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(a) Bar Magnet, Magnetic Poles and Properties
(b) Magnetic Moment of an Orbital Electron
(c) Magnetic Dipole and Properties

(d) Earth’s Magnetism

Magnetism and Matter

Learning Objectives
After reading this chapter, you will be able to understand concepts and problems based on:

(e) Tangent Law and Tangent Galvanometer
(f) Vibration Magnetometer
(g) Properties of Magnetic Materials

Al this is followed by a variety of Exercise Sets (fully solved) which contain questions as per the
latest JEE pattern. At the end of Exercise Sets, a collection of problems asked previously in JEE Main

are also given.

INTRODUCTION TO BAR MAGNET
AND MAGNETIC POLES

Moving charges or current loops cause magnetism.
This phenomenon was known long before the mag-
netic effect of current was discovered. Bar magnets
are the simplest source of magnetic field (apart from
electric current). A bar magnet possesses the follow-
ing properties.

(@

(c)

A freely suspended bar magnet always orients
itself (approximately) along the North-South
direction. It is important to note here that the
end which points towards geographical north is
called the North pole (not the South pole) and
the end towards geographical South is called the
South pole (and not the north pole).

Like poles repel each other and unlike poles
attract each other with a force which obeys the
inverse square law.

A magnet attracts certain substances e.g., small
pieces of iron, iron filings sprinkled on a sheet of

paper held over a bar magnet form characteristic
patterns similar to the lines of force of an electric
dipole.

It was thought that, like two types of electric charges,
there are two types of magnetic charges (or poles).
However, every effort to find such magnetic charges,
or to isolate the poles of a magnet have failed. If we
break a magnet into two parts, the two pieces become
two new magnets, each having both N-pole and
S-pole. Even if we break up a magnet into the elec-
trons and nuclei, it will be found that even these are
magnetic dipoles. Thus, a magnetic monopole does
not exist.

A bar magnet consists of two equal and opposite
magnetic poles separated by a distance, hence the
magnet is also called the magnetic dipole.
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If m is pole strength and 2! the separation between

poles, then
-m +m

sfe el

—o—

Magnetic moment of bar magnet,
M =m(2])

M is a vector directed from South Pole to the North
Pole of magnet.

If I'is the current flowing in a coil of area A, then mag-
netic moment of current loop

M=IA (in Am?)
If the coil contains N turns, then
M = NIA

The unit of pole strength m is ampere-metre (Am).

(a) On bending a magnet its pole strength remains
unchanged whereas its magnetic moment
changes.

(b) The unit of magnetic moment is Am? and its
dimensional formula is M’L“T°A

(c) If a magnet of length ¢ and magnetic moment M
is bent in the form of a semi-circular arc then its

new magnetic moment will be M’ = M
T
{=mr
N S
m,2{
M’:mp(Zr):p_=@
n n

(d) The property of magnetism in materials is on
account of magnetic moment in that material.

(e) In para magnetic and ferro magnetic materials the
direction of M is in the direction of H whereas in
diamagnetic materials it is opposite to that of H.

(f) If a magnet is cut along its length then the mag-
netic moment decreases i.e.

mpocA

(8) When two bar magnets are lying mutually per-
pendicular to each other, then the resultant mag-
netic moment is

—-m S
e
+mLUN ®
=mp====-=----J+m M,
S ! N

M= M2 + M2 =2m¢

(h) When two coils, each of radius r and carrying cur-
rent |, are lying concentrically with their planes at
right angles to each other, then the resultant mag-
netic moment is

M= M +M2 =2irr’ for M, =M,

M.
IS q,

(i) The magnetic moment of a magnet decreases on
increasing temperature.

Properties of a Magnet
A magnet has following properties.

(a) It attracts ferromagnetic materials towards it.
(b) When suspended freely it rests in a particular
direction i.e. North-South direction.

_-- Magnetic axis
N
~Magnetic meridian
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(c) The pole strength of its two poles is the same.

(d) The two poles of a magnet cannot be isolated i.e.
separated out i.e. magnetic monopoles do not exist.
If a bar magnet is broken into a number of pieces,
then each piece behaves a s an individual mag-
net rather than behaving like an isolated pole. So,
magnetic monopoles do not exist

S N S N S N

(e) Like poles repel and unlike poles attract each
other.

(f) For two rods A and B as shown, if both the rods
attract in case (i) and do not attract in case (ii)
then,

Bis a magnet and A is a simple iron rod showing
that repulsion is the sure test of magnetism.

(i) (il

(f) It can be magnetically saturated.

(g) It can be demagnetized by beating, mechanical
jerks, heating and with lapse of time.

(h) It produces magnetism in other materials by
induction.

MAGNETIC MOMENT OF AN
ORBITAL ELECTRON

The magnetic moment of an electron due to its orbital
motion is lup whereas that due to its spin motion it
is @.
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G2

M

where pg is the Bohr magneton. The value of Bohr
magneton is

yﬁ.:i:ﬂ {wherehzi}

drm  2m 2

= 1y =093x107% Am?
The magnetic moment associated with the electron

revolving in the first Bohr orbit is known as Bohr
magneton.

Problem Solving Technique(s)

(a) Other formulae for magnetic moment M
(i) M=nizr?

evr _er'o _er’2nf _er'n

(W) M= === =7

(i) M= ;—L , where L = Angular Momentum of
m

the Electron

(iv) M=nug

(b) About 90% of magnetic moment is due to spin
motion of electrons whereas 10% part is due to
their orbital motion.

(c) The net magnetic moment of an atom is equal
to the vector sum of magnetic moments of all its
electrons.

ILLUSTRATION 1

The electron in hydrogen atom moves with a speed

of 2.2 x 10° ms™ in an orbit of radius 5.3 x 107! ¢m.
Calculate the magnetic moment of the orbiting electron.

SOLUTION

Frequency of revolution of electron is

f:i

2y
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Since the moving charge is equivalent to a current

loop, so
I=qf
o
2rr

If A be the area of the orbit, then the magnetic

moment of the orbiting electron is,
fvi:fA:(ﬂ)(:vrr?)zﬂ
2rr 2
Substituting the values, we get

(1.6%107™)(2.2x10°)(53%10™ x1072)
2

M=

= M=93%x10"% Am?

a) Bohr magneton u =_eh =9.27x10" Am=. It
g B 4
m

serves as natural unit of magnetic moment. Bohr
magneton can be defined as the orbital magnetic
moment of an electron circulating in inner most
orbit.

(b) Magnetic moment of straight current carrying
wire is zero.

(c) Magnetic moment of toroid is zero.

(d) If a magnetic wire of magnetic moment (M) is
bent into any shape then it's magnetic moment
M decreases as it's length (L) always decreases but
pole strength remains constant.

4\
— L2
J Jd |
-m m L2
M=mL M’ = M2
L3
f— —>
J 9 L/3 L/3
-m +m
M=mL J ______ J
M =M/3
—] ——>
9 9 &40
-m +m L =zR
M= mL M = 2M/x

— ——

J J

-m +m
M=mL
M =0
(e) Cutting of a bar magnet: Consider a rectangular
bar magnet having length ¢, breadth b and mass
w, then if the magnet is cut in n equal parts along
its length as well as perpendicular to its length
simultaneously as shown in the figure, then

and

(ii) breadth of each part b’ =

(iii) Mass of each part w’ = E,
n

(iv) The pole strength of each partis m”= m

Jn

(v) Magnetic moment of each part is
m_ ( M
M=ml'=—=x—==—
JnVnon

(vi) If initially moment of inertia of bar magnet
about the axes passing from centre and per-

2 2
pendicular to its length is i:w[L 1+2b ]

L /
then moment of inertia of each part I'=—
n

(f) For short bar magnet i.e. for a magnet of small
width, we have
b=0,s0 E’=£, w’=£, m=m, M’=M and
n n n
p=—=

n3

(g) If a magnet of monopole strength m and mag-
netic moment M is cut parallel to its length in
two equal halves or is cut parallel to width in two
equal haves then the divided pieces of magnet
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will have monopole strength m" and magnetic

moment M’ as shown.
S N
S N -mC——+m'
i - e
-mC——+m’
—] —> S N
M=mL ==
m' =m/2 and M' = M/2
. i
S I N S N!S N
1

I N P I

[ -m +mi{-m +m

— | —
L —> L2 | LR
M =mL m'=mand M' = M/2

MAGNETISM

(@) That property of a magnet, by virtue of which it
attracts ferromagnetic materials towards it and
rests itself in North-South direction, is known as
magnetism.

(b) The magnetism produced by induction depends
upon the distance between inducing pole and
induced pole.

(c) The magnetism of materials is mainly due to the
spin motion of its electrons.

MAGNETIC POLES

The two points at the ends of a magnet at which mag-
netism is maximum, are defined as magnetic poles.
The magnetic poles are of two types.

(@) North pole
(b) South pole

North Pole

(@) The pole of a magnet which when freely sus-
pended always points towards geographical
north, is known as north pole.

(b) The pole, from which the magnetic lines of force
emerge out, is known as north pole.

(c) Thisis also called as the positive pole.

(d) Here north direction means geographical north.

South Pole

(@) The pole of the magnet, which when freely sus-
pended always points towards south, is known
as south pole.
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(b) The magnetic pole into which the lines of force
merge into, is known as south pole.

(c) This is also called as negative pole.

(d) Itisnot necessary that magnetic poles are exactly
in the middle of its ends rather these can be situ-
ated away from the middle.

MAGNETIC AXIS

The imaginary line joining the two poles of a magnet
is defined as magnetic axis.

EFFECTIVE LENGTH OF A MAGNET

The distance between the two poles of a magnet is
defined as its effective length. This length is meas-
ured along the axis of the magnet.

0

VY
X -——eW

;

The distance of magnetic pole from the centre of the
magnet is known as half-length of magnet. Effective

length of magnet is % times its geometric length.

MAGNETIC MERIDIAN

An imaginary plane passing through the axis of a
freely suspended stationary magnet is defined as
magnetic meridian. All imaginary planes drawn par-
allel to this plane are also called magnetic meridian.
It is not a particular plane rather it is the direction of
earth’s magnetic field. This plane cuts the surface of
earth in a line, hence it is represented by line on the
piece of paper.

POLE STRENGTH (M)

The strength of a magnetic pole to attract magnetic
materials towards it, is known as pole strength.
Greater the number of unit poles in a magnetic pole,
greater will be its strength.

F  Magnetic force

m=—=
B Magnetic induction

Its unit is ampere-metre (Am)
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(a) Itis ascalar quantity (just like charge)

(b) Pole strength of N and S pole of a magnet is
conventionally represented by +m and -m
respectively.

(c) Pole strength of the magnet depends on the
nature of material of magnet and area of cross
section. It doesn’t depend upon length

S N

gS A - more SN @ A-less ()
SS m - more NN 88 m - less

S N

MAGNETIC LINES OF FORCE

The imaginary lines straight or curved which rep-
resent the direction of magnetic field, are known as
magnetic lines of force. The imaginary path traced
by an isolated (imaginary) unit north pole is defined
as a line of force.

Properties

(@) Magnetic lines of force are closed curves. Qutside
the magnet their direction is from north pole to
south pole and inside the magnet these are from
south to north pole.

(b) They neither have an origin nor an end.

(c) These lines do not intersect, because if they do so
then it would mean two directions of magnetic
field at a single point, which is not possible.

(d) The tangent drawn at any point to the line of
force indicates the direction of magnetic field at
that point.

(e) The number of magnetic lines of force passing
through unit normal area is defined as magnetic
induction (B) whereas the number of lines of
force passing through any area is known as mag-
netic flux.

(f) The larger the number of field lines crossing a
unit area, the stronger is the magnetic field.

(g) At the poles of the magnet the magnetic field
is stronger because the lines of force there are
crowded together and away from the poles the
magnetic field is week. So, we conclude that
Magnetic Field Intensity « Number of Lines of
Force.

(h) The lines of force can emerge out of the north
pole of magnet at any angle and these can merge
into the south pole at any angle.

(i) Magnetic field lines have tendency to contract
longitudinally indicating attraction between
unlike magnetic poles. The lines also have ten-
dency to dilate laterally, indicating repulsion
between like magnetic poles as shown below.

A
N

(j) Uniform magnetic field lines are shown below.

[ —— ]
]
~———

', Uniform magnetic field

_—
—_—

(k) Non-uniform magnetic field lines are shown
below.
—_—
RGN

The Electrostatic Analog: We can write most of the
results for magnetism using analogy with electrostat-
ics by making the following replacements:

B, pom, —— H

gom, E>B, poM, — 520
dre, 4m

Non-uniform
magnetic field

COULOMB’S LAW IN MAGNETISM

The force between two magnetic poles of strength
my and m, lying at a distance 7 in vacuum is given by
m My

-]
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ILLUSTRATION 2

Two magnetic poles, one of which is four times
stronger than the other, exert a force of 10 gf on each
other when placed at a distance of 20 cm. Find the
strength of each pole.

SOLUTION

Let the pole strength of the two dipoles be m and
4m

Here, F=10 gf=10x10" Kgf=10x10"°x9.8 N
and r=20cm=02m

Using Coulomb’s law of magnetism

425

?’2

Substituting the values,

107 xmx4m

10x107x9.8 = ;
(02)

» _10x98x(0.2)" x10*
4

= m=m=989 Am

= m,=4m=4x98.9=39 Am

ILLUSTRATION 3

Two similar magnetic poles, having pole strengths in
the ratio 1:3 and placed 1m apart. Find the point
where a unit pole experiences no net force due to
these two poles.

m =9800

SOLUTION

Let the pole strengths of the two magnetic poles be
m and 3m . Suppose the required point is located at
distance x from the first pole. Then at this point,

— X —pia—1 — X —»i

m = im > 4m
Force on unit pole due to first pole

= Force on unit pole due to second pole
N y_o[mx1]=u_ﬂ 3mx1

ar\ 2 ) dr| (1-x)
= 32%=(1-x)" or Bx=1-x

1
1+3

= x= =0.366 m
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STRENGTH OF MAGNETIC FIELD

It is defined as the force experienced by a unit north
pole or unit text monopole () placed at the given
point in the magnetic field.

