
 

 

Subject Name: Electromagnetic Field Theory 

Subject Code: EC-5001 

Semester: 5
th

     

 

 

 

 



Electromagnetic Theory, ECE, CDGI, Indore 1

ELECTROMAGNETIC THEORY
Unit 3

Static Magnetic Field, Biot-Savart s law, Magnetic Field intensity due to straight current carrying
filament, circular, square and solenoidal current carrying wire, Relationship between magnetic flux,
flux density & magnetic Field intensity; Ampere s circuital law and its applications, magnetic Field
intensity due to infinite sheet and various other configurations, Ampere s circuital law in point form,
Magnetic force, moving charge in a magnetic field, Lorentz Force on straight and long current carrying
conductors in magnetic field, force between two long & parallel current carrying conductors.
Magnetic dipole & dipole moment, a differential current loop as dipole, torque on a current carrying
loop in magnetic field, Magnetic Boundary conditions

In studying our aim to understand the nature of magnetism and the concepts of magnetic field and
magnetic forces. You should be able to display that understanding by describing and discussing
examples of magnetic effects. You should learn how to calculate magnetic fields due to currents in
straight wires and magnetic forces on current elements and moving particles.
Minimum learning goals
When you have finished studying this chapter you should be able to do all of the following.
1. Explain, interpret and use the terms:

magnet, magnetic field, magnetic field line, magnetic field strength, tesla, north pole [north-
seeking pole], south pole [south-seeking pole], solenoid, permeability of free space, domain,
ferromagnetism, diamagnetism, paramagnetism.

2. Describe examples of magnetic effects in everyday life and in the life sciences.
3. Describe the behaviour of a compass needle in a magnetic field.
4. Discuss the form and origin of the Earth's magnetic field.
5. Sketch the magnetic field lines in the vicinity of a bar magnet, a solenoid, pairs of bar magnets

placed end to end and a very long straight current-carrying wire.
6. Calculate the magnitude and direction of the magnetic force on

(a) a straight current-carrying conductor in a uniform magnetic field,
(b) a charged particle moving through a magnetic field.

7. State the order of magnitude of typical magnetic field strengths.
8. Describe the operating principles a DC motor, a moving coil meter, a loudspeaker and the

magnetic deflection of the electron beam in a TV picture tube.
9. Calculate the magnitude and direction of the magnetic field near a long, straight current-

carrying conductor.
11. Describe the interaction of parallel current-carrying conductors.
12. Describe and explain the magnetic properties of ferromagnetic, diamagnetic and paramagnetic

materials.
Introduction

We will take note of the fact that some naturally ocurring materials, which we call magnetic
materials can exert across empty space a force on one one another which is different from the
electrostatic force in ways which we will identify.
We will attribute this force to a new type of field which we call the magnetic field H.
We will also find that magnetic fields can be caused by electric currents, and that they can exert
forces on wires carrying electric currents.
We define the study of magneto statics in empty space as the study of the forces which cross
empty space between magnetic materials and between wires carrying steady electric currents.
Just as we did with electrostatics, we place a description of what is happening inside magnetic
materials in another and later chapter.
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Electromagnetic Theory, ECE, CDGI 2

In our study, we will find it convenient to define a new variable, associated with the magnetic
field H, and we will call that new quantity the magnetic flux density, and will denote it by B.
We should be wary of calling B the magnetic field. Although some text books do this, it is at
variance with Standard International terminology, and causes confusion

The Steady Magnetic Field
When iron filings are sprinkled around a magnet they do not fall randomly.   In any small region they
tend to point in the same direction, and often line up head to tail forming a chain of filings.  The
orientation of the filings in any small region is parallel to the direction of the magnetic field in that
region.  Thus the pattern of iron filings in the vicinity of a bar magnet shows the pattern of the
magnetic field near the magnet - they help us to visualise the magnetic field.
Magnetic field lines
A family of lines can be drawn to indicate the orientation taken up by iron filings in the vicinity of a
magnet.  When arrows are added to show the actual direction of the magnetic field the lines are
called magnetic field lines.

When they are correctly drawn, the areal density of the field lines (i.e. the number of lines per
area normal to the lines) is proportional to the magnetic field strength.  Thus magnetic field lines
represent the direction and strength of a magnetic field just as electric field lines represent the
direction and strength of an electric field.

