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Magnetism at School

According to the syllabus you know all the basic definitions at school.
Magnetic field

potential

Magnetic moments

Torques

Actually it is a course on magnetic effect of electric current
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Lorentz force law

» Force on a static charge q in a electric field E is, q E
» Force on a moving charge q with velocity v in a magnetic field B is qv X B

> Total Force F on a moving charge in a electromagnetic field is,

F=q(E+73xB)

This 1s known as the Lorentz force.

This force law is universal i.e. it is valid for any electromagnetic field and velocity.

» Magnetic force is always perpendicular to the velocity of the charge, hence no
work is done by this force. Unit of magnetic field is tesla, T.

A moving charge experiences magnetic force in a magnetic field
and can generate magnetic field.

stationary charges generate steady E-field.
steady currents generate steady B-field.
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Biot-Savart's law

In 1820 Oersted discover the action of electric current on a magnetic needle.

In the same year Biot-Savart formulated a law regarding the interaction current
element and magnetic pole. Using this formula one can obtain Magnetic field due to
any shape of current carrying conductor.

Currents which arise due to the motion of
charges are the source of magnetic fields.

When charges move in a conducting wire and
produce a current i, the magnetic field at any
point P due to the current can be calculated by
adding up the magnetic field contributions,

dB, from small segments of the wire ds _ * p
The magnetic field, dB for the small segment ® B
ds can be express by Biot-Savart law as,
Mo ldS X T where |, is permeability of free space
dB = At 13 and its value is 4 x 1077 Tm/A
The total magnetic field,B for the wire is, B=| dB = o j s X7
am wire r
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Application of Biot-Savart's law

Biot-Savart Law is to magnetic field as Coulomb's Law is to electric field.
Basic element of E-field: Electric charges dq
Basic element of B-field: Current element ids

Determination of magnetic field for
a straight conductor
circular coil and
solenoid carrying current.
Force between two straight current carrying wires.
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Magnetic field of a straight conductor

e

Biot-Savart Law: (B = L0 s X7 ds T
41 T'3 \ ¥ [
The fig clearly shows that \\{‘[‘1’
AN o ;
|ds X 7| = dzr sing T ﬂ—¢‘x\& B ds \“f{‘
= dz rsin(mr — ¢) - E{ L
d J{ . ®dsxF Y
=dzr—=ddz . A
T I d uP A
L . >
4B = o iddz _poi  ddz ——d —n"l
_L4n r3 A4 (d2 + 22) 3/, iy
/2 id dz
B=| "dap=" j i
iy ATy, @2+ 22y
B = Uol A IL . L]
~ A1d (d? + 22)1/ L/2 For long wire, L>> d —
: /2 2
. _ HUpt L (d? + _) 1/ _ =
B 2 4 L
47Td(d2+l'—)1/2 | | |
4 Uol direction of B determined

E= Zni ~for an infinite long line of charge 2med  from right-hand screw rul:
0 ism



Magnetic field for a circular loop

For every current element ids; generating a magnetic field dB , at point P, there 1s an

opposite current element ids, generating B-field d§2 so that dB_{ sina = —dB_2> sin a
Only vertical component of B-field needs to be considered at point P.
Ho ids N N — —
*“dB =—— |vds{ Ur dB . dB
4 1r? v dsy L] ot dB, | S
. B-field at point P: Biot-Savart Law ) p
- ds X T
B = j dB cosa dB:'uOlS r
A 13
around
circuit
21 ) d
. [ Hoicosads
b= f 4t 12
0 21 dj’l ds
l .
e Rd6 z'g .
A 13 ' !
.0 ds, . ' ds,
_Ho IR2TR ! ’ :
A4 713 ! " R !
_ KolR? HoiR? direction of B determined
R B = 2(R? + 22)3/2 from right-hand screw rule
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Field at different positions for a circular loop

Field at center of loop: _ _ o HoiR?
p = [R _ Mo  2(R*+ 2232
z=0 O, 2(R2)3/2 R B_,—_/B()
A

