i) Explain the term internal field in solids. Derive an
expression or the Lorentz field for elemental dielectrics.

(ii) Obtain Clausuis-Mossotti equation for elemental solid
dielectrics. (AU Oct 2009)

13. Define dielectric breakdown. Explain five types of dielectric
breakdown occur in dielectric materials. (AU May/June 2013)

14. Define electric and ionic polarization and explain them with
a neat diagram. (AU May/June 2013)
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15. Define the following:

(i) Dielectric constant 
r

(ii) Polarizability 

(iii) Polarization P



(iv) Electric flux density D

(v) Electric susceptibility 

Give also the necessary equation relating the above
     quantities. (AU May/June 2012)

Additional Questions

 1. What is high k-dielectric? Explain its principle.

 2. Briefly explain the applications of dielectrics.

ASSIGNMENT PROBLEMS

 1. A parallel plate capacitor of area 650 mm
2
 and a plate

separation of 4 mm has a charge of 2  10
 10

 C on it. What
is the resultant voltage across the capacitor when a material
of dielectric constant 3.5 is introduced between the plates.

[Ans: 39.73 V]

 2. The atomic weight and density of sulphur are 32 and

2.08 gm  cm
3
 respectively. The electronic polarisability of the

atom is 3.28  10
 40

 Fm
2
. If sulphur solid has cubical

symmetry, what will be its relative dielectric constant.
[Ans: r  2.45]

 3. The number of atoms in volume of one cubic metre of

hydrogen gas is 9.8  10
26

. The radius of the hydrogen atom
is 0.53 Å. Calculate the polarisability and relative
permittivity.  [Ans: r  1.0018 , e    1.655   10 41 Fm

2 ]
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4. Optical Properties of Materials

Classification of optical materials - carrier generation

and recombination processes - Absorption, emission and

scattering of light in metals, insulators and Semiconductors

(concepts only) - photo current in a P-N diode - solar

cell - photo detectors - LED - Organic LED - Laser diodes

- excitons - quantum confined Stark effect - quantum dot

laser.

Introduction

The optical characteristics of materials are determined by

the type of interaction between the electromagnetic radiation and

the electrons of the atoms in the material.

We see many of the common optical characteristics of

materials such as their colour, brightness, transparency,

reflectivity etc.

Besides, these common properties, there are many more

special optical properties of materials which make them useful

in a wide range of optical devices.

Some of the commonly used optical materials and devices

are window glasses, lenses, mirrors, antireflection coatings etc.

Some of the most recently developed high-technology optical

devices are lasers, optical fibers, photodiodes, optical memories

(CD-ROM), electro-optic modulators.

Definition

The materials which are sensitive to light are known

as Optical materials. These optical materials exhibit a variety

of optical properties.

Optical Properties of Materials 4.1