Hence, magnetic field due to an imaginary magnetic
pole with pole strength m is

Fuym

B=—="—
my, 4rr

CURRENT LOOP AS A MAGNETIC DIPOLE

If we compare the field produced by a bar magnet
and a current carrying solenoid, we find that they are
similar. Thus, a solenoid behaves as a dipole. Since,
a solenoid is a collection of current loops, therefore
we can assert that a single current loop is the most
elementary magnetic dipole with its one face behav-
ing as a north pole and the other as a south pole.

016,

The face in which the current is anticlockwise acts as
N pole because the lines of force emerge out of this
face, and the face in which the current is clockwise
acts as S pole.

For a loop of n turns or for a solenoid,

m=nlA
The S.I. unit of m is Am* or JT™

ILLUSTRATION 4

Each atom of an iron bar (5cmx1cmx1cm) has a
magnetic moment 1.8x10™ Am”. Knowing that the

density of iron is 7.78x10° kgm, atomic weight is

56 and Avogadro’s number is 6.02x10%. Calculate
the magnetic moment of bar in the state of magnetic
saturation

SOLUTION
The number of atoms per unit volume in a specimen,
_PNy
A
For iron,
p=78x 10° kgm'3,
N, =6.02x10% /kgmol, A =56



ICON

2.8 JEE Advanced Physics: Magnetic Effects of Current and Electromagnetic Induction

| _78x10°x6.02x10%
56

n=2838x10" m™

Total number of atoms in the bar is

N, =nV=838x10%x(5x102x1x10 2 x1x102 )

N, = 4.19x10%
The saturated magnetic moment of bar is

M=419%x10" x1.8x102 =754 Am?>

ILLUSTRATION 5

The moment of a magnet is 0.1 Am* and the force
acting on each pole in a uniform magnetic field of
strength 0.36 oersted is 1.224x10™* N.. Find the dis-
tance between the poles of the magnet.

SOLUTION
F=mB
_F 1224107
B 0.36x10™

= m=4Am

Since, M =m(2[)

M 01 10
A=—=—m=—am
m 4 4
= 2l=250cm

MAGNETIC FIELD STRENGTH

At Point P Lying on Axial Line
(End on Position)

The intensity of magnetic field due to a magnetic
dipole of length 24 ata point P distant r on its axis
from the centre of the magnet is given by

M,
— 2 —»
p
s b t'}'_ 3o Basa
< r >
= (r+a) &
Uy 2Mr -
Baxial = Ba = ﬁ , 2\2 (along M)
(r*-a)

In case of a magnetic dipole if the two poles are situ-
ated very close to each other, then

a<r
_u, 2M

= Baxial = E 3

r

At Point P Lying on Equitorial Line
(Broad-side on Position)

The intensity of magnetic field due to a magnetic
dipole at a point P distant r on its equatorial line
from the centre of dipole is given by

P
Bequitorial aa—

\
/ \

’ Ay
’ \

I
I
I
|
/ 1 .
w2ea?, 1 NP +al
!l : \\
|
I

/

\
7 A

(0] N
7

4

l—a—pie—a—>»
i, o
Beuitorial = B. = — (opposite to M)
quitorial e 3/2 PP
4 (rz +a2) '
If a<r,then
B M
equitorial = Ar 3

r

At any Point P

The intensity of magnetic field at any point P with
polar co-ordinates (r,0) i.e. point P is and inclined
atangle 6 with dipole moment M of the magnet dis-
tant r from the centre of magnetic dipole (magnet) is
given by

B=\[B} +B;
) NO+P)
-1 4 R
where B, = Field in the direction | _ o ( 2Mcos®
of increasing r Ar 3
and B, = Field in the d'1rect10n _ Ko [ Msin®
of increasing 6 A 3
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= B=&M\}1+3coszﬁ

4m p?
The direction of this intensity is given by

tanf = %tan(f)

= f= tan'l(%tanf))

and net field B makes an angle (6+ ) with the mag-
netic moment (M) of the magnetic dipole.

ILLUSTRATION 6

A short bar magnet has a magnetic moment of
048 JT™. Find the direction and magnitude of the
magnetic field produced by the magnet at a distance
of 10 cm from the centre of magnet on

(a) the axis
(b) the equatorial lines (normal bisector) of the
magnet.

SOLUTION

(@) When the point lies on the axis, then let B, be the
magnetic field at P on the axial line.
So, for ¥ =10 cm =0.1 m, we have

B =y_0(¥)=10_7x2x0.i8
ar\ r (0.1)
= B,=096x10" T from S poleto N pole
(b) Let B, be the magnetic field at point P on the
equatorial line, then
M7 28
A r (0.1)

= B,=048x10" T=048G along from N
pole to S pole.

ILLUSTRATION 7

What is the magnitude of the equatorial and axial
fields due to a bar magnet of length 5.0 cm at a dis-
tance of 50 cm from its mid-point? The magnetic
moment of the bar magnet is (.40 Am?.

B,

SOLUTION
M 107 x04
€q 4 r3 (05)3
o 2M _ 107 x2x0.4

axial = 4 3

Ty (05)

=32x107 T

=64x107 T
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ILLUSTRATION 8

Calculate the magnetic induction ata point 1 A away
from a proton, measured along its axis of spin. The

magnetic moment of the proton is 1.4x107* Am®.

SOLUTION

On the axis of a magnetic dipole, magnetic induction
is given by

B:&(&)
AN

Substituting the values, we get

-7 -26
B=(10 )Ez)(;?m )=2.8><10'3 T=28mT
10°

ILLUSTRATION 9

A bar magnet of length 0.1 m has pole strength of
50 Am . Calculate the magnetic field at distance of
0.2 m from its centre on

(a) its axial line and
(b) its equatorial line.

SOLUTION
Here, m=50 Am, r=02m, 2[=01m
or [=005m

So, Magnetic dipole moment is
M=m(2l)=50x0.1=5 Am”
Since r and [ are comparable, so
My 2Mr 107 x2x5x02
Man (e (022005

(a) B

= B, =142x107* T

My M 107x5
® B _ﬁ(rz )" i (0.2 +005° )"

= By =571x107 T

ILLUSTRATION 10

Find the magnetic field due to a dipole of magnetic
moment 3 Am” at a point 5m away from it in the
direction making angle of 45° with the dipole axis.
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SOLUTION

The condition given in the figure can be drawn as

S N

So, the magnetic field at point P is,

= B=&M\}1+3c0529

4z 13

Here, M=3 Am?, r=5m, §=45°

- B=10'7xé 1+3cos (45°)

= B=10'7><i><\/1+1.5
125

= B=10'7><i><1.58=3.79><10'9T
125

Also, tanff=—tanf = %tan 45° = %

1
2
= PB=tan"'(05)

ILLUSTRATION 11

Calculate the magnetic field at point A due to the
arrangement of two small dipoles each having a
dipole moment of 1 Am? as shown in Figure.

N
N S A
-------- bbbt
50 cm 50 cm S
SOLUTION

Point A lies on the axial line of first magnet and the
field produced by the first magnet is

N

N@SB1A @

[ e—-g----- 7I -------------
BB2

w

1y 2M 107 x2x1
b= T T
dm r (0.5)
Point A lies on the equatorial line of second magnet
and the field produced by the second magnet is

Uy M 107 x1

T

Therefore, net magnetic field at A is
B=B>+B: =8\5x107 T

=16x107 T

=8x107 T

MAGNETIC FORCE BETWEEN
TWO SHORT MAGNETS

(@) When they are coaxial, the force between the
dipoles is

) ( 6M, M, )
4r rd
(b) When their axes are mutually perpendicular,
then the force between the dipoles is
) ( 3M; M, J

4 rt

ILLUSTRATION 12

Two small magnets each of magnetic moment 10 Am?
are placed in end on position 0.1 m apart from their
centres. Calculate the force acting between them.

SOLUTION
pbo SMiM, _(y7)6(10x10)
7 (0.1)
= F=006N

TORQUE ON A DIPOLE IN A UNIFORM
MAGNETIC FIELD

Consider a bar magnet or a small compass needle of
known magnetic moment M, moment of inertia [ is
placed in a uniform magnetic field B at an angle 0

as shown in Figure
) F = mB
pEPA,
,,x/)m/>_b R

> r. = 2asind
B
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We observe that, both of its poles experience equal
and opposite forces due to which net force on it is
always zero. Hence the magnetic dipole is always in
translational equilibrium in a uniform magnetic field.
However, since these forces do not have the
same line of action so it experiences a non-zero torque
on it. This torque 7 is given by
t="Fr, =(mB)(2asin0)
= t=m(2a)(Bsinf)
= 7=MBsinf {m(2a)=M}
In vector form, 7= M x B
Maximum torque is obtained when
sinf=1 or 0= %

= 1. .=MB

max

= M — Tmax
B

If B=1 tesla, then M =1,

So, the magnetic moment of a magnetic dipole is
numerically equal to the torque acting on the dipole
placed perpendicular to a magnetic field of strength
1 tesla.

SPECIAL CASES

(a) When 8=0°, 7=0
The dipole is in rotational equilibrium also.

(b) When 6=180°, =0 again.
(c) When 8=90°, |7|=1,,,, =MB

ILLUSTRATION 13

A magnetic dipole is placed at an angle of 30° with
a magnetic field of intensity 10* T. It experiences a
torque equal to 5 Nm . Calculate the pole strength of
the dipole, if dipole length is 1 cm .

SOLUTION
As 7= MBsin§, M=—"
Bsin®
- lr\/1=L=1o‘?’lf:xm2
((10*)(05))
Since M = md
-3
= m=M=10 107" Am

d 1072
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ILLUSTRATION 14

A bar magnet when placed at an angle of 30° to the

direction of magnetic field of 5x107 T , experiences

a moment of couple 2.5x107° Nm. If the length of
the magnet is 5 cm, then calculate its pole strength.

SOLUTION

Since torque acting on the magnet is
7= MBsin@ = m(2l)Bsinf, where
0=30°, B=5x107 T, 7=25x10" Nm
2l=5cm=0.05m and m="?

T 25%10°
m= — =
B(2l)sin® 5x107(0.05)sin30°

= m=2x10" Am

ILLUSTRATION 15

A bar magnet of length 10cm and having the
pole strength equal to 10 Wb is kept in a mag-
netic field having magnetic induction (B) equal
to 4rx107 T. It makes an angle of 30° with the
direction of magnetic induction (B). Calculate the
value of the torque acting on the magnet. Given that

(4o = 47x107 WbA ™ 'm')

SOLUTION

The unit of pole strength in S.I. system is Am, but
here it is given in weber and since the unit of ym is
weber, so we have

tym =107 weber

107
m=—
Ho
Magnetic moment M = m(2/)
-3 4
Ho Ho

Further 7= MBsin@

-4
107 s (47x107 )sin30°
Ho

S

r=4—”><10"’ x0.5=0.5 Nm
Hy
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ILLUSTRATION 16

A magnet of magnetic moment 500 Am” is placed
along the x-axis in a magnetic field B = (0.51’ +3] ] T.
Calculate the torque acting on the magnet.

SOLUTION
Since torque, 7= M xB
where, M =50i Am?, B=(05i+3]) T

= #=50ix(051+3])

= 7=150(ix])=150k Nm

WORK DONE IN ROTATING A DIPOLE
IN A UNIFORM MAGNETIC FIELD

Since the torque acting on a dipole placed in a uni-
form magnetic field is given by

T=MBsinf

If dipole is rotated by a small angle d6, then work is
done against torque which is given by

dW = 1d6 = MBsin 6 df
Total work done is given by
&
W= de = JMBsinB d6
0
= W=-MB(cosb, —cosb, )
The work done in rotating the dipole from equilib-
rium position 6; =0° through an angle 6 is
W =-MB(cos6-1)= MB(1-cosf)
The work done in rotating the magnetic dipole from
61 =90° to 92 =0 is
W = -MB(cos - cos90° ) = ~MB cos 6

This work done is stored in the form of potential
energy U of system, so the potential energy of mag-
netic dipole is given by

U=-M B=-MBcos@

POTENTIAL ENERGY OF A DIPOLE
IN A UNIFORM MAGNETIC FIELD

The work done by external torque in rotating the
dipole from an angle 6, to an angle 6, is

W =-MB(cosb, —cosb, ) (1)

Since we know that work done by an external force or
torque equals the change in potential energy, so from
equation (1), we have

W= Uf —U,- = —MBC0892 —(—MBC0591 )
This makes us conclude that
Us =-MBcos#, and U; = -MBcos#8,

and while drawing this conclusion, we have simply
assumed that the potential energy of the dipole is
zero at 6=90°. So, we have

Uinigar =0, when 6, =90°
and ufinal =U=-MBcos#® ’ when 92 =0
= U=-MBcos=-M.B

SPECIAL CASES
(a) When 6=0°, =0, U=U,,,=-MB

The dipole is in total equilibrium and its potential
energy is minimum, so its equilibrium is stable.

-

(b) When 6=180°, 7=0, U=U,, =MB
(c) When 6=90°, |7|=1,,, =MB, U=0

ILLUSTRATION 17

A magnetic dipole of length 5cm having pole
strength +2x10” Am, placed at 53° with the uni-
form magnetic field, experiences a torque of 8 Nm.
Calculate the

(a) magnitude of magnetic field.
(b) potential energy of the dipole.