Field far from the loop: z>>R

IR? IR? 1
B — Ho ~ HUo -

2 - 3 3
2z3(§—2+ pz 2% Z

» z/R

p

E-field for an electric dipole: E =
Aeyx3

A circular current loop is also called a magnetic dipole.
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Magnetic field for a solenoid carrying current

Consider a solenoid of length L

consisting of N turns of wire. I QY semEmwR ®
~/
Let , n = Number of turns per ~~/
unit length = N/L
OO T ®
dz N
— [o——
Solenoid Tightly-packed
@@ ® - coils of wire
w) >, We will evaluate B-field at distance d from the center of
P R the solenoid:
@@} © For a segment of length dz, number of current turns = ndz
» L Total current for this segment is ni dz
) L ; .
AV
Using the result from one coil, we get B-field from dlz"‘—'*l s
coils of length dz at distance z from center: RI \
dB:M Now, r = \/R2+ (z—d)2 _ P 5
2 “d| e
B = f dB

entire
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g Homi R? f“/z dz
2 )y [R?+ (z—d)?P?
After integration we can get Do the integration as home work
L L
- “+d > —d
B — Homnl [ 2 + 2 ]

2 The filed 1s 1n negative z-direction

\/R2+(§+d)2 \/R2+(§—d)2

For an 1deal solenoid L>> R S B = Hont [1+ 1] = pgni

2
At the end of the solenoid d=L/2, hence the 2™ term is zero
B — Honl
2
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Force between two straight current carrying wires

Let two parallel current carrying wires 1 & 2 carrying
currents i, and i, respectively in the same direction. i
They are separated by a distance d. /

From slide 6, the magnetic field on wires 2

for wire 1 L
Orwire B, = % downwards Ad\.,

the magnetic field on wires 1 for wire 2 Uol,
, =——  upwards
21d
: - : . Holiqi,
Magnetic force on wires 2 of a segment / for wire 1 F,; = i, X By = >
T .
Uoliyi,

Similarly, magnetic force on wires 1 of a segment / for wire 2, F;, = il X B, = >

From the figure: for same direction of currents both the wires attracts each others.

In the same fashion, it can be shown that
anti-parallel currents repel each other.

£y
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The Divergence of B

. . . - X -
Biot-Savart law  dB = &0 s X7

4T 713

The magnetic field B py — Ko J(r") x R
for volume current (R) = 477 , RS

Taking divergence VB = Ho \7_] (') 3X R dv
41 ), R

Using vector identity  V-(AxB)=B-(VxA)—A-(VxB) X

-

= Ho R , , Mo , R ,
|7.B—47TJVR3.(17><](1”))dT —Efvj(r).(Vxﬁ)dr

VX J(r") =0 Since, J(r' )doesn’t depend on R ( ﬁ) — 0

VXE

V. E =0 The divergence of a magnetic field 1s zero.

Magnetic flux through any close surface is always zero, whether or not any current
within the surface.

V.E = p/€, Magnetic monopole doesn’t exist, hence no source of magnetic flux
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Magnetic vector potential
V.-B =0 From vector identity, we know divergence of curl of a vector is zero

Hence, we can define magnetic field B as B=VxA V-B=V-VxA=0

A known as magnetic vector potential NGNS NG GNRGHSION GG LORATY

As B is a physical quantity, VXA is also so. However, the divergence of the vector
potential has no physical meaning and consequently we are at liberty to specify its
divergence as per our wish. This freedom to choose a vector potential whose curl is B
and whose divergence can be conveniently chosen is called by mathematicians as a
choice of a gauge .

If is y a scalar function any transformation of the type A — A+ Vy

gives the same magnetic field as curl of a gradient is identically zero. The
transformation above is known as gauge invariance.

