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MAGNETIC PROPERTIES

The magnetism of materials is due to the interaction of magnetic dipoles. Every
magnetic material contains magnetic dipoles. These dipoles are due to the atoms or
molecules present in the material.
When such a magnetic material containing dipoles is subjected to an external
magnetic field, they experience torque. Due to this torque, the dipoles tend to align
their magnetic moment in the direction of the field. The degree of alighment is
characterized by total magnetic moment.

Magnetism: The attracting property exhibited by the magnet is known as

Magnetism.
Magnetic dipole: Two equal and opposite poles separated by certain distance
Constitutes a magnetic dipole.

Magnetic dipole moment or Magnetic moment:

Itis denoted by p, .If mis the pole strength and 2l is the length of the magnet or
magnetic dipole then magnetic dipole moment or magnetic moment is given by the
product m (2l).

When | amperes of electric current flows through a circular wire of cross sectional
area A ,mz, having one turn, then it will have a magnetic moment of p,=1A.

Magnetic moment is a Vector quantity.

Units: A-m>.

Magnetic field:
The space limit around a magnet in which its effect is felt is known as magnetic
field.

Figure (1) Magnetic field and Lines of force.

Magnetic Field strength (H): The magnetic field strength H is the force experienced by a unit North
Pole placed at a point in the given magnetic field. It is expressed in A-m™.

Magnetization or Intensity of Magnetization (M):

Magnetic moment per unit volume is known as Magnetization.
magnetic moment

Magnetizatin,M =
g Volume

The magnetization is expressed in ampere- (meter)™.

Magnetic susceptibility (X): The magnetic susceptibility is the ratio of Magnetization M and
Magnetic Field strength H. _M, X has no units. It is only a number.
H
The ease with which a material can be magnetized is characterized by susceptibility.
Magnetic lines of force: Usually magnetic field is characterized by magnetic lines of force.
A line along which a unit north pole would tend to move is known as magnetic line of force.



Magnetic induction field strength (or) Magnetic Flux Density (B):
Magnetic flux density is denoted by B. It is defined as the number of magnetic lines of force passing
through a unit area of cross section of the magnetic material.

¢

If ¢ is the number of lines force passing through an area of cross section A, then B=—.

It is also defined as flux per unit area. It is expressed in weber-m™.
Magnetic permeability (p1):(Absolute permeability)
Permeability is the ability of a magnetic material to conduct lines of force through it in a field.

Magnetic permeability is the ratio of magnetic flux density B in the material to the applied magnetic
field strength H.

B
=—orB=uH
7 y7;

Magnetic permeability of Free Space (j):

The magnetic permeability of free space (L) is the ability of air medium to allow the lines of force
through it. It is denoted by p.lt is defined as the ratio between magnetic flux density B, of air or
vacuum or free space and the applied magnetic field H.

BO

ﬂozﬁ

B, = pyH Where p, =47 x107" Hm™".
Relative Permeability (u,):

Relative permeability (i) is the ratio between absolute permeability of a material (1) and
permeability of free space (L)

lep, = £
Ho
/J = lu()lur

Relation between B, H and M
We know that B = uH

But p =y,

S B=ppu H

B = pp H+ 1 H — iy H

B=uH +pypt, H -ty H ~ -==mmmmmeee- (1)

B= ﬂoH+ﬂ0H(ﬂr _1)

But,B=H(u,-1)=M
SoB=p,H+ u,M e (2)
ZB=u(H+M) ....3)
Relation between y and x :

The relation between B, H ,u and M is given by

B
u= 1)
B
B_ﬂo(H+M) = Hy H+M (2)
e —— 3)



From (1), (2) and (3),

B
- _H+M B
B H B
(H+M)
—1+M
H, I
Ho=1+y
x=p -1

Magnetic moment (or) Origin of Magnetic moment:

Let us consider an electron revolving in an orbit round the nucleus.
Let r = Radius of the orbit.

Let y= linear velocity

And @ = angular velocity

T = period of arbit

|_ =orbital angular momentum

Now v=rw

Also w=2nv

a):z_ﬂ-:T:z_ﬂ-
T 0]

w= Angular frequency, and T= time period.
Il o

T 2«
The electron revolving round the nucleus is something similar to circulating

current loop.

Now current [ = %
timeT
[=-%
T
ew
[=——— - 1
> (D

This circulating current loop is equivalent to a magnetic dipole.
Now the magnetic moment due to orbital motion of the electron is giving by

Hei
My =1IxA
Here A= Area of the circular loop.
A= 7r’



I = Current

Now u, = —%}Z’I’z

(Since v=rw)

. Q)

=— i m vr
/‘lel 2mg e

Now m,vr = L, the angular momentum of the electron

o, = —(L]L ... 3)

2m,
The negative sign signifies that 2, and L are opposite to each other.

Bohr magneton:
The angular momentum associated with an election is given by. mr’w
Now the magnetic dipole moment and angular momentum related as

e
= —(—j x Angular momentum.
2m

The negative sign indicates that the dipole moment points in a direction
opposite to the vector representing the angular momentum.