Given that tan(53°) =§

SOLUTION
(a) Since 7= MBsin@

T

= B=—
Msin@

8
(2x107)(0.05)(0.8)

(b) Since U =-MBcos@
= U=-(2x102)(0.05)(10°)(0.6)= 6]

= B= =10°T
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TIME PERIOD OF SMALL OSCILLATIONS
OF MAGNETIC DIPOLE/BAR MAGNET IN
UNIFORM MAGNETIC FIELD

Let a bar magnet of dipole moment M and moment
of inertia I is slightly disturbed by a small angle
6 from its stable equilibrium position in a uniform
magnetic field B . Restoring torque acting on it is

T=-MBsin6
For small angle sinf =6
= 1=-MB68 (1)

. d*6 "
Since, 7= 100 =1y 7 =I0

From (1) and (2), we get

dzﬂ]
I 2 | =-MBo
CM[dtz

2
= d—?+ MB 0=0
dt® ey

oK)

Comparing equation (3), with the standard equation
2

of angular SHM i.e. % +&°0=0, we get

f

MB
0= |—
JTCM
o Toop oM
MB

ILLUSTRATION 18

A magnetic needle is free to oscillate in a uniform
magnetic field as shown in Figure.

o
Ny

The magnetic moment of magnetic needle is 7.2 Am”
and moment of inertia [ =6.5x10™° kgm?* . The num-

-
P

5

ber of oscillations performed in 55 is 10 . Calculate
the magnitude of magnetic field.

SOLUTION
Given that
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Number of revolutions 5

T=

Time taken

10

—=05s

M=72 Am?, I=65x107° kgm*

Since T =2n L
V MB

= T2=4n2(i)

MB

So, the magnitude of the magnetic field is

B
MT?

47T 4x(314)7x6.5%10°

7.2%(0.5)"

=142x107* T

PROPERTIES OF ELECTRIC AND
MAGNETIC DIPOLES

Property

Electric dipole

Magnetic dipole

Torque in an
external field

Field at
distant point
along axis
(end-on
position)

Field at
distant

point along
perpendicular
bisector
(broad-
side-on
position)

Work done
in rotating
the dipole in
an external
field from the
equilibrium
position
Potential

energy in an
external field

T=pX

el

1 25

W = pE(1-cosf)
= W=pE-j-E

o
I
|

"':_31
npl!

7=MxB

0 2M
X

=

B=

=
g

W = MB(1-cosf)

= W=MB-M-B

=
1l

|
=
o
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ILLUSTRATION 19

The work done in turning a magnet of magnetic
moment M through an angle of 90° from the merid-
ian, is n times the corresponding work done to turn
it through an angle of 60°. Calculate n.

SOLUTION

Since, we know that
W = MB(1-cos6)

According to the problem, we have

Woe 900 = ”(W0°—>60°)
=  MB(1-cos(90°))=nMB(1-cos(60°))

= n=2

ILLUSTRATION 20

A bar magnet of magnetic moment 2 Am” is free to
rotate about a vertical axis passing through its centre.
The magnet is released from rest from east-west posi-
tion. If horizontal component of earth’s field is 25 uT

and it is directed from south to north, then calculate
the kinetic energy of the magnet as it takes north-
south position.

SOLUTION

Initially the magnet is along east-west direction, so
the angle between M and By is 90° i.e. 6; =90° as
shown in Figure.

e
So, initial potential energy of the magnet is
U, =-MBy; c0s90°=0

Finally, when the magnet takes the north-south posi-
tion, then it aligns along the earths magnetic field, so
the angle between M and B}; is 0° ie. 6, =0°.

So, the final potential energy of the magnet is

U, = -MBy; cos0° = -MBy

According to Law of Conservation of Energy, we
know that the loss in potential energy of the magnet
equals the gain in its kinetic energy, so we have

AK =U; -U; = MBy

=  AK=2(25%10)=50x10" J =50 uJ

GAUSS'S LAW FOR MAGNETISM

The law states that
953 dA=0

for all closed surfaces. This is a precise expression of
the fact that magnetic monopoles do not exist.

The flux emanating out of a surface is taken
positive and the flux entering the surface is to be
taken as negative. So, we conclude that total mag-
netic flux entering a closed surface equals the total
magnetic flux leaving. This can also be attributed
to the fact that magnetic field lines are continuous
and form closed loops unlike electrostatic field lines
which begin at a positive charge and end at a nega-
tive charge.
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0‘7 Test Your Concepts-I

1. The work done in turning a magnet of magnetic
moment M by an angle 90° from the meridian is
two times the corresponding work done to turn it
through an angle of €. Calculate 6.

2. Calculate the geometric length of a bar magnet
that has a magnetic length of 10 cm.

3. The distance between the poles of a horse shoe
magnet is 0.1 m and its pole strength is 0.0T Am.
Calculate the induction of magnetic field at a point
midway between the poles.

4. Acurrent/is flowing in a conducting wire of length
L. If the wire is bent to form a circular loop, then
calculate its magnetic dipole moment.

5. The length of a magnetised steel wire is [ and its
magnetic moment is M. It is bent into an L shaped
wire with two sides equal. Calculate the new mag-

\ netic moment of the wire.

Based on Bar Magnet and Properties

(Solutions on page H.107)

6. Amagnetised wire of moment M is bentinto an are
of a circle subtending an angle of 60° at the centre.
Calculate the new magnetic moment.

7. A short bar magnet of magnetic moment
m=0.32 )T is placed in a uniform magnetic field
0.15 T If the bar magnet is free to rotate in the plane
of the field, which orientation would correspond to
its stable and unstable equilibrium. Also calculate
the potential energy of the magnet in each case.

8. Athin bar magnet of length 2L is bent at the mid-
point, so that the angle between them is 60°.
Calculate the new length of the magnetic dipole.

9. Awire of length / is bent in the form a circular coil
of some turns. A current i flows through the coil.
The coil is placed in a uniform magnetic field B.
Calculate the maximum torque acting on the coil.

10. A bar magnet of magnetic moment 4 Am? is free
to rotate about a vertical axis passing through its
centre. The magnet is released from rest from east-
west position. If horizontal component of earth's
field is 25 uT and it is directed from south to north,
then calculate the kinetic energy of the magnet as
it takes north-south position. )

EARTH'S MAGNETISM

The earth behaves like a magnet. When a bar mag-
net is suspended freely in the earth’s magnetic field,
it stays along north-south direction. The north and
south poles of magnet stay along South and North
poles of earth respectively. It is observed that the
magnetic poles are at some distance from geographi-
cal poles. The latest theories providing explanation to
earth’s magnetism are given below.

(a) The earth rotates about its axis and has a sur-
rounding ionised region due to interaction of
cosmic rays. Due to rotation of earth, the sur-
rounding ionised region gives rise to strong elec-
tric currents which cause magnetisation.

(b) There exists molten iron and nickel within the
core of earth and when the earth rotates, then due
to the convective motion of these metallic fluids,

a magnetic field is produced which causes mag-
netisation and this effect is called as “the dynamo

effect”.
Both theories given above, show that earth’s magnetism
will be destroyed if the earth stops rotating.

PROPERTIES OF EARTH’S MAGNETIC FIELD

Originally, it was assumed that the magnetic field of
earth is similar to one which would be obtained if a
huge magnet is assumed to be buried deep inside the
earth at its centre. The strength of the earth’s mag-
netic field is not constant and changes irregularly
from place to place at the earth’s surface and even
at a given place, it varies with time too. The order of
magnitude of the earth’s magnetic field is 10™ T.
The following things must also be kept in mind while
understanding the earth’s magnetic field.
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(@) The axis of rotation of earth is called geographic
axis and the points where it cuts the surface of
earth are called geographical poles i.e. geograph-
ical north N, and geographical south S,. The
circle on the earth’s surface perpendicular to the
geographical axis is called equator.

(b) A vertical plane passing through the geographi-
cal axis is called Geographical Meridian (GM).

(c) The axis of the huge magnet assumed to be lying
inside the earth is called magnetic axis of the
earth. The points where the magnetic axis cuts
the surface of earth are called magnetic poles.
The circle on the earth’s surface perpendicular to
the magnetic axis is called magnetic equator.

(d) Magnetic axis and Geographical axis do not coin-
cide but they make an angle of 11.3° with each
other.

(e) A vertical plane passing through the magnetic
axis is called Magnetic Meridian (MM).

(f) Direction of earth’s magnetic field is from S (geo-
graphical south) to N (Geographical north).

COMPONENTS OF EARTH’S
MAGNETIC FIELD

It has been observed that the magnitude and direc-
tion of the earth’s magnetic field at a place can be
completely calculated by the three quantities known
as magnetic elements. These magnetic elements also
called as components of earth’s magnetic field. These
essential components of earth’s magnetic field are

(@) Angle of Declination or Magnetic Declination (6)
(b) Angle of Dip or Magnetic Dip (¢)
(c) Horizontal component of earth’s magnetic field

(Bi )-

ANGLE OF DECLINATION ()

The vertical plane passing through the line joining
magnetic north and south poles is called the magnetic
meridian while that passing through the line joining
the geographical north and south poles is called the
geographical meridian figure.

Geographic

f
Meridian —» B4 b
@
I
i /’wr By
B
Magnetic
Meridian —
(MM)

The angle between magnetic and geographical merid-
ian is called the angle of declination and is denoted
by 6.

If, at a place, the north pole of the compass nee-
dle lies 6° to the east of geographical axis, then decli-
nation at that place is expressed at 6° E .

If, at a place, the north pole of the compass nee-
dle lies 6° to the west of geographical axis, then dec-
lination at that place is expressed at 6° W .

ANGLE OF DIP OR ANGLE OF
INCLINATION (¢)

The magnetic field of earth varies in magnitude and
direction. The angle of dip is the angle made by result-
ant earth’s magnetic field (B) and the horizontal line
in the magnetic meridian as shown in Figure.
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L]

Geographic 5 @
Meridian —»; Ha"¢
@

I
/By
1 -

B

Magnetic

Meridian —»

(MM)

It is also the angle which the axis of a freely sus-
pended magnet makes with the horizontal. The angle
of dip is measured by dip circle.

At poles ¢=90° and at equator ¢=0°.

In the northern hemisphere the north pole of
the magnet points below the horizontal and hence
the angle is called as angle of dip, whereas in the
southern hemisphere the North Pole points above the
horizontal and hence the angle is called as the Angle
of Inclination.

HORIZONTAL COMPONENT OF EARTH'S
MAGNETIC FIELD (B,,)

The earth’s magnetic field strength (B) makes an
angle ¢ with the horizontal as shown in Figure.

It can be resolved into two components, the

(@) horizontal component By;, which is from south
to north and
(b) vertical component By

From figure, we observe that

By =Bcos¢ and B, =Bsing

= B=4B}+B: and tantp:g—v

H
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At equator ¢=0

= B,=BandB,=0
while at poles ¢=90°
= By=0andB,=B

APPARENT DIP (¢)

The value of dip at a place is determined with the help
of an instrument known as a dip circle. It consists of a
magnetised needle capable of rotating in the vertical
plane about a horizontal axis. The ends of the needle
move over a vertical scale graduated in degrees.

When the plane of the scale of the dip circle is in
the magnetic meridian, the needle rests in the direc-
tion of the earth’s magnetic field. The angle made by
the needle with the horizontal is called true dip.

If the plane of the scale of the dip circle is not in
the magnetic meridian, then the needle will not indi-
cate the correct direction of the earth’s magnetic field.
The angle made by the needle with the horizontal is
called the apparent dip.

So apparent dip is the angle of dip shown by
the dip circle when its plane is placed in any general
meridian at some angle with the magnetic meridian
as shown in Figure.

B'y=Bycosp By /,3
i: ¢ <+
a - g
1
|
LA /1
B’ v B-
Any Meridian il
Any |
Meridian
Magnetic
Meridian

Suppose the dip circleis setat an angle 8 to the mag-
netic meridian. In this new vertical plane inclined
at an angle B to the magnetic meridian, the verti-
cal component of the earth’s magnetic field remains
the same whereas in this new plane the horizontal
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component of the earth’s magnetic field will have

a value
Bf; =By cosf
Now, the apparent dip ¢" is given by
B B
tan¢’ = —}/ = L4
B, Bycosp
But tan¢g= g—"’ , where ¢ is the true dip, so we get
H
tan¢’ = tang
cos 3

Problem Solving Technique(s)

(a) When the magnetic needle oscillates in the ver-
tical east-west plane at right angle to magnetic
meridian, then only vertical component of earth’s
magnetic (B, ) field acts onit.

(b) When the dip needle oscillates at right angles to
the magnetic meridian in a horizontal plane, then
only horizontal component of earth’s magnetic
field (By ) actsoniit.

(c) When the dip needle oscillates in the vertical
plane in magnetic meridian then both the com-
ponents B, and By acton it.

(d) The horizontal component of earth’s magnetic
field is fromSto N

(e) If at any place the angle of dip is & and magnetic
latitude is A then,

tanf=2tanA
(f) The total intensity of earth’s magnetic field

I =1\ 1+ 3sin” A

M
here Iy = B

Here M and R are the magnetic moment of bar
magnet of earth and radius of earth respectively.
(8) At magnetic equator of earth 1=0° and at poles
A=90°
I

pole

=2l

equator

(h) At the poles and equator of earth, the values of
total intensity are 0.66 oersted and 0.33 oersted
respectively.

ILLUSTRATION 21

The magnetic field of the earth at the equator is
approximately 0.4 G. Taking the radius of earth to be
6400 km , estimate the dipole moment of the earth.

SOLUTION

The equatorial magnetic field for the earth can be
approximated as

g = oMt
4nR;

where, B, =04 G=4x10" T, R, =6.4x10° m

4B R} (4x107)(64x10° )3
B |u0 B -uﬂ sf4;r

= M

(4x10%)(64x10° )3
= M= ~ =1.05x10% Am’

This value is close to the value §x10% Am? quoted
in texts related to geomagnetism.