The popular gauge V -A=0 is known as Coulomb gauge
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Magnetic vector potential

Biot-Savart's law for magnetic field due to a current element dl

ﬂIIﬂKT #UIdlxv(}

dB =
dr 72 4

may be used to obtain an expression for the vector potential. Since the element dldoes not depend on the

position vector of the point at which the magnetic field is calculated, we can write d v 5 {dE)
T i T

the change in sign is because ‘U’{ﬁ} = V(lfr} % di

T

Thus the contribution to the vector potential from the element (ﬂis dﬁ pﬂf[ﬂ
darr

The expression is to be integrated over the path of the current to get the vector potential for the system

pol dl
4 J T

A=

Dr M M Shaikh Magnetism 15



The Curl of B

The magnetic field produced by a volume current

B(r) = J:;": f @) X2

T

e=(x—x)X+(y—-y)v+(z—2')z2

Take the curl of the above magnetic field (with respect to
the unprimed coordinates

V xB(r) = :—DIF X (](r’)g HE) dt’

T T

Vx(AxB)=(B-V)A—(A-V)B+A(V-B)—B(V-A)

-

v x (1@- ) ) - (— v) ) - 40 - 0) 5 +10) (v - —) @)

T

V- J(r") = 0 since J(r') does not depend on r

(i : F) J(r') = 0 since J(r") does not depend on r

ml

V X B(r) = :—; [ J(x') (F ' :2) dr’ — E[(l(l") : F]Szdr’

T



The Curl of B
V x B(r) =

| 1(:-*)( %)dr‘—j—; [aa-mZar

E 3
V5= 41530

5 |
=

VX B(r) = o J (1) —£2 f 00 - V)5 dv

~(00) V5= 00 - V)5

. (x — v—-vy)_ (-2 ]

= (@) FJ[ Xt——5 —V+—3 2
, (x —x) [1 —x") N [E -’t”)

0@ - v)—3 =V |—=I| - (\? D =V [—F23
v (fAJ =f(V-A)+ (A V)f
Magnetostatics implies steady cuurent. So V' - ] = — g =0
( ’} (x — 1’) For large enough integration
rda =0 volume, all the currents are inside.
FGI surf

So J = 0 at the surface.



The Curl of B
_Ho [enfo BN g — PO [ creen . oy E g
?xB(r}—4Hf](r)(F 12)4:111: 4Hf(](r} F]Fﬁzdr
* 3
F-m—zz-ﬂlmﬁ (%)

VX B(r) = 1o J(1) — 22 f (G - ¥) e

J’ v’ - [(I —3-‘*”) ]] dr’ = 3§ [':I —3-1”31
Vol ' surf '

So.

-da=20

Ho (e vy gor —
£ [a0) - m5dr —o

[ V x B(r) = o J(r) ] Ampere’s Law

For large enough integration
volume. all the currents are inside.
So | = 0 at the surface.



Ampere’s circuital law

It states that the line integral of magnetic field around any closed loop is proportional
to the total current passing through any surface that is bounded by the closed loop:

fB-dl=uoi fB-dl=uo(i1—i3+i4—i4>
C C

fB‘dl = po(iy — i3)

Using Stokes theorem

%E-dlz#ﬁxﬁ-df Lol =u0# .dS
C

S S \<
VxB = o) Ampere’s circuital law in differential form

Ampere’s law is used for calculating magnetic field, by following the procedure:

4 R

(1) Draw an Amperian loop using symmetry arguments.
(2) Find the current enclosed by the Amperian loop.
(3) Calculate the line integral around the closed loop.
(4) Equate with both sides and solve for B.

- J
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Application of Ampere’s circuital law

Magnetic field of a straight conductor

We have to find Magnetic field B at distance r from the wire
Let’s draw a circle of radius r

From Ampere’s circuital law % B -dl = pyi @

B 21tr = ugi . B—M—Oi ¢ B
Ho e —21tr

Magnetic field for cylindrical conductor of Radius R at a distancer; a)r>R & b) r<R:
For outside the conductor r > R Magnetic field is same as straight conductor

g fol
- Forr>R
For inside the conductor r <R, here we have to calculate B for current within radius r
l :
Here current density is ~RZ B
B2 Rl 5
T = ol — .
Hol TR? :
_ HolT For r<R
2TIR? :
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... Application of Ampere’s circuital law
Magnetic field due to long current carrying solenoid