At this point, the concept of a field should be a familiar one. Since we first accepted the experimental
law of forces existing between two point charges and defined electric field intensity as the force per unit
charge on a test charge in the presence of a second charge, we have discussed numerous fields. These
fields possess no real physical basis, for physical measurements must always be in terms of the forces
on the charges in the detection equipment. Those charges that are the source cause measurable forces
to be exerted on other charges, which we may think of as detector charges. The fact that we attribute a
field to the source charges and then determine the effect of this field on the detector charges amounts
merely to a division of the basic problem into two parts for convenience.

Figure3.1: Magnetic field of a bar magnet

FORCE ON A CURRENT IN A MAGNETIC FIELD
A current-carrying conductor in a magnetic field has a magnetic force exerted on it. Since the force
depends on the length (l) and orientation of the wire, it is simplest to consider the force on the
current in a short straight section of the wire (called a current element).
The direction of the force (F) is perpendicular to
both the direction of the current and the magnetic
field as shown in figure 6.4. Since there are two
directions perpendicular to the plane containing the
directions of the field and the current (the shaded
plane in figure 6.4) we need a rule to define one of
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them: if you curl the fingers of your right hand form
the direction of the current towards the field
direction, then your thumb gives the direction of the force. (There are other mnemonics for this direction, for example arrange the thumb and the next
fingers I of your left hand roughly at right angles. They represent force, field, current in the order thumb, first finger, second finger.)

F = IBl sin
Here I is the current, B is the magnitude of the magnetic field, l is the length of the segment of wire

and is the angle between the directions of the current and magnetic field. Note that this relation
applies only to a short current element; to find the force on a complete wire or a more complex
system, it is necessary, in principle, to combine the forces acting on all the parts of the system.

BIOT-SAVART LAW
If you move a compass near to an electric wire, you'll find that the compass needle changes direction.
The Biot-Savart Law is an equation that describes the magnetic field created by a current-carrying wire,
and allows you to calculate its strength at various points.
The Biot-Savart Law is very powerful.  It will work for any current carrying wire regardless of the
shape and it doesn't require you to know anything about the shape of the magnetic field lines.
However, the math required to solve the Biot-Savart equation is difficult and often requires numerical
techniques.
The law of Biot-Savart1 then states that at any point P the magnitude of the magnetic field intensity
produced by the differential element is proportional to the product of the current, the magnitude of the
differential length, and the sine of the angle lying between the filament and a line connecting the
filament to the point P at which the field is desired; also, the magnitude of the magnetic field intensity is
inversely proportional to the square of the distance from the differential element to the point P. The
direction of the magnetic field intensity is normal to the plane containing the differential filament and
the line drawn from the filament to the point P. Of the two possible normals, that one to be chosen is
the one which is in the direction of progress of a right-handed screw turned from d L through the
smaller angle to the line from the filament to P. Using rationalized mks units, the constant of
proportionality is 1/4  .

• We know that electric current or moving charges are source of magnetic field
• A Small current carrying conductor of length dl (length element ) carrying current I is a

elementary source of magnetic field .The force on another similar conductor can be expressed
conveniently in terms of magnetic field dB due to the first

• The dependence of magnetic field dB on current I ,on size and orientation of the length
element dland on distance r was first guessed by Biot and savart

• The magnitude of the magnetic field dB at a distance r from a current element dl carrying
current I is found to be proportional to I ,to the length dl and inversely proportional to the
square of the distance |r|

• The direction of the magnetic Field is perpendicular to the line element dl as well as radius r
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• if in figure, Consider that line element dl and radius vector r connecting line element mid point
to the field point P at which field is to be found are in the plane of the paper

• From equation (1) ,we expect magnetic field to be perpendicular to both dl and r.Thus direction
of dB is the direction of advance of right hand screw whose axis is perpendicular to the plane
formed by dl and r and which is rotated from dl to r ( right hand screw rule of vector product)

• Thus in figure ,dB at point P is perpendicular directed downwards represented by the symbol (x)
and point Q field is directed in upward direction represented by the symbol ( )

MAGNETIC DEFLECTION OF ELECTRON BEAMS
A beam of charged particles flowing through a vacuum constitutes an electric current. Hence such
a beam can be deflected by a magnetic field. The direction of the force is perpendicular to both
the magnetic field and the particle's velocity so the beam is pulled sideways. The magnitude
of the magnetic force on a particle with charge q moving at speed v at and angle to the magnetic
field B is

F = qvB sin
The electron beam which strikes the screen of a TV picture tube to produce an image is

scanned across the screen using magnetic forces. The magnetic field is produced by passing a
variable current through coils in the tube.