ILLUSTRATION 22

The plane of the dip circle is set in the geographical
meridian and the apparent dip is 6, . It is then set in
a vertical plane perpendicular to the geographical
meridian, the apparent dip becomes 6,. Find the
angle of declination o in terms of 6, and 6, at that
place.

SOLUTION
tan
Since, tan6, = 6
cos o
t t
and tan6, = and___ s‘mﬂ
cos(90°-a) sin
tan 6
= Coso= (1)
tan 6,
tan
and sino = 4 (2)
tan 6,

Dividing (2) by (1), we get

tan 6,

tano =
tan 0,
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ILLUSTRATION 23

A magnet 10 cm long and having a pole strength
2 Am is deflected through 30° from the magnetic
meridian. The horizontal component of earth’s
induction is 0.32x107* T. Find the value of deflect-

ing couple.

SOLUTION

Magnetic moment M = m(2])

= M=2x(10x107)=0-20 Am?
Since, 7= MBy; sinf

= 7=(0.20)(0.32x10*)sin30°
= 1=32x107 Nm

ILLUSTRATION 24

If ¢, and ¢, be the angles of dip observed in two
vertical planes at right angles to each other and ¢ be
the true angle of dip, then prove that

cot” ¢ = cot® ¢, +cot’ ¢,

SOLUTION

Let & be the angle which one of the planes make
with the magnetic meridian the other plane makes
anangle (90°- ) with it. The components of By, in
these planes will be By cose and By sino respec-
tively. If ¢, and ¢, are the apparent dips in these two
planes, then

PLANE 2
By | (90-p)
N B
E \‘\ ¢1
-
2 By 1By
| /.
B | L
g’ r
g B
=
— oA
N>
B
tang, = v
By cosf
B
= cosf= Y (1)
By, tan ¢,
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tang, = B‘f
By sinf

= sinfi= By .(2)
By tan¢,

Squaring and adding (1) and (2), we get

2
coszﬁJrsinzﬁ:[B—V) ( 12 - 12 J
By tan“ ¢, tan”¢,

BZ
= 1=—1(cot? g, +cot’ ¢, )
By

B _ 2 2
= —-=cot ¢, +cot” ¢,
v
= cotzq)=c0t2(,i)1+cot2 [0y

ILLUSTRATION 25

Consider the earth as a short magnetic with its cen-
tre coinciding with the centre of earth and dipole
moment M. Calculate the angle of dip ¢ at a place
where the magnetic latitude is 4.

SOLUTION

For a short magnet/dipole, the radial (or vertical)
component of magnetic field is found by taking the
field due to the small dipole at any general point P(r, 6)

The vertical and horizontal components of earth’s
magnetic field are

=ﬂ2Mcosﬂ and B, =,u_0Ms1n9
4 3

it ¢ T 7

By

where 6=(90°-1)
_ Hy 2Mcos(90°-2) _ gy 2Mssin A

= B
' 4n e Y S
Hy 2Msin(90°-4) gy McosA
= By=— ==
4 3 ir 43

Angle of dip ¢ is the angle made by resultant mag-
netic field intensity with the horizontal. So,
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tan(p:B—V
H
uo(ZMsin/'L)
= tan¢=u=2tanl
Uy ( Mcos A
a7

= ¢=tan'(2tanl)

ILLUSTRATION 26

A long vertical wire carries a steady current of 10 A
flowing upwards through it at a place where hori-
zontal component of earth’s magnetic field is 0.3 G.
Calculate the total magnetic induction ata point 5 cm
from the wire due magnetic north of wire.

SOLUTION
The magnetic field B, due to current carrying wire

at distance r=5cm=5x10" m is shown in Figure
and is given by

BB
N
B, N:P

lr=5cm

B, _ iyl _4rx107 <10
2nr - 2w x5x107
= B =04x10"*T
= B, =04G, due west
The earth’s field is
B, =B;; =04 G, towards north
So, net magnetic field is given by

B= B} +B;

=  B=+(04’+(03)*=05G

A compass needle whose magnetic moment is

60 Am® pointing geographical north ata certain place
where the horizontal component of earth’s magnetic

field is 40 uT, experiences a torque of 1.2 x 10 Nm.
Calculate the declination of the place.

SOLUTION
Torque acting on compass needle is
7= MBy,; sinf

=  12x107 =60x(40x107° )sin®

. 12x10° 1
= sinf= — =
50x40%10° 2

So, declination at that place is
6=230°

ILLUSTRATION 28

A magnet is suspended in the magnetic meridian
using an untwisted wire. The upper end of wire
is rotated through 180° to deflect the magnet by
30° from magnetic meridian. When this magnet is
replaced by another magnet, the upper end of wire is
rotated through 270° to deflect the magnet 30° from
magnetic meridian. Calculate the ratio of magnetic
moments of magnets.

SOLUTION

Let M; and M, be the magnetic moments of mag-
nets and H the horizontal component of earth’s field.
Since

7= MBy,; sinf
If ¢ is the twist of wire, then 7=C¢, C being restor-

ing couple per unit twist of wire also called as tor-
sional constant. At equilibrium, we have

C¢ = MBy,; sinf ()
L aM
0, M,

where ¢; =(180°-30°)=150°
1 ,
= ¢ =150 x— radian
180
and ¢, =(270°-30°)=240°

= 0= 240)(% radian

T
150 x| —
M ¢ _ X(lso)zgzé
M, o 240x[i) 8
180
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ABOUT MAGNETIC MAPS

It is observed that dip, declination and horizontal
component of earth’s magnetic field over the earth’s
surface varies from place to place. However, there are
many places on the earth which possess the same value
of magnetic elements. Lines are drawn joining all the
places on the earth having the same value of magnetic
elements and these lines form magnetic maps.

Isogonic Lines

The lines joining the equal angle of declination are
called isogonic lines.

Agonic Lines

The lines joining the zero angle of declination are
called agonic lines.

Isoclinic Lines

The lines joining the equal angle of dip are called iso-
clinic lines.

Aclinic Lines (or Magnetic Equator)

The lines joining the zero angle of dip are called
aclinic lines.

Isodynamic Lines

The lines joining equal horizontal component of
earth’s magnetic field are called isodynamic lines.

NEUTRAL POINT

A neutral point is obtained when horizontal compo-
nent of earth’s field is balanced by the field produced
by the magnet. i.e. at neutral point the intensity of
magnetic field is equal to the horizontal component
of earth’s magnetic field but its direction is opposite
to that of By,.

NEUTRAL POINT WHEN BAR MAGNET
IS PLACED HORIZONTALLY ON A
HORIZONTAL PLANE/TABLE

Consider a bar magnet that is placed horizontally on
a horizontal plane/table such that

(a) the north pole of magnet is facing geographical
north of earth
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(b) the north pole of magnet is facing geographical
south of earth

In both these cases two neutral points are obtained as
discussed below.

CASE-1:

When the bar magnet is placed horizontally in the
horizontal plane such that the north pole of magnet
is facing geographical north of earth, then two neu-
tral points N; and N, are obtained in the plane of
the magnet on the equatorial line of bar magnet at a
distance d from the centre of the magnet as shown.

This is because the field of the earth By, is from geo-
graphical south to geographical north and the field
of the magnet B is from north pole to south pole of
magnet, outside it.

At Neutral points, we have

B, =B

equitorial
A M
T 4n @
CASE-2:

When the bar magnet is placed horizontally in the
horizontal plane such that the south pole of magnet
is facing geographical north of earth, then two neu-
tral points N; and N, are obtained in the plane of
the magnet on the equatorial line of bar magnet at a
distance d from the centre of the magnet as shown.



ICON

2.22 )EE Advanced Physics: Magnetic Effects of Current and Electromagnetic Induction

This is because the field of the earth B, is from geo-
graphical south to geographical north and the field
of the magnet B is from north pole to south pole of
magnet, outside it.

At neural point, in this case, we have

BH :Baxial
_ M 2M
H4n 43

NEUTRAL POINT WHEN BAR MAGNET IS
PLACED VERTICALLY ON A HORIZONTAL
PLANE/TABLE

Consider a magnet placed vertically in a horizontal
plane just like a magnet placed vertically on a hori-
zontal table surface, such that

(@) the north pole of the magnet lies in the plane of
the table

(b) the south pole of the magnet lies in the plane of
the table.

In both the said cases, only one neutral point is
obtained as discussed below.

CASE-1:
North pole of the magnet lies in the horizontal plane
i.e. the plane of the table.

By; =Magnetic field due to N-pole

By; = Magnetic field due to S-pole

M =Pole strength of each pole of the magnet
Atneutral point P we have

By —Bgcosf =By {B;<By}

If we neglect the effect of South pole, then too only
one neutral point is obtained (as seen from above) as
shown and then at the neutral point, we have

By =B,
,U_Dm

Amr? o
CASE-2:
South pole of the magnet lies in the horizontal plane
i.e. the plane of the table.

(TA By

il
B ’ BS BH
H 7 B N

H

A—— ——-<—/ W7AE

s Bs

By,

B
S

4

At neutral point P, we have

BS—BNCOSBZBH {BS >BN}

Here too, if we neglect the effect of North pole, then
also only one neutral point is obtained (as seen from
above) as shown and then at the neutral point, we
have

Bg =By

Bom_
47 ¢*

ILLUSTRATION 29

A short bar magnet with its north pole facing north
forms a neutral point at P in the horizontal plane. If
the magnet is rotated by 90° in the horizontal plane,
calculate the net magnetic induction at P, assuming
that the horizontal component of earth’s magnetic
field is By, .

SOLUTION

Initially the magnet is placed as shown in Figure.

N N
B, ‘

EEREr T P e P e P — j—
i Bequitorial q

So, neutral point obtained equitorial line and at neu-
tral point, we have

By

equitorial |
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where B, is the horizontal component of earth’s mag-
netic field, Byquitorial 18 the magnetic field due to bar

magnet on its equitorial line.
Finally, we have

BH
N S
P
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Now the point P lies on axial line of the magnet and
at P, net magnetic field is given by

B= \‘Bazxial +Bf21
= B=y(2B,) +(By)

Since B[, = Bequitorial = BH

= B=y(2By ) +B% =5By

0‘7 Test Your Concepts-1l

1. A magnetic needle suspended in a vertical plane at
30° from the magnetic meridian makes an angle of
45° with the horizontal. Find the true angle of dip.

2. A short magnet of moment 6.75 Am* produces a
neutral point on its axis. If horizontal component
of earth's magnetic field is 5x10°Wbm™, then
calculate the distance of the neutral point.

3. Adipcircle shows an apparent dip of 45° at a place
where the true dip is 30°. If the dip circle is rotated
through 90°, what apparent dip will it show?

4. A compass needle of magnetic moment 60 Am’
is pointing geographical north at a certain place. It
experiences a torque of 1.2x10™> Nm. The hori-
zontal component of earth’s magnetic field at that
place is 40 yWbm™. Calculate the angle of decli-
nation at that place.

5. At a certain location on earth, a compass point
12° west of the geographic north. The north tip
of the magnetic needle of a dip circle placed in
the plane of magnetic meridian points 60° above
the horizontal. The horizontal component of the
earth’s field is measured to be 0.16 G. Specify the
direction and magnitude of the earth’s field at the
location.

N

Based on Earth’'s Magnetism

(Solutions on page H.108)

6. A very small magnet is placed in the magnetic
meridian with its south pole pointing north. The
null point is obtained 20 cm away from the centre
of the magnet. If the earth’s magnetic field (hori-
zontal component) at this point be 0.3 G, then cal-
culate the magnetic moment of the magnet.

7. A ship is to reach a place 10° south of west. In
which direction should it be steered if the declina-
tion at the place is 18° west of north?

8. The horizontal and vertical component of earth’s
field at a place are 0.22 G and 0.38 G respectively.
Calculate the angle of dip and resultant intensity of
earth’s field.

9. A dip circle is adjusted so that its needle moves
freely in the magnetic meridian. In this position,
the angle of dip is 60°. Now the dip circle is rotated
so that the plane in which the needle moves makes
and angle of 30° with the magnetic meridian. In
this new position, calculate the angle of dip.

10. In the magnetic meridian of a certain place, the
horizontal component of earth’s magnetic field is
0.26 G and the dip angle is 60°. Calculate the ver-
tical component of earth’s magnetic field and the
net magnetic field of earth at this place. )

TANGENT LAW

It is a relation which states the condition of equilib-
rium of a magnet subjected to two uniform magnetic
fields at right angle to each other.
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Consider a magnet NS of length 2/ suspended in two
uniform fields, B and B, at right angles to each other.
Ordinarily field By, is the horizontal component of
earth’s magnetic field and B is due to some magnet.
Let it come to rest making an angle 8 with the lines of
force of one of the fields, say B,,. Two couples act on
the magnet.

Deflecting Couple (mB - mB)

This couple acts on the magnet due to the magnetic
field B. It tries to increase the angle & and hence the
name deflecting couple. Its torque 7, (clockwise) is
given by

7; =mBxNT =mBx2lcos6

= T, =MBcos6 (clockwise)

Restoring Couple (mB,, - mB,)

This couple acts on the magnet due to the field B, It
tries to decrease the value of 8 and hence the name
restoring couple. Its torque 7, (anti-clockwise) is
given by

T, = mBy XST = 2mlBy; sin @
= T, = MBysinf (anti-clockwise)
At equilibrium, we have

T, =1y
=  MBcos@=MBsinf

= B=B,tan6

ILLUSTRATION 30

Two magnets of equal mass are joined at right angles
to each other as shown the magnet 1 has a magnetic
moment 3 times that of magnet 2. This arrangement
is pivoted so that it is free to rotate in the horizontal
plane. Calculate the angle which the magnet 1 makes
with the magnetic meridian in equilibrium.