[AVERVERVELYERVERYER
| 1 [

Magnetic field B will be perpendicular to | B

IYYVY)

We consider a rectangular loop abcd on the
solenoid and we will find B for his loop

TsivivAsivivk

per unit length= N/L

From Ampere’s circuital law f B -dl = pyi
b C ¢ d a Y
Now, fB-dlzJB.dl+fB.dl+jB.dl+jB.dl
C a b o d |

Here,cbc and d% perpendicular to B """"b """ b
fB.dl _ fB.dl —0 There is no current for the pathab .. jB_dl =0
a

b,_,/

b d d
current for the path cd is (cd) nl <™ fB. dl = py(cd)nl
“+  B(cd) = polcd)nl o |B = pgnl| ©

Magnetic field for a Toroid (A circular solenoid)

C 1s a circle of radius 7 inside the toroid.
r !
563 .dl = ugNI -~ B2nr = pgl2nr nl (L W‘J

C Dr M M Shaikh S B = Uo nl Magneti N turns




Magnet

Magnetic pole, region at each end of a magnet where the external magnetic field is
strongest.

A bar magnet suspended in Earth’s magnetic field orients itself in a north—south
direction. The north-seeking pole of such a magnet, is called a north magnetic pole.
The south-seeking pole, or any pole similar to it, is called a south magnetic pole.

Unlike poles of different magnets attract each other; like poles repel each other.

The magnetic force between a pole of one long bar magnet and that of another was

described by an inverse square law ~  _ Ho 1M
AT 12

Potential and field due to a magnetic dipole.

Magnetic dipole moment.

Force and torque on a magnetic dipole.

(d) Magnetic fields inside matter: Magnetization. Bound currents. The magnetic
intensity - H. Linear media. Magnetic susceptibility and Permeability. Brief introduction
of dia-, para- and ferro-magnetic materials.


https://www.britannica.com/science/magnetic-force
https://www.britannica.com/science/magnetic-force

Magnetic dipole

Potential and field due to a magnetic dipole.

Magnetic dipole moment.

Force and torque on a magnetic dipole.

Magnetic fields inside matter: Magnetization. Bound currents. The magnetic intensity -
H. Linear media. Magnetic susceptibility and Permeability. Brief introduction of dia-,
para- and ferro-magnetic materials.

Dr M M Shaikh Magnetism 23



Electromagnetic Induction

4. Ohms law and definition of E.M.F. Faraday's laws of electromagnetic induction,
Lenz's law, self and mutual inductance, L of single coil, M of two coils. Energy
stored in magnetic field.
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Ohms law and EM.F

Ohm's law: the current through a conductor between two points v -

1s directly proportional to the voltage across the two points.

The proportional constant is 1/R, R is known as resistance. [=V/R] F
Electromotive force (EMF) is equal to the terminal potential V R

difference when no current flows.
EMF and terminal potential difference (V) are both measured 1n volts,

however they are not the same thing.
The EMF can be written in terms of the internal resistance of the battery

(r) where: € =I(rtR) = V+Ir  EMF dimension is given as ML2T-3I-

Electromotive Force Potential Difference

Potential difference is defined as the energy which is

EMF is defined as the work done on dissipated as the unit charge pass through the

a unit charge

components
EMF remains constant Potential difference is not constant
EMF is independent of circuit The potential difference depends on the resistance
resistance between the two points during the measurement

Due to EMF, electric, magnetic, and Due to the potential difference, the only electric field is
the gravitational field is caused induced

It is represented by E It is represented by V




Faraday's laws of electromagnetic induction

Ohm's law: the current through a conductor between two points j ,
1s directly proportional to the voltage across the two points.

The proportional constant is 1/R, R is known as resistance.

Electromotive force (EMF) is equal to the terminal potential

difference when no current flows.
EMF and terminal potential difference (V) are both measured in volts,

however they are not the same thing.

I=V/R

Dr M M Shaikh Magnetism
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