• Magnetic deflection forces are also the basis of the operation of scientific instruments such as the
mass spectrometer and the cyclotron

• Magnetic field of a
solenoid

• The effect produced by the current flowing through a straight wire is rather small - not much greater than that
produced by the Earth's magnetic field. To intensify this effect the wire is formed into a cylindrical coil of
many turns - a solenoid. A current through such a coil produces an iron filing pattern similar to that of a bar
magnet.

• Inside a long solenoid, away from the ends, the field is particularly uniform, with the field lines being straight and
parallel to the axis of the coil.

Strong uniform
field inside

Weaker
non-uniform
field outside

Current out of page
Current into page

Permanent Magnets
Currents make B-fields.  So where's the current in a permanent magnet (like a
compass needle)? An atom consists of an electron orbiting the nucleus. The
electron is a moving charge, forming a tiny current loop an "atomic current".
In most metals, the atomic currents of different atoms have random
orientations, so there is no net current, no B-field.

In ferromagnetic materials (Fe, Ni, Cr, some alloys containing these), the atomic currents can all line
up to produce a large net current.
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In a magnetized iron bar, all the atomic currents are aligned, resulting in a large net current around
the rim of the bar.  The current in the iron bar then acts like a solenoid, producing a uniform B-field
inside:

Why do permanent magnets sometimes attract and sometimes repel?  Because parallel currents
attract and anti-parallel current repel.

The law of Biot-Savart expresses the magnetic field intensity dH2 produced by a differential current
element I 1 dL1. The direction of dH2 is into the page.
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, G dB, from small segments
of the wire ds.

Let r denote as the distance form the current source to the field point P, and the corresponding
unit vector. The Biot-Savart law gives an expression for the magnetic field contribution, G , from
the current source, r  dB Ids ,

NS NS

parallel currents on
ends attract

opposite poles attract :

N SNS

like poles repel :

anti-parallel currents
on ends repel

net atomic
current on
rim

uniform
B(out) atomic current on rim,

like solenoid

Side View:

End View:

N S

B-field comes
out of "North" end

B-field enters
"South" end

atoms

cross-section of
magnetized iron bar

In interior, atomic currents cancel:

net I = 0

on rim, currents all in
same direction, currents
add
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The integral is a vector integral, which means that the expression for B is really three integrals, one
for each component of B G G . The vector nature of this integral appears in the cross product G .
Understanding how to evaluate this cross product and then perform the integral will be the key to
learning how to use the Biot Savart law

Magnetic Field due to a Finite Straight Wire
A thin, straight wire carrying a current I is placed along the x-axis, as shown below. Evaluate
the magnetic field at point P

Figure A thin straight wire carrying a current I.

This is a typical example involving the use of the Biot-Savart law
(1) Source point (coordinates denoted with a prime)

Consider a differential element  d s = dx' i carrying current I in the x-direction. Since the
field point P is located at ( , x y) = (0, a) , The resultant vector and

. If the magnitude of the vector is and unit vector is

.
The cross product
which shows that the magnetic field at P will point in the +k direction, or out of the
page. \
Simplify and carry out the integration

,

ii) Force between two long and parallel current carrying conductor

• It is experimentally established fact that two current carrying conductors attract each other
when the current is in same direction and repel each other when the current are in opposite
direction

• Figure below shows two long parallel wires separated by distance d and carrying currents
I1 and I2
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Consider figure wire A will produce a field B1 at all nearby points .The magnitude of B1 due
to current I1 at a distance d i.e. on wire b is B1= 0I1/2 d . According to the right hand rule
the direction of B1 is in downward as shown. Consider length l of wire B and the force
experienced by it will be (I2lXB) whose magnitude is

• Direction of F2 can be determined using vector rule .F2 Lies in the plane of the wires and
points to the left. From figure we see that direction of force is towards A if I2 is in same
direction as I1fig( 5a) and is away from A if I2 is flowing opposite to I1.

• Force per unit length of wire B is

• and is directed opposite to the force on B due to A. Thus the force on
either conductor is proportional to the product of the current.