SOLUTION

For equilibrium of the system, torques on M; and
M, due to By, must counter balance each other ie.,

M, x By, = M, x By,
If 6 is the angle between M, and By, then angle
between M, and B, is (90-6)

=  M,;Bysinf=M,By; sin(90-6)

= tanf= & = £ = l
M, 3M 3
= f=tan” (1)
3
TANGENT GALVANOMETER

It is an instrument based on Tangent Law, and used
for detection of electric current in a circuit.

The vertical coil of the galvanometer is placed in the
magnetic meridian.

MAGNETOMETER
BOX

COIL

BINARY
TERMINAL

LEVELLING
SCREWS

When a current is passed through the coil having N
turns, radius R, then a magnetic field (B) is pro-
duced at right angles to the plane of the coil i.e. at
right angles to the horizontal component of earth'’s
magnetic field (By ).

The magnetic needle of the galvanometer
undergoes a deflection 6 under the influence of two
crossed magnetic fields B and By, , such that at equi-
librium, according to Tangent Law, we have

B =B, tanf

HoNI
2r

Since, B=
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L] ]

= “ONI=BHtan6
2r

= I=2rBHtan8
UpN

= I=B—Htan8
G
UoN

where G = v whichis knownasthe Galvanometer
r

Constant.

= lectan6
Reduction Factor (K)

. By . o
The quantity EH in the above equation is known as

the reduction factor of tangent galvanometer.

K=B—H= 2rBy
G ppn
= [=Ktanf

If 6=45°,then K=1

Thus, the reduction factor of tangent galvanom-
eter is defined as the amount of current required to
produce a deflection of 45° in it.

Sensitivity and Accuracy of Tangent
Galvanometer

Sensitivity is the measure of change in deflection pro-
duced by a unit current. Mathematically it is given by

49 . Since we have
dI

I=Ktan6
Differentiating, dI = K sec? 846

L odo_ 1 1
dl  Ksec?® K(1+tan?6)
a0 1

= —=

dl 12
K 1+P
A tangent galvanometer is both sensitive and accu-

rate if the change in its deflection is large for a given
fractional change in current.

Since, [ = Ktan#
Differentiating, dI = K sec? 8460

Chapter 2: Magnetism and Matter 2.25

dl sec’ 640 _ cos 0do ae

I tanh cos? fsin@ ~ sinfcos@

Since 2sinfcosf =sin(26)

dl 246

[ sin26

d6=sin29ﬂ
2 1

Clearly, d0 would be maximum if sin26 is maxi-
mum i.e., 1. This is possible if 20=90° or 6=45°.
So, tangent galvanometer has maximum sensitivity
when the deflection is 45°.

ILLUSTRATION 31

The coil of a tangent galvanometer of radius 12 cm
is having 200 turns. If the horizontal component of
earth’s magnetic field is 25uT. Find the current
which gives a deflection of 60°.

SOLUTION
Since, I = Ktan@
2rBy
HoN
_ 2rBy
) HoN
Itis given that
r=12em=012m, N=200,

where, K =

I tan@

B; =25 uT=25x10"° T and ¢ =60°

_2x0.12x25%107° x tan 60°
47x107 %200

= [=0042A

I

DEFLECTION MAGNETOMETER

It's working is based on the principle of tangent law.

It consists of a small compass needle, pivoted
at the centre of a circular box. The box is kept in a
wooden frame having two-meter scale fitted on it's
two arms. Reading of a scale at any point directly
gives the distance of that point from the centre of
compass needle.
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////A’///A///A’///

Different position of deflection magnetometer:
Deflection magnetometer can be used according to
two following positions.

tan A Position

For this position, the arms of magnetometer are
placed along E-W direction such that magnetic nee-
dle is acted upon by only horizontal component of
earth’s magnetic field (By ) as shown.

If a bar magnet of magnetic moment M is placed on
one arm with its length parallel to arm, then the mag-
netic needle comes under the influence of two mutual
perpendicular magnetic fields

(a) Horizontal component of the earth’s magnetic
field, By, and

(b) The axial magnetic field of experimental bar
magnet.

At equilibrium, we have B=Bjtanf (Based on
Tangent Law)

By ang oM
Ar (2_12)
where r is the distance of needle from centre of mag-
netand 2/ is the length of magnet.
If the magnet is small, then we have

= Bytanf= Ho 2M
izt ¢°

tan B Position

Arms of magnetometer are placed along N-S direction
such that magnetic needle align itself in the direction
of earth’s magnetic field (i.e. B;) as shown.

eS| ANARRRRRARRURRRINNN

o

If a bar magnet of magnetic moment M is placed on
one arm with its length perpendicular to arm, so that
the magnetic needle comes under the influence of
two mutual perpendicular magnetic fields

(a) Horizontal component of the earth’s magnetic
field, By and

(b) The equatorial magnetic field of experimental
bar magnet.

At equilibrium, we have B=Bjtanf (Based on
Tangent Law)

Ho M

4z (242 )3f2

where r is the distance of needle from centre of mag-
netand 2/ is the length of magnet.

If the magnet is small, then we have

= BH tal’l9=

Problem Solving Technique(s)

Deflection magnetometer also used to compare the
magnetic moments either by deflection method or by
null deflection method.

(a) By Deflection method, we have M _ tanb

M, tan6,

3
(b) By Null deflection method, we have by Cif
MZ dZ
where d; and d, are the position of two bar
magnets placed simultaneously on each arm.
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ILLUSTRATION 32

The needle of a deflection galvanometer shows a
deflection of 60° due to a short bar magnet at a cer-
tain distance in tan A position. Find the deflection
when the distance is doubled.

SOLUTION

For short bar magnet in tan A-position

o 2M

Ed—a—BHtanﬂ (1)
When distance is doubled, then new deflection 6’ is
given by

ﬂ_oz_]\/lg,:BH tan 0’ -(2)
4 (24)
Dividing (2) by (1), we get
tan@’ 1
tanf@ 8
, tan0 tan60° \/5
= tanf'=——= =—
8 8
= ¢= tan'l(g)

VIBRATION MAGNETOMETER

Vibration magnetometer is used for comparison of
magnetic moments and magnetic fields. This device
works on the principle, that whenever a freely sus-
pended magnet in a uniform magnetic field, is dis-
turbed from its equilibrium position, it starts vibrat-
ing about the mean position.

ﬁ Torsion head

Time period of oscillation of experimental bar mag-
net (magnetic moment M ) in earth’s magnetic field
(By ) is given by the formula

I

T=2r1
By
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where, | is the moment of inertia of short bar magnet

2
of mass w and is given by [ = % :

TIME PERIOD OF A MAGNETIC NEEDLE
IN EARTH’S MAGNETIC FIELD

Let a small magnetic needle of moment M be in
earth field. When it is given a displacement such that
it makes an angle 6 with the magnetic field B, , then
restoring couple on needle is

7=-mBy, (2lsin@)
= 7=-[m(2])]By sin6=-MBy; sinf

If I is moment of inertia of needle and a(= 9) its
angular acceleration, then

lot= -MBy; sin
Forsmall 0, sinf=@
MB
a——( H)G
I
2
= 9:—(MBH]9 { a=d—29= }
I dt

VANEENGS
SV AR

mB, \/:/ls/ i (QFsinei !

A\ J

This is condition of angular SHM.

Since, T =21 E
6
= T=2z !
MB,

When a dip needle oscillates in a vertical plane in
the magnetic meridian, it oscillates under the action
of total intensity B,, of earth’s field, but if the needle
oscillates in a vertical plane at right angles to the mag-
netic meridian (i.e., vertical E-W plane) it oscillates
under the action of vertical component V only, when
it oscillates in horizontal plane it oscillates under hori-
zontal component H.
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USES OF VIBRATION MAGNETOMETER

Determination of Magnetic Moment
of a Magnet

The given magnet is put into vibration magnetometer
and its time period T is determined.

Now T =21

MB,,

2
Mo 47 1;
B,T

The moment of inertia I can be determined by the
geometry of magnet.

Comparison of Horizontal Components of
Earth’s Magnetic Field at Two Places

I
MBy,

T=2r

Since, I and M of the magnet are constant, so

T? 1

By

. Bi:T_zz
BHz T]

Comparison of Magnetic Moments of Two
Magnets of Same Size and Same Mass

T=2n !
By

where I and By are constants
= M« %
L oM_T

M, T}
If two magnets have same magnetic length then

1

2ml o< F

moci {--M=m(21)}
= =

m _Ty

my T

Comparison of Magnetic Moments of Two
Magnets of Unequal Sizes and Masses

(@) When magnetic moments of two magnets align.
Then
I=1,+1,

L +1,

=21 |—L12
oo JT(1’\/[1”"/12)‘81L1

S| |N Mher=M; + M,

|N he=1i+ 1

s|

(b) When magnetic moments of two magnets do not
align. Then

I=1,+1,
I +1
= T,=21 | ——2—
S| |N Mnet:M1_M2
N| o o |5 he=hith
T. —
- 1_ M, -M,
M, T;+T}
M, T}-T}

So, by calculating the time periods in the two
cases M; and M, can be compared.

To Find the Ratio of Magnetic Field with the
Horizontal Component of Earth’s Field

Suppose it is required to find the ratio b where B
H

is the field created by magnet and Bj; is the horizon-
tal component of earth’s magnetic field.

By T
M<— N S

To determine Bi a primary (main) magnet is made
H
to first oscillate in earth’s magnetic field (B, ) alone

and it's time period of oscillation (T) is noted.



ICON

Chapter 2: Magnetism and Matter 2.29

B
T=2rx ! -
MBy Primary Secondary
S N

MB S N
and frequency v=— R
Now a secondary magnet placed near the primary OR
magnet so primary magnet oscillate in a new field
with is the resultant of B and By and now time
period, is noted again. Secondary Primary
There are two important possibilities for placing sec- S N S N OR s N f
ondary magnet. J d
Possibility 1: - N l
New field increases so time period of oscillation of
primary magnet decreases.
T=2n ! (By >B)
B, M(By -B)
Secondary Primary and V' = i M (BH _B)
N S N S iy
—— Also = PP
v By
OR
T L -
Primary v By
'\2
Nos N s OR N s g :>BB=1_(")
— ——> Secondary ‘j H v
S N
\)/ Conceptual Note(s)
Now time period T = 2r L . :
M(B+By) If a rectangular bar magnet is cut in n equal parts
1
1 [M(M+By) then time period of each part will be — times that
or new frequency v = 2— VT 7H) \/E
n

! of complete magnet (i.e., T=L) while for short

Jn

v _ [B+By T o ,
magnet T=—. If nothing is said then bar magnet is
n

Also —=
14 By,
treated as short magnet.

ILLUSTRATION 33

B (v’ )2 1 A freely suspended magnet oscillates with period

= a - T in earth’s horizontal magnetic field. When a bar

v

magnet is brought near it, the period decreases to I
Possibility 2: 2

Net field decreases so time period of oscillation of ~ Calculate the ratio of the field of the magnet B to the
primary magnet increases. earth’s magnetic field (B ).



ICON

2.30 JEE Advanced Physics: Magnetic Effects of Current and Electromagnetic Induction

SOLUTION

For freely suspended magnet of magnetic moment M
oscillating in earth’s magnetic field

I
T=2n /ﬁ (1)

Let bar magnet produce magnetic field F in the vicin-
ity of the oscillations of magnet.
As time period decreases, the net magnetic field must

increase, so that magnetic field is (B, = B)

T I

= —=21|— (2
2 " M(By +B) @
Dividing (1) by (2)
2 IBH+B
H
= 4=1+£
By
= £=3
By

ILLUSTRATION 34

A dip needle vibrates in the vertical plane perpendicu-
lar to the magnetic meridian. The time period of vibra-
tion is found to be 2 5. The same needle is then allowed
to vibrate in the horizontal plane and the time period
is again found to be 2 s. Calculate the angle of dip.

SOLUTION

In vertical plane perpendicular to magnetic meridian,
we have

’ I

In horizontal plane, we have

I
MB,,

T =2rn

Since T'=T , so from (1) and (2), we get
B, =B,

B
= tang= s
H

= tan¢g=1

> §=45°

ILLUSTRATION 35

A small bar magnet having a magnetic moment of
9%x10™ Am? is suspended at its centre of gravity
by a light torsion less string at a distance of 10 m
vertically above a long, straight horizontal wire car-
rying a current of 1.0 A from east to west. Find the
frequency of oscillation of the magnet about its equi-
librium position. The moment of inertia of the mag-
net is 6x107 kgm? and horizontal component of

earth’s magnetic field is 3x107 T.

SOLUTION

The magnetic moment of the bar magnet is
M=9x10" Am*

The magnitude of the magnetic field at the location of
the magnet due to current carrying wire is

_ i _(2x107)(10)

B
27y 1072

= B=2x10" Wbm ™, from S to N
The earth’s horizontal magnetic field is,
B =3x10° T=3x10" Wbm ™, from S to N
= B, =B+B;=5x10" Wbm™
The frequency of oscillation will be,

1 [M(B+By)

V=—
2r I

where [ is moment of inertia of the magnet

| \/(9><10‘9)><(5><10'5)

T 6x10~°

= v=138x10"° Hz
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0‘7 Test Your Concepts-Ill

1. A magnet performs 15 oscillations per minute in
a horizontal plane, where angle of dip is 60° and
earth’s total field is 0.5 G. At another place, where
total field is 0.6 G, the magnet performs 20 oscil-
lations per minute. What is the angle of dip at this
place?

2. For what deflection, error in measuring the current
using a tangent galvanometer is minimum?

3. A bar magnet of length 5 cm, width 3 ¢cm and
height 2 cm takes 5 s to complete an oscillation
in vibration magnetometer placed in a horizontal
magnetic field of 20 uT. The mass of this bar mag-
netis 250 g.