A substance therefore possesses permanent magnetic dipoles if the
elections of its constituent atoms have a net non vanishing angular momentum.

The ratio of magnetic diopolemoment or magnetic moment of the
electron due to its orbital motion and the angular momentum of the election
due to orbital motion is called orbital gyro magnetic ratio. (or) orbital magneto
mechanical ratio of an electron.

This is denoted by r

Magnetic moment

Angular Momentum
_ luel
)
/uel T
e
e
e e s (1)



According to modern atomic theory the angular momentum of an
electron in the orbit is determined by the orbital quantum number 1, which is
restricted to set of values.

re.1=0,1,2,----------- ,(n-1)

Where n= principal quantum Number

This principal quantum number determines the energy of the orbit.

n=1,2,3,4,-------—---- only integer values.

The angular momentum of the electrons associated with a particular
value of 1 is given by / (Zij

7T
Now the strength of the permanent magnetic dipole is given by

{5 3)

__( ehl )
He 47rm
P )

eh . . .
Here u,= e~ is an atomic unit called Bohr magneton.
wm

1 Bohr magneton= 9.28x10% ampere-(metre)2

Bohr magneton represents the magnetic moment of an elementary
permanent magnetic dipole.
Electron spin-Magnetic moment

Usually the electron in atom revolves around the nucleus. In addition to
this  the electron revolves around a fixed axis. The magnetic moment
associated with spinning of the electron is called spin magnetic moment 4, .

The spinning of an electron is similar to spinning of earth about its own axis.
The spin magnetic moment s and spin Angular momentum s are related by

e
L= —|S
L)

Here r is called gyromagnetic ratio with respect to spin. experimental
value of r for an electron is -2.0024. The negative sign indicates that ues is

opposite to S.

Also § = M

4r

Now equation (1) gives, z, =9.3x107* ampere — (metre)®
Magnetic moment due to nuclear spin
The atomic nucleus possesses intrinsic spin called nuclear spin.
Due to spin motion of nucleus, it will posses magnetic moment.
The nuclear magnetic moment is expressed in the unit of nuclear magnetron g,
_eh

4zM,

#, =5.05x107" 4—m’

M, = Mass of the proton , M, =1.673x10""kg

4, h= plank’s constant



Magnetic Hysteresis

The important property of the ferromagnetic material is relating the extent of
magnetization with the strength of the magnetizing field.

“The lagging of Physical effect behind the cause of the effect” is called
Hysteresis. The lagging of Magnetic flux density B behind Magnetizing field H, is
called Magnetic hysteresis.

In our discussions the cause is the magnetizing field H. The effect is being
the magnetization M. This Magnetization M has to be produced in the ferromagnetic
material with the application of the field H.

A plot of M Versus H gives an interesting curve showing the phenomenon of
M logging behind H.

This curve is called Hysteresis loop or Hysteresis curve. Hysteresis loop can
be drawn relating magnetic induction B and the magnetizing field H.

This is because B can be measured directly.

The Hysteresis loops are shown below.

B Flux Density Saturation

Retentivity
(residual flux density Br)\

j Magnetizing Force
Saturation

In Opposite Direction iz Flux Density
In Opposite Direction

Magnetic Hyteresis Loop.

Coercivity \

Magnetizing Force
In Opposite Direction

Salient features of the Hysteresis loop:

1) Let us start with a demagnetized specimen for which Magnetic flux
density B=0.
With the increasing value of magnetizing field H, the magnetic flux
density of the specimen increases from zero to higher values.
At the point “a* the maximum magnetization is attained. Beyond
this point even if magnetizing field H is increased, Magnetization
and magnetic flux density B remains constant. This value of
magnetic flux density B=By is known as saturated value of magnetic
flux density.
Here all the molecular dipoles get aligned along the H direction.
Hence the magnitude of magnetization M and magnetic flux density
B stops increasing further.

1) In the “ab” part of the loop, the magnetization does not decrease in
phase with the decreasing value of magnetizing field H.
The lagging of M (or) B behind H is significant as H attains zero
value.



Note that here the magnetization B=B, left behind instead of tending
to zero along with H at H=0 is called the residual magnetization (or)
Remenant magnetization or Residual magnetic flux density B,. As
we move along the part ‘bc’ the value of magnetizing filed H is
negative. The magnetization M and magnetic flux density B comes
back to its initial value of zero only at certain magnitude of the
reversed field H..

This H, is called the coercive field.

Coercive field is the field applied in the reverse direction so as to
make Retentivity (B,) equal to zero.

i)  With the further increase in negative value of H, the saturation of
magnetization (or) Magnetic flux density is attained in the opposite
direction.

iv)  When the magnetizing filed becomes zero, the residual magnetization
will be negative (or) Magnetic flux density is negative. This is indicated
by ‘de’ in the BH — loop.

V) If we further increase the magnetizing field H, the magnetization M and
magnetic flux density B reaches the point ‘a’, indicating the completion
of one cycle of operation.