• We can now make a conclusion that the conductors attract each other if the currents are in
the same direction and repel each other if currents are in opposite direction.

iii) Magnetic Field along axis of a circular current carrying coil

• Let there be a circular coil of radius R and carrying current I. Let P be any point on the axis of
a coil at a distance x from the center and which we have to find the field

• To calculate the field consider a current element Idl at the top of the coil pointing
perpendicular towards the reader

• Current element Idl and r is the vector joining current element and point P as shown below
in the figure

From Biot Savart law, the magnitude of the magnetic field due to this current element at P is

• Resolving dB into two components we have dBsin  along the axis of the loop and another
one is dBcos  at right angles to the x-axis

• Since coil is symmetrical about x-axis the contribution dB due to the element on opposite
side ( along -y axis ) will be equal in magnitude but opposite in direction and cancel out.
Thus we only have dBsin  component

• The resultant B for the complete loop is given by,

B= dB
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Now from figure 6 sin =R/r =R/ (R2 + x2) So

If the coil has N number of turns then

Direction of B
• Direction of magnetic field at a point on the axis of circular coil is along the axis and its

orientation can be obtained by using right hand thumb rule .If the fingers are curled along
the current, the stretched thumb will point towards the magnetic field

• Magnetic field will be out of the page for anti-clockwise current and into the page for
clockwise direction
Field at center of the coil

In this case R in the denominator can be neglected hence

For coil having N number of turns

If the area of the coil is R2 then

m=NIA represents the magnetic moment of the current coil.

Ampere's circuital law
• Ampere's circuital law in magnetism is analogous to gauss's law in electrostatics
• This law is also used to calculate the magnetic field due to any given current distribution
• This law states that

" The line integral of resultant magnetic field along a closed plane curve is equal to 0 time the total current
crossing the area bounded by the closed curve provided the electric field inside the loop remains constant"
Thus

where 0 is the permeability of free space and Ienc is the net current enclosed by the loop as shown below in
the figure
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Electromagnetic Theory, ECE, CDGI, Indore 9

• The circular sign in equation (21) means that scalar product B.dl is to be integrated around the closed loop
known as Amperian loop whose beginning and end point are same

• Anticlockwise direction of integration as chosen in figure 9 is an arbitrary one we can also use clockwise
direction of integration for our calculation depending on our convenience

• To apply the ampere's law we divide the loop into infinitesimal segments dland for each segment, we then
calculate the scalar product of B and dl

• B in general varies from point to point so we must use B at each location of dl
• Amperion Loop is usually an imaginary loop or curve ,which is constructed to permit the application of

ampere's law to a specific situation
From Biot Savart law, the magnetic field at any point P which is at a distance R from the conductor is given by

• Direction of magnetic Field at point P is along the tangent to the circle of radius R withTh conductor at the
center of the circle

• For every point on the circle magnetic field has same magnitude as given by

• And field is tangent to the circle at each point The line integral of B around the circle is

since dl=2 R ie, circumference of the circle so,

• This is the same result as stated by Ampere law
• This ampere's law is true for any assembly of currents and for any closed curve though we have proved the

result using a circular Amperean loop
• If the wire lies outside the amperion loop, the line integral of the field of that wire will be zero

• but does not necessarily mean that B=0 everywhere along the path ,but only that no current is linked by the
path

• while choosing the path for integration ,we must keep in mind that point at which field is to be determined
must lie on the path and the path must have enough symmetry so that the integral can be evaluated

Magnetic field of a long straight conductor The magnetic field lines in the vicinity of a long
straight wire carrying a current form concentric circles around the wire (figure 6.10) and the
direction of the field at any point is tangential to a field line.

In air or vacuum the magnitude of the field at a point is determined by the current I in the
wire and the distance r of the point from the wire:

I
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F

I1

FORCES BETWEEN CURRENT-CARRYING CONDUCTORS
Electric currents interact with each other through their magnetic fields. Consider two
parallel, current-carrying conductors (figure 6.12).

I1 I2 I2

1 F2

Parallel currents
attract.

F1 F2

Anti-parallel currents repel.

Figure Forces between parallel wires
The current through the right-hand conductor produces a magnetic field. The interaction

of the current in the left hand conductor with this field gives rise to a force on the left-hand
conductor. Similarly the current through the left-hand conductor also produces a magnetic field.
The interaction
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of the current through the right-hand conductor with this field gives rise to an equal and opposite
force on the right-hand conductor. This can be summarised as follows.

Parallel currents attract. Opposed currents repel.
Interaction between the current in different parts of a single conductor can cause

that conductor to collapse (the pinch effect). In the TV program we show a hollow copper
conductor - part of a lightning arrester - which was crushed by the enormous current which
flowed through it when struck by lightning. Such forces are significant in understanding the
properties of various electrical discharge phenomena such as circuit breaker arcs, and the very
high temperature ionised gases (