(a) Find the magnetic moment of the magnet.

(b) If the magnet is put in the magnetometer with
its 0.5 cm edge horizontal, what would be the
new time period?

4. A magnet is suspended in such a way that it oscil-
lates in the horizontal plane. If it makes 20 oscilla-
tions per minute at a place where dip angle is 30°
and 15 oscillations per minute at a place where dip
angle is 60°. Calculate the ratio of total earth’s mag-
netic field at the two places.

5. Two tangent galvanometers having coils of the

\ same radius are connected in series. A current

Based on Tangent Law, Tangent Galvanometer and Vibration Magnetometer

(Solutions on page H.110)
flowing in them produced deflections of 60° and
45° respectively. Calculate the ratio of the number
of turns in the coils.

6. In a tangent galvanometer, when a current of
10 mA is passed, the deflection is 31°. By what per-
centage, the current has to be increased, so as to
produce a deflection of 42°?

7. A compass needle placed at a distance r from a
short magnet in tanA position shows a deflection

1
of 60°. If the distance is increased to r(3)z, then
calculate the deflection of the compass needle.

8. Thetime period of vibration of two magnets in sum
position (magnets placed with similar poles on one
side one above the other) is 3 s. When polarity of
weaker magnet is reversed the combination makes
12 oscillations per minute. What is the ratio of
magnetic moments of two magnets?

9. The ratio of magnetic moments of two bar mag-
net is 13 : 5. These magnets are held together in
a vibration magnetometer are allowed to oscillate
in earth'’s magnetic field with like poles together
15 scillations per minutes are made. Calculate the
frequency of oscillations of system if unlike poles
are together.

J

MAGNETIC PROPERTIES OF MATERIALS

Magnetic Induction (B)

Magnetic induction inside a magnetic substance is the
number of magnetic lines of force crossing a unit area
normal to their direction. It is also called as magnetic
flux density (MFD). Its SI unit is tesla or weber/ m?
and cgs unit is gauss.

1T=1Wbm2=10*G

INTENSITY OF MAGNETISATION (1)

When a material is placed in a magnetising field, it
acquires magnetic moment M. The intensity of mag-
netisation is defined as the magnetic moment per unit
volume (V).

= [=—
%

If the material is in the form of a bar magnet of cross-
sectional area A, length 2/ and pole strength m,
then M=m(2]) and V = A(2])

M m(2) m
VoOAQ@) A
So, the intensity of magnetisation may also be defined
as the pole strength per unit cross-sectional area.
Its S unit is amperemetre ™ (=Am™).

It is a vector quantity. The magnetic field due
to the magnetisation of the material (B, ) is pro-

portional to the intensity of magnetisation (I) ie.
BIH i I

= ]

= Bm :ﬂOI
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MAGNETISING FIELD (H)

It is the degree or extent to which a magnetic field
can magnetise a substance. In order to magnetise a
material, it has to be kept in an external field B. So,
it is defined as

H=2_;

Hy

In vacuum or in the absence of any material, I=0,
so we have

B
H =— (in vacuum)
My

It's ST unit is amperemetre™ (=Am™)

It's CGS unit is oersted and 1 oersted = 80 Am ™"

For a solenoid having n turns per unit length, carry-
ing a current i, we have B = pyni

= H:E:ni

Hy
So, the magnetising field is independent of the mate-
rial of the core of the solenoid.
It is a vector quantity.

(a) The Unit of intensity of magnetisation is ampere/
metre (Am") and its dimensional formula is
MLTOAT,

(b) T isa vector quantity whose direction is along the
magnetic field.

(c) In paramagnetic and ferromagnetic materials its
direction is in the direction of H and in diamag-
netic materials it is opposite to that of H.

(d) 1'is produced in materials due to spin motion of
electrons.

(e) The value of I and its direction in a material
depend on the nature of that material.

(f) Thevalue of | depends on temperature.

(g) I is produced on account of induction in a
material. For low magnetising field /o< H.

= l<H
= I=y,H

(i) 1-H curve

I Ferromagnetic
A

Paramagnetic

»H

Diamagnetic

MAGNETIC SUSCEPTIBILITY (7,,)

It is the property of substance which tells how easily
a substance can be magnetized.

The magnetic susceptibility is defined as the
intensity of magnetisation per unit magnetising field
oritisdefined astheratioof I to H,somathematically,

Zmzﬁ

When H =1 oersted then y, =1.

So, the intensity of magnetisation induced in a
material by unit magnetising field is defined as mag-
netic susceptibility.

Itis a scalar quantity and has no dimensional formula.

Problem Solving Technique(s)

(a) 7, has no unit and is dimensionless.
(b) 7, is a measure of ease with which a material can
be magnetised by a magnetising field (H).
(c) Magnetic susceptibility of various materials
(i) For diamagnetic materials-y, is low and
negative.
(i) For paramagnetic materials-y,, is low but
positive.
(iii) For ferromagnetic materials-y, is high and
positive.
(d) For paramagnetic substances it is inversely pro-

: ) 1
portional to temperature i.e. x,,, o =
1

T

(e) For low magnetising field the value of y, is
constant.
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MAGNETIC PERMEABILITY

The magnetic permeability of a material is the meas-
ure of degree to which the material can be permeated
by a magnetic field and is defined as the ratio of mag-
netic induction (B) in the material to the magnetis-
ing field (H).

B

= ‘UZE

In other words, the extent to which magnetic lines
of force can enter a medium is known as magnetic
permeability of that medium. It is the characteristic
property of a magnetic material because it represents
the amplification of magnetising field in that mate-
rial. It is always positive and is different for different
materials.

RELATIVE PERMEABILITY (1,)

The ratio of magnetic permeability of medium ()
to the magnetic permeability of free space () is
defined as relative permeability (1, ). So,

_ i B Magnetic flux density in material

r

Uy E_ Magnetic flux density in vacuum

U= oL, where [1, is the absolute permeability of air

or free space is 47x107 TmA™

Permeability is the characteristic of a medium
which allows magnetic flux to pass through the
medium e.g. permeability of soft iron is 1000 times
greater than that of air.

I ‘L\‘__F_____,/:;
1"‘"‘-—-—-}——-—-""’*’
_— "'“‘“———._F_.———“"
In air " Softiron |
'______.——'—.———.__,__‘__‘
1 M

So, . for soft iron is 1000

Number of magnetic lines of force
_  passing through unit area in medium
(@) 4 = ( Number of magnetic lines of force )

passing through unit area in vacuum
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_ Magnetic flux density in material
Magnetic flux density in vacuum

(b) u,

(c) The limit upto which a magnetic field penetrates
matter, is known as relative permeability of that
material.

(d) It has no units and is dimensionless.

(e) For Diamagnetic substances, y, <1
For Paramagnetic substances, p, >1
For Ferromagnetic substances, u, > 1

RELATION BETWEEN MAGNETIC
SUSCEPTIBILITY (7, ) AND RELATIVE
PERMEABILITY (1,)

When a magnetic material is placed in a magnetic
field By, then the material gets magnetised and pro-
duces a magnetic field B,, of its own inside it. Due to
this the total magnetic field in the material is

B=B,+B,
where

= B=uH+u,l

= B=y0H(1+%J=pOH(1+x,,,)

B
= E=Ju[|(1+x”r)
B
Since — =
mnce H M
= ﬁ=ﬂ0(1+l’m) (1)

Also, we know that H_ U
Ly

¥

So, from equation (1), the relative magnetic perme-
ability is given by

=14y,

Uy
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Comparison Table of Relative permeability and sus-
ceptibility of various substances

MATERIAL | 4, I
Diamagnetic | slightly less than | constant, small
unity and negative
Paramagnetic | slightly more constant, small
than unity and positive
Ferromagnetic | much greater variable, large

than unity (~10%) | and positive

ILLUSTRATION 36

The magnetising field of 20 CGS units produces a
flux of 2400 CGS units in a bar of iron of cross-sec-
tion 0.2 cm?. Calculate the

(@) permeability and
(b) susceptibility of the bar.

SOLUTION
Since Magnetic field,
-8
p=2 - 20U g 50 Whm?
A 02x10°
(@) The permeability of the bar material is
B B B 1.2 B 4 a1
u= TR =7.54x10" Hm
4rx107°

(b) The magnetic susceptibility and permeability of
a material are related with each other as,

=ty (14 7,)
4
o = 1220 50
b drxi0

MAGNETIC SHIELDING PROCESS

The process of protecting any apparatus from the
effect of earth’s magnetic field is known as magnetic
shielding.

When an iron box is placed in a magnetic field
then the value of magnetic field inside the box is zero,
whereas if a magnet is enclosed in an iron box then
magnetic field outside the box is zero. So, to protect

any instrument from external magnetic field, it is put
inside an iron box. This is why, passengers travelling
by aeroplane are allowed to carry magnets inside iron
box only.

MAGNETOMOTIVE FORCE (F,,)

The line integral of magnetising field around a closed
path in a magnetic field is defined as magnetomotive
force. So

pm=gﬁg.df=1§|‘>g.dr=m
u

Its unit is ampere turns. Its value around the closed
path is equal to the algebraic sum of electric currents
enclosed by the closed path.

ILLUSTRATION 37

An iron rod of volume 107 m” and relative perme-
ability 1000 is placed inside a long solenoid wound
with 5 turns/cm. If a current of 0.5 A is passed
through the solenoid, then find the magnetic moment
of the rod.

SOLUTION

3

=1+;5m=1+i
Ho H

Since, we have, u, =

= I=(,ur—1)H

For a solenoid having n turns per unit length and
current i, we have

H=ni
= I=(u,-1)ni
= 1=(1000-1)x500x0.5
= 1=25x10 Am™
Since, magnetic momentis M =1V
= M=25x10"x10"*
= M=25Am’

ILLUSTRATION 38

The space within a current carrying solenoid is filled
with magnesium having magnetic susceptibility
#=12%107. Calculate the percentage increase in
magnetic field.
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SOLUTION

Magnetic field without magnesium is
By = uH

Magnetic field with magnesium is
B=puH =gy (1+ % )H

Fractional increase in magnetic field is given by

AB_B-B,
By B

- AB _ fo (1+ 1) H-poH _
By HyH

Percentage increase is

AB
=X 100% = 73y, x100% =1.2x10° x100
0

= AB x100% =1.2x107
BI]

ILLUSTRATION 39

A solenoid having 2000 turns/m has a core of a
material with relative permeability 220. The area of
core is 4 cm? and carries a current of 5 A . Calculate

(a) magnetic intensity

(b) magnetic field

(c) magnetisation (I) of the core. Also calculate the
pole strength developed.

SOLUTION

Given that n=2000 turns, [=5A, pu, =220 and
A=4cm?

(@) Magnetic intensity
H =nl =2000x5=10000 Am "’
(b) Magnetic field, B = uH = yyu,H

= B=4rx107 x220x10,000 =887 %10 T
() Asweknow, B=B,(H+I)
= 887x107 =47x107 (10000+1)
= 220x10° =10%+I
= 1=(220x10° -10*)=2.19x10° Am™*
(d) Pole strength,
m=1A=(219x10° )(4x10* =876 Am
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ILLUSTRATION 40

Consider a bar magnet having pole strength 2 Am,
magnetic length 4 cm and area of cross-section 1 cm”,
Find

(a) the magnetisation I

(b) the magnetic intensity H and

(c) the magnetic field at the centre of magnet.
SOLUTION

Given that m=2 Am, 2/=4cm and A=1cm?
(a) Magnetisation
M @) m_ 2
VoA(2) A 1x107
= 1=2x10* Am™
The direction will be from S to N-pole

(b) M +m
S

N

[ 2ﬁ‘ »

Hy m
4r |2 __m

At centre, H,, = ——, along north pole
N 1, 47[]2 8 P

m
H. = ——, along south pole
i Axl? 8 P

H=Hy+Hg=—" -2

2 an(2x10?

= H= Z%xl()4 Am™', along south pole
n

() Magnetic field at the centre of magnet,
B=yy(H+I)

= B=4nx10‘7(—ix1o4+2x104)
4

= B=-107+87x107 = (87-1)x107

= B=24x1072T , along north pole

MAGNETISATION

The phenomenon of magnetising an unmagnetised
substance by the process of magnetic induction is
defined as magnetisation or it is the phenomenon of
increasing the pole strength of a magnet.
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DEMAGNETISATION

The phenomenon of decreasing or spoiling magnetic
strength of a material is known as demagnetisation.
It occurs due to mechanical jerks, thermal changes
and temporal variations. When a magnet is beaten
with a hammer then its magnetism gets spoiled.
When a magnet is heated and then cooled then too its
magnetism is spoiled. Keeping a magnet at a place for
a long time also spoils its magnetism.

MAGNETIC SATURATION

The state of a material after which the increase in
its magnetic strength stops is known as magnetic
saturation.

CLASSIFICATION OF MAGNETIC
MATERIALS

The root cause of magnetism in matter is the motion
of electric charges. The motion of electrons and pro-
tons in atoms is responsible for their magnetic prop-
erties. The variation in the number of fundamental
charged particles and variation in their arrangement
in different materials are responsible for differences
in their magnetic properties.

Curie and Faraday observed that almost all
substances have certain magnetic properties. On the
basis of mutual interactions or magnetic behaviour of
various materials in an external magnetic field, the
materials are divided in three main categories.

(a) Diamagnetic Substances
(b) Paramagnetic Substances
(c) Ferromagnetic Substances

MAGNETIC PROPERTIES OF MATERIALS

Diamagnetic Materials

Diamagnetic materials are repelled by magnetic field.
In other words, as we know that a bar magnet attracts
metals like iron, however, it is observed that a bar
magnet will repel a diamagnetic material. Following
are the properties of diamagnetic materials.

(a) Diamagnetic materials have a tendency to move
from the stronger to weaker part of external mag-
netic field.

(b) They develop this tendency because they are fee-
bly magnetized in a direction opposite to that of
external magnetising field.

() Some of diamagnetic materials are copper, lead,
bismuth, silicon, nitrogen (at STP), water and
sodium chloride.

/\
_J//\_
777

> 7

>
-

Diamagnetic Substance

(d) The magnetic field lines are expelled by these
materials.

(e) Magnetic field inside diamagnetic material (B)
is less than in free space (B, ), therefore for a dia-
magnetic material, we have

£<1, £<1,u,<1-
By Ho

(f) Relative permeability of diamagnetic material is
less than one.

(g) Since u, =(1+y, ) and u, <1, for diamagnetic
material, so ,, is negative and small for a dia-
magnetic material.

(h) Magnetic susceptibility y,, of diamagnetic mate-
rial is independent of temperature.

Im
\

;

(i) Diamagnetism is a universal property ie. it is
present in all substances. However, the effect is
so weak in most cases that it gets dominated by
other effects like paramagnetism, ferromagne-
tism etc.

EXPLANATION OF DIAMAGNETISM

Diamagnetism is the intrinsic property of every
material and it is generated due to mutual interac-
tion between the applied magnetic field and orbital
motion of electrons.
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Electrons in an atom orbiting around nucleus
possess orbital angular momentum. These orbiting
electrons are equivalent to current carrying loop and
thus possess orbital magnetic moment. Diamagnetic
substances are those in which net magnetic dipole
moment of an atom is zero. When magnetic field
is applied, those electrons having orbital magnetic
moment in the same direction slow down and those
in opposite direction speed up. This is due to induced
current in accordance with Lenz’s law. Thus, the sub-
stance develops a net magnetic moment opposite to
applied field due to which it is repelled from stronger
field to weaker field.

(a) In these materials the electron number is even
and every two electrons get coupled.

(b) In these materials all the orbitals or atoms are
completely filled.

(c) The resultant magnetic moment is zero for dia-
magnetic substances.

(d) Although diamagnetism is an inherent property
of all materials, even then due to other properties
like paramagnetism and ferromagnetism being
much stronger, the property of diamagnetism is
suppressed.

(e) Diamagnetism is the result of small variations in
the velocity of electrons moving in atomic orbits.

Paramagnetic Materials

(@) These materials have tendency to move from
region of weak magnetic field to strong magnetic
field i.e. they get weakly attracted to a magnet.

(b) This is because these substances get feebly mag-
netized in the direction of applied external mag-
netic field.

(c) Examples of some paramagnetic substances are
aluminum, sodium, calcium, oxygen (at STP)
and copper chloride.

(d) Magnetic field lines tend to pass through these
substances therefore magnetic field inside sub-
stance is more than the outside.

B s Gl
R —
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(e) B>B,, £>1, U> Uy, £>1, U, >1
By Ho
(f) The relative permeability of paramagnetic sub-

stances is greater than one.

(g) Since u, =1+y,,, so x,, is positive. (The mag-
netic susceptibility of paramagnetic substance is
small and positive).

Explanation of Paramagnetism

In paramagnetic substances, vector sum of orbital
magnetic moment of electrons is not zero, therefore,
each atom behaves like tiny magnetic dipole and has
some finite dipole moment. Due to thermal agitations
the atomic dipoles in substance are randomly ori-
ented hence total net dipole moment becomes zero.
In paramagnetic substances, the inner orbits of atoms
are incomplete.

Since the electron spins are uncoupled, conse-
quently on applying a magnetic field the magnetic
moment generated due to spin motion align in the
direction of magnetic field and induces magnetic
moment in its direction due to which the material
gets feebly magnetised. In these materials the elec-
tron number is odd.

0" «0 O Oo— O—

o . O O— O—

L0 0Q, O—> O
(b)

(@)
When no field is applied On application of field (B)
NOTE: The magnetic susceptibility of paramagnetic
substances is around hundred times higher than that
of diamagnetic substances.

CURIE LAW AND CURIE TEMPERATURE

This law states that the intensity of magnetisation of
a paramagnetic material is inversely proportional to
the absolute temperature T .

[oBo
= I= %
T
Dividing both sides of this equation by H, we get
I C(By/H)

H T
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[ B
Since y, =— and —=
Xm H H 4”0
Cltg
= m=
x T
where C is called the Curie’s constant.
Lm
I 3
! .y
TG

Thus, for a paramagnetic substance both y,, and u,
depend not only on the material but also on the sam-
ple temperature. As the field is increased or the tem-
perature is lowered, then the magnetisation increases
until it reaches the saturation value (1, ) and at this
instant all atomic dipoles are aligned with the applied
field. Beyond this Curies Law is not applicable.

Ferromagnetic Substances

(@) These are the substances which get strongly
magnetized when placed in an external magnetic
field.

(b) They have strong tendency to move from a region
of weak magnetic field to strong magnetic field.

(c) They get strongly attracted to the magnet.

(d) Some of the ferromagnetic substances are as fol-
lows: iron, cobalt, nickel, alloys like alnico etc.

(e) Magnetic field lines tend to crowd into ferromag-
netic material.

(f) Magnetic susceptibility y, of ferromagnetic
substance is very high, therefore, they can be
magnetized easily and strongly.

(g) With rise in temperature, susceptibility of ferro-
magnetic materials decreases. At a certain tem-
perature ferromagnetic substance is converted
into paramagnetic substance. This transition
temperature is called Curie temperature of Curie
point T .

ILLUSTRATION 41

A solenoid having 5000 turns/m carries a current
of 2A. An aluminium ring at temperature 300 K
inside the solenoid provides the core.

(a) If the magnetisation I is 2x10™ Am™, find the
susceptibility of aluminium at 300 K.

(b) If temperature of the aluminium ring is 320 K,
what will be the magnetisation?

SOLUTION
(@) H=1=5000x2=10* Am™
Since, [ = yH
-2
:i: 2x10 =2x10"°
H 10
(b) According to Curie Law, we have
,Conh
T n o
T2 320 —6 —6
= ==y =—x2x107 =213x10
X2 T, n 300

Magnetisation at 320 K
I=y,H=2.13x10"°%10*=2.13x102 Am™

CURIE-WEISS LAW

At temperature above the Curie temperature, a fer-
romagnetic substance becomes an ordinary paramag-
netic substance whose magnetic susceptibility obeys
the Curie-Weiss law. At temperatures above Curie
Temperature the magnetic susceptibility of ferromag-
netic materials is inversely proportional to (T-T ) i.e.

1
X2 Te
o C
)
where T_ = Curie Temperature
according to which
_ C
A =77 T
%m
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EXPLANATION OF FERROMAGNETISM

The individual atom in a ferromagnetic substance
has net dipole moment. However, they interact with
one another in such a way that they spontaneously
align themselves in a common direction over a mac-
roscopic volume called domain. Each domain has net
magnetisation but magnetisation of the whole sam-
ple is zero (in absence of an external field).

At ordinary temperature, every piece of iron is not a mag-
net because at this temperature the distribution of domains
is random as a result of which the resultant magnetic
moment is zero.

So, every ferromagnetic material is made of a very
large number of miniature regions called as domains.
The linear dimension of domains ranges from

10”%m to 10° m. Each domain contains 10" to 10*!
atoms whose axes are aligned in the same direction.
All spin magnetic moments are in the same direction
in a particular domain but it is different than that in
any other domain.

Atordinary temperatures these domains do not align,
rather these are scattered randomly as shown.

Chapter 2: Magnetism and Matter 2.39
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Curie Temperature (T;)

The temperature above which a ferromagnetic mate-
rial behaves like a paramagnetic material is defined
as Curie Temperature (T} ) .

OR

The minimum temperature at which a ferromagnetic
substance is converted into paramagnetic substance
is defined as Curie Temperature.

For various ferromagnetic materials its values are dif-
ferent. e.g. for Ni, T, =358°C

for Fe, Tp, =770°C
for CO, T, =1120°C

At this temperature the ferromagnetism of the sub-
stances suddenly vanishes.

L —
'?'v \J ,/ /// / / / / S Materials and their Curie Temperature
e
\\\\ —— Material T.(K)
—
— \\ Cobalt 1394
N —
1 Iron 1043
When external field B, is applied, the domains the Fe,0, 893
domains orient themselves in the direction of B, '
and simultaneously the domains oriented in direc- AT, —
tion of B, grow in size as shown. Godolinium 317
COMPARATIVE STUDY OF THESE MATERIALS
Property Diamagnetic Substances | Paramagnetic Ferromagnetic
Substances Substances
Cause of magnetism | Orbital motion of electrons. | Spin motion of electrons. Formation of domains.
Explanation of On the basis of orbital On the basis of spin and On the basis of domains
magnetism motion of electrons. orbital motion of electrons. | formed.

(Continued)
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[ ] ]
Property Diamagnetic Substances | Paramagnetic Ferromagnetic
Substances Substances
Behaviour These are repelled in an These are feebly attracted | These are strongly attracted

In a non-uniform
magnetic field

State of
magnetisation

Liquid or powder in

a watch glass when

placed between the

pole pieces

(a) when poles are
far apart

(b) when poles are
close to each
other

When the material in
the form of liquid is
filled in the U-tube
and placed between
pole pieces.

On placing the
gaseous materials
between pole pieces

The value of
magnetic induction B

Magnetic
susceptibility y

Dependence of y on
temperature

external magnetic field i.e.
have a tendency to move
from high to low field
region.

These are weekly magnetised
in a direction opposite to that
of applied magnetic field

(a) The liquid gets bulged at
the middle

(@)
(b) The liquid gets
depressed at the middle

Liquid level in that limb
gets depressed

N| IS

liquid

The gas expands at right
angles to the magnetic field.

B<B,

in an external magnetic
field i.e. have a tendency to
move from low to high field
region

These get weekly
magnetised in the direction
of applied magnetic field

(a) The liquid gets
depressed at the middle
(a)

(b) The liquid gets bulged at
the middle

g

(b)

Liquid level in that limb
rises up

N| [S

liquid

The gas expands in the
direction of magnetic field

B> B,

in an external magnetic
field. i.e. they easily move
from low to high field
region.

These get strongly
magnetised in the direction
of applied magnetic field

(a) The liquid is very much
depressed at the middle

(@)
(b) The liquid gets very
much bulged at the
middle

Liquid level in that limb
rises up very much

N| |S

liquid
The gas rapidly expands in
the direction of magnetic
field

B>>B,

where B is the magnetic induction in vacuum

Low and negative | 7| = 1

Does not depend on
temperature (except Bi at
low temperature)

Low but positive y = 1

Inversely proportional
to temperature y o % or
1= % This is called Curie

Law, where C = Curie
constant.

Positive and high y = 107

X o< or y=

T-T. =T
This is called Curie-Weiss
Law.

T~ = Curie Temperature.

(Continued)
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ae

Property Diamagnetic Substances | Paramagnetic Ferromagnetic
Substances Substances

Dependence of y Does not depend Does not depend Does not depend

on H Independent Independent Independent

Relative u,<1 u>1 Mo>>1

Permeability (u,) p, =107

Intensity of l'is in a direction opposite | I'is in the direction of Hbut | Iis in the direction of H and

magnetisation (I)

[-H Curves

Magnetic moment
(M)

Transition of
materials (at Curie
temperature)

x-T Curve

The property of

magnetism

Examples

Nature of effect

to that of H and its value is
very low.

I
4

The value of M is very low
(=0and is in a direction
opposite to H.)

These do not change.

—p.T

Diamagnetism is found in
those materials the atoms
of which have even number
electrons.

Cu, Ag, Au, Zn, Bi, Sb, NaCl,
H,0 air and diamond etc.

Distortion effect

value is low.

H

The value of M is very low
and is in the direction of H

On cooling, these get
converted to ferro-
magnetic materials at Curie
temperature.

—..T

Paramagnetism is found in
those materials the atoms
of which have majority of
electron spins in the same
direction.

Al, Mn, Pt, Na, CuCl,, O,,
and crown glass.

Orientation effect

value is very high.

H

The value of M is very high
and is in the direction of H.

These get converted into
paramagnetic materials
above Curie temperature.

Ferro-magnetism is found
in those materials which
when placed in an external
magnetic field are strongly
magnetised.

Fe, Co, Ni, Cd, Fe,0, etc.

Hysteresis effect
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HYSTERESIS

When a bar of ferromagnetic material is magnetised
by a varying magnetic field and the intensity of mag-
netisation I induced is measured for different values
of magnetising field H, the graph of I versus H is
shown in figure. From graph, it is observed that

(@) when magnetising field is increased from O,

the intensity of magnetisation I increases and
becomes maximum. This maximum value is
called the saturation value.
The state of magnetic material in which the value
of I becomes maximum and does not increase
further on increasing the value of H is called the
state of Magnetic saturation.

I

A

b
cl
el
d ’
O/g >H
f

(b) when H is reduced, I reduces but is not zero

when H = 0. The remainder value Oc of magne-
tisation when H =0 is called the residual mag-
netism or retentivity.
The property by virtue of which the magnetism
(I) remains in a material even on the removal
of magnetising field is called Retentivity or
Residual Magnetism or Remnant Magnetism.

() when magnetic field H is reversed, the magneti-
sation decreases and for a particular value of H,
denoted by H,, it becomes zero i.e., H,= Od when
I'=0. This value of H is called the coercivity.

So, the process of demagnetising a material com-
pletely by applying magnetising field in a nega-
tive direction is defined as Coercivity.
Coercivity assesses the magnetic softness or
hardness of a magnetic material. If the coercivity
of a magnetic material is low then it is magneti-
cally soft and if the coercivity is high then mate-
rial is magnetically hard. So,

Magnetic hard substance (steel) — High
coercivity

e

Magnetic soft substance (soft iron) — Low
coercivity

(d) when field H is further increased in reverse direc-
tion, the intensity of magnetisation attains satu-
ration value in reverse direction (i.e., point e).

(e) when H is decreased to zero and changed direc-
tion in steps, we get the part efgb.
Thus, complete cycle of magnetisation and
demagnetisation is represented by bedefgb .

In the complete cycle the intensity of magnetisation |
is lagging behind the applied magnetising field. This
is called hysteresis and the closed loop bedefgh is
called hysteresis cycle.

The energy loss in magnetising and demagnet-
ising a specimen is proportional to the area of hyster-
esis loop.

Problem Solving Technique(s)

Hysteresis Area bound by
Energy |[= | the hysteresis |=VAnt joule
Loss loop
where,

Vis the volume of Ferromagnetic sample,

Ais the area of B-H

n is the frequency of alternating magnetic field
and

t is the time for which the material is being
magnetised

ILLUSTRATION 42

A ferromagnetic substance of volume 107 m® is
placed in an alternating field of frequency 50 Hz. If
the area of the hysteresis curve obtained is 0.1 m?,
then calculate the heat produced due to energy loss
per second in the substance.

SOLUTION
Since we know that
(Heat Loss) = VAnt
where V=10"m®, A=01m*, n=50Hz and
t=1s

(Heat

Loss):(w?’ )(0.1)(50)(1)=5x10" J=5m]
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PROPERTIES OF SOFT IRON AND STEEL

For soft iron the susceptibility, permeability and
retentivity are greater while coercivity and hysteresis
loss per cycle are smaller than those of steel.

For permanent magnet, the substance must
have high retentivity and high coercivity while for
electromagnet the substance must have low retentiv-
ity and high permeability.

Permanent magnets are made of steel and
cobalt while electromagnets are made of soft iron.
Hysteresis curves for soft iron and steel are shown.

B
F4 Softiron
Steel
S
s >
FA g
e
Comparison Chart

Soft Iron Steel
The hysteresis loss for The hysteresis loss for this
this is low. is high.
The area of hysteresis The area of hysteresis
curve for this is less. curve for this is more.
For this the value of For this value of remnant
remnant magnetism is magnetism is low
high (AS in the diagram).

(AF in the diagram).

For this the coercivity is | For this the coercivity is
low high
(AF’ in the diagram). (AS’ in the diagram).

For this magnetic For this magnetic
permeability (u) is high. | permeability (u) is low.

For this the magnetic For this the magnetic
susceptibility () is high. | susceptibility ( y) is low.

For this intensity of For this intensity of
magnetisation (I) is high. | magnetisation (I) is low.

(Continued)
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Soft Iron Steel

For this the crystal For this the crystal

arrangement is simple. | arrangement is
complicated.

Its magnetisation and Its magnetisation and

demagnetisation is easy. | demagnetisation is
complicated and takes
place with difficulty.

Selection of Materials

(a)

(b)

(c)

For permanent magnets: Permanent magnets
should have high retentivity, so that the magnet
is strong and high coercivity so that the mag-
netisation is not easily erased by stray mag-
netic fields, temperature fluctuations or minor
mechanical damages. An alloy Alnico (Al + Ni
+ Co) is used for permanent magnets. Also, it is
observed that steel has slightly smaller retentiv-
ity than soft iron but this fact is dominated by the
fact that steel has much smaller coercivity than
soft iron and due to this reason steel is preferred
over soft iron to make permanent magnets.

For electromagnets: Since an electromagnet
must magnetise and demagnetise easily so it
should have high permeability and low reten-
tivity. Soft iron is used for electromagnets. If a
softiron rod is placed in a solenoid and current is
passed through the solenoid, then the magnetic
field in the solenoid is increased 1000 times as
i, =1000 for soft iron. As soon as the current is
switched off, the magnetic field quickly becomes
zero as the soft iron core has low retentivity.

For transformer, dynamo and tape recorder
tapes: Soft iron is used for these because its per-
meability is high, hysteresis loss is less and coer-
civity is low. For transformer core a special alloy
permalloy is used. For soft materials y, K and
I are high and hysteresis loss or the area of [-H
or B-H curveis low.

Hard and Soft Magnets

(a)

The ferromagnetic material which retain magne-
tization for a long period of time are called hard
magnetic material or hard ferromagnets. Some
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(b)

hard-magnetic materials are Alnico (an alloy of
iron, aluminum, nickel, cobalt and copper) and
naturally occurring lodestone. They are used
for permanent magnets. For permanent magnet
material should have high retentivity and high
coercivity.

The ferromagnetic material which retain magne-
tization as long as the external field persists are
called soft magnetic materials or soft ferromag-
nets. Soft ferromagnets is soft iron. Such material
is used for making electromagnets. For electro-
magnets material should have low retentivity
and low coercivity. Electromagnets are used
in electric bells, loudspeakers and telephone
diaphragms.

(a) Area under B-H loop is equal to the energy loss

per cycle per unit volume, because unit of BxH
is Jm~

(b) Area of I-H loop is IxH

So, unit of Area of I-H loop is A’m™

'.-[IH]=[%)(£]=A2m'2

(¢) Unit of area of B-H loop is i, times the unit of

area of I-H loop.

0‘7 Test Your Concepts-1V

Based on Magnetic Properties of Materials

N

. A bar magnet has coercivity 4x10° Am™. It is

desired to demagnetise it by inserting it inside a
solenoid 12 ¢cm long and having 60 turns. Calculate
the current that should be sent through the
solenoid.

The magnetic moment of a magnet
(15cmx2 cmxTcm) is 1.2 Am®. Calculate its
intensity of magnetisation.

The dipole moment of each molecule of a para-
magnetic gas is 1.5x 102 Am?. The temperature
of gas is 27°C and the number of molecules per
unit volume in it is 2x10% m™. Calculate the
maximum possible intensity of magnetisation in
the gas.

The coercivity of a certain permanent magnet is
40x10* Am™. The magnet is placed inside a
solenoid 20 cm long and having 700 turns and a
current is passed in the solenoid to demagnetise it
completely. Find the current.

(Solutions on page H.112)

. Aniron rod of 0.2 cm’ cross-sectional area is sub-

jected to a magnetizing field of 1200 Am™'. The
susceptibility of iron is 599. Calculate the magnetic
flux produced in the rod.

. The magnetic susceptibility of a paramagnetic

material at =73 °C is 0.0075. Find its value at
-173 °C.

. The hysteresis loss for a specimen of iron weighing

15 kg is equivalent to 300 Jm™ cycle™. Calculate
the loss of energy per hour at 25 cycles™'. Density
of iron is 7500 kgm™>.

. A cylindrical rod magnet has a length of 5 cm and

a diameter of 1 cm. It has a uniform magnetisa-

tion of 5.30x10® Am™. Find the magnetic dipole
moment of the rod.

. Relative permeability of iron is 5500, calculate its

magnetic susceptibility.

J
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PROBLEM 1

SOLVED PROBLEMS

A short magnet (M=4x102 Am?) lying in a hori-
zontal plane with its north-pole points 37° east
of north. Find the net horizontal field at a point
of the magnet 0.1m away from it (By =11 uT)

(sin37°= i, cos37° = é)
5 5

SOLUTION

Due to magnet, magnetic field at P is

B:ﬂ_o(le) uo(chosﬂ)
Var\ B ) an .

r ¥
10'7><2><4><10'2><é

= B = 5 64x10° T

(0.1)°
and B, = Uy M2 _ Mo Ms;nB
ir 4 r

107 x4x1072 ><é
5_24x10° T

BT

Since, B; and By are in same direction, so we get
B| =B, +B =6.4x10° +11x10°=17.4x10° T

B B,
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= Bp=yB+B =(174) +(24) x10°

= B,=+30852x10°T

-6
tanﬁZEEZme)z 0.14°
Bl 17.4x10

The earth’s magnetic field at geomagnetic poles has
a magnitude 8x107 T . Find the magnitude and the
direction of the field at a point on the earth’s surface
where the radius makes an angle of 120° with the
axis of the earth’s assumed magnetic dipole. What is
the inclination (dip) at this point?

;
o /Vertical

SOLUTION

The geomagnetic poles are lying in end on position.
The magnetic field at geomagnetic poles is

p=b (ZM) 8x10° T
4r\ R®
The magnetic field at point P is

By = ,uofvi V1+3cos” 0

47R

r

B
= B =E\}1+3c0529

8x107°

1+ 3cos® 120°

= B, _4><10'5‘/1+4 247 x10° T

Also, tano = %tanf) = %tanlil{)"

By =
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= tana:%x(_\/g)=_§

Dip ¢ is an angle made by the earth’s magnetic field
with the horizontal plane, so we have

0=0a-90°= tan'{—?}—%"

A bar magnet 30 cm long is placed in the magnetic
meridian with its north pole pointing south. The neu-
tral point is observed at a distance of 30 cm from its
one end. Calculate the pole strength of the magnet.
Given horizontal component of earth’s field = 0.34 G.

SOLUTION

When magnet is placed with its north pole pointing
south, then neutral point is obtained on its axial line.

= Baxial =BH

- ,u_ox 2Mr _B,
47 (r2_12)2
Mo 47CBH(1‘2 -2 )2

2Uyr
Since 21=30 cm
= [=15cm=0.15m, r=30cm=0.30m

and By =034 G=034x10" T

2
1 {034x10™ x(0.30%-0.15%)
1077 2x0.30

= M

. 034107 x(0.0675)
107 x2x0.30
The pole strength of the magnet is

m=M:@:8.606Am
21 030

=2.582 Am?

A shortbar magnet is placed with its north pole point-
ing north. The neutral point is 10 cm away from the
centre of the magnet. If H=04G. Calculate the
magnetic moment of the magnet.

SOLUTION

When north pole of the magnet points towards mag-
netic north, null point is obtained on perpendicular
bisector of the magnet. Simultaneously, magnetic
field due to the bar magnet should be equal to the
horizontal component of earth’s magnetic field By; .
So, we have

ty \M
B, = 2|2
i (4ﬁ)r3
3
= M=Dd

Substituting the values, we get

4 2\
M=(0.4x10 1{)J(j@xm ) 04 A

A magnetic needle performs 20 oscillations per min-
ute in a horizontal plane. if the angle of dip be 30°,
then how many oscillations per minute will this nee-
dle perform in vertical north-south plane and in ver-
tical east-west plane?

SOLUTION

In horizontal plane, the magnetic needle oscillates in
horizontal component of earths magnetic field. So,

I
MB,,

T=2n

In the vertical north-south plane (magnetic merid-
ian), the needle oscillates in the total earth’s mag-
netic field B, and in vertical east-west plane (plane
perpendicular to the magnetic meridian) it oscillates
only in earth’s vertical component By, . If its time
period be T; and T, , then

MB, MB,

From above equations, we get

T’ _By
T B,
n _ B,
= _Z_B_
n H
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2

B

Similarly, n—i =
n H

B
Further, —- =sec ¢ = sec(30°) =
By

ol

and B—V=tan¢>= tan30° =
H

= nf=n2(§—f)=(20)2(%J
H

= ny =21.5 oscillations/min

and 13 =n2(§—:)=(20)2(%)

= 1, =15.2 oscillations/min

&l

A thin rectangular magnet suspended freely has a
period of oscillation equal to T. Now, it is broken
into two equal halves (each having half of the origi-
nal length) and one piece is made to oscillate freely in
the same field. If its period of oscillation is T . Then,
find the ratio T'/T .

SOLUTION

When magnet is divided into two equal parts the
pole strength remains same, so, the magnetic dipole
moment is

l

M’ =(Pole Strength ) - = —

( gth)>=-
Also, the mass of magnet becomes halfi.e., m’ = %
Moment of inertia of magnet is

pmt

12

New moment of inertia is

SR
12V 2 )\ 2 12x8

= ['= {
8
. I
Since, T =21
MB,
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7 I:‘
and T'=2x ! =2 .‘fS
M’By (M/2)BH

The time period of the magnetic in an oscillation
magnetometer in the earth magnetic field is 2s.
A short bar magnet is placed to the north of the mag-
netometer, at a separation 10 cm from the oscillating
magnet, with its north pole pointing towards north.
The time period becomes half. Calculate the magnetic
moment of this short magnet.

By =12 uT.

Short
magnet

10cm

S
SOLUTION
/ I
Since time period T =27, |—
MB

= Te—
JH
1
= B F
Let M is magnet moment due to short magnet and
B’ be the magnetic field due to short magnet, along
south to north, then

(B+B') T,

B T?

where T, =25, By =12 uT
T,=1s, By=B+B'=12+B’

, 2
12+ B :[ZJ 4
12 1
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= B'=36uT
Since, B’ = ‘u—og
4 r
= 36x10° =10'7><ﬂ3
(0.10)

-  M=0.18 Am’

Each atom of an iron bar (5 cmx1cmx1cm) has a

magnetic moment 1.8x10™% Am*. Knowing that the
density of iron is 7.78x10° kg m, atomic weight is

56 and Avogadro’s number is 6.02x107, calculate
the magnetic moment of bar in the state of magnetic
saturation.

SOLUTION
The number of atoms per unit volume in a specimen is
Ny_ Nip _Napp

- ? (me] Mg,
pr

Foriron, p=7.8x10" kgm™
56

N, =6.02x10%, m,, =56 ¢=—— k

A X M, g 1000 g
3 23

_78x10° x6.02x10% _ 838 %10% m
(56/1000)

The volume of the iron bar is
V=(5x1072)(1x102)(1x102) =5x10° m?
Total number of atoms in the bar is

N, =nV =(838x10%)(5x10)

= N, =419x10%
The saturated magnetic moment of bar is

M NoM,

saturated — each atom

= Msaturated = (419 X 1023 )(18 X 10_23 )

= M =754 Am®

saturated