Application of B-H loop
e Based on the magnetic hysteresis loop, different types of
ferromagnetic materials are used to design electrical components.
A transformer contains iron cores, which are ferromagnetic.

In every cycle of the current flow, the core magnetization goes through
one hysteresis loop. If the loop happens to have more Area the energy wasted
will be naturally large.

(Area of B-H loop or M-H loop gives loss of energy) usually core
material is chosen to have small retentivity and coercivity. In these cases a
better efficiency can be achieved.

e Materials with large values of retentivity and coresivity are chosen

for making permanent magnets.

Loss of energy
The loss of energy per unit cycle per unit volume due to hysteresis is

equal to % times area of B-H loop.
T

¢ H. dB= Area of B-H loop.

Also ¢H.dl =—/Area of B-H loop ]

1
4z
Here I= Intensity of Magnetization.

During one cycle of operation, Magnetization and demagnetization is
going to take place. i.e. Alignment and reversal of magnetic dipoles will takes
place.

During the abcdefa path Reversal of magnetic dipoles and reversal of
magnetization takes place. Here heat is dissipated in the material. This is
wastage of power and wastage of energy.



Requirements of Magnetic Materials:

Whenever a magnetic material is magnetized, change in domain size —
takes place. Usually some favorably oriented domains grow in size and
unfavorably oriented domains shrink.

Basing on the domain size variation during magnetization, the area of
the hysteresis loop and other properties, magnetic materials are classified into
soft and hard magnetic materials.

Soft magnetic materials
The soft magnetic materials usually will have

1. Low permanent magnetization.

1i. Low retentivity.

iii.  Low coercivity.

v. Low hysteresis losses and Small hysteresis loop Area.

v. High magnetic permeability.

vi.  High susceptibility.

Here these materials can be magnetized and demagnetized very easily.
The frequently used soft magnetic materials.

Pure iron.

Alloys of iron-silicon.

Iron —cobalt.

Iron — Nickel. (Perm alloy)

Mumetal. (Ni+ Cu+ Cr+Fe)

. Amorphous ferrous alloys. (Alloys of Fe, Si, B)

Note: If the resistance to the movement of the magnetic domain walls is small,
the materials are called soft magnetic materials.

Applications

e Pure iron is generally used as the magnetic core for direct current
applications.

e Iron — silicon alloys containing up to 5% silicon, will have high
electrical resistivity and high magnetic permeability under high flux
densities. These materials are widely used as core materials for A.C.
current machinery.

Using iron — silicon alloys, eddy currents can be minimized.

e Jron — silicon alloys are used for low frequency and high power
applications.

High speed relays, wide Band transformers and Inductors

e Iron-Nickel alloys are used for audio frequency applications. In iron
nickel alloys, nickel composition varies from 35 to 100 %.

e Higher the Nickel content, higher will be the permeability at low
induction and lower the magnetic saturation of alloy. Maximum
permeability is obtained for 79% of Nickel and the remaining is Iron.

e The alloy containing 79% Ni, 15% Fe, 5% Mo and 0.5%Cer. It is
known as Supermalloy posses very high permeability.

e [Iron — Cobalt alloys have very high magnetic saturation than either
Iron or cobalt. Here maximum saturation is obtained for a
composition of about 35 to 50% Cobalt.

AR



e Soft magnetic materials are also used in magnetic amplifiers,
magnetic switching circuits.
Hard Magnetic Materials

If the resistance to the movement of the magnetic domain walls in large,
we have large coercivity. The material is called Hard Magnetic material.

This is because, due to the presence of impurities of non-magnetic
materials or the lattice imperfections.

The presence of defects increases mechanical hardness to the material
and increased in the electrical resistivity. This also reduced eddy current losses.
Usually hard magnetic materials are characterized by
High Remnant magnetization.(or) High retentivity.

High coercivity.

High saturation of the flux density .

Low permeability and low susceptibility.
High hysteresis loop area.

. High hysteresis loss.

Most widely used permanent magnetic materials are low alloy steels
containing 0.6% - 1% carbon & other materials are:

a) Alnico (alloy of Al, Ni, Co, Cu and Fe)

b) Tungsten steel Alloy

¢) Platinum - Cobalt alloy

d) Invar steel

Hard magnetic materials are used to prepare permanent magnets, here
they are prepared from the alloys of steel with tungsten and chromium.

The permanent magnets are used in magnetic separators, magnetic
detectors, in speakers used in audio systems and microphones.

Hard magnets made with carbon steel finds application in the making of
magnets for toys and certain types of measuring meters.

Here the cost is very low.

We can as well produce magnets from powdered materials having a
particle size of colloidal dimensions from 0.1-0.01 microns.

These iron based powdered permanent magnet alloys will have high
coercivities.

The ceramic permanent magnetic materials such as BaO6Fe,0;, P,Oq
Fe,0O; are considered to belong to the same class fine grained magnets.

Recently a new permanent magnet which exhibits very high coercive
forces as well as high flux density has been developed from powdered
manganese bismuthide (MnBi).

S e

Prepared By

P.V.Ramana Moorthy
Associate Professor,
SITAMS, Chittoor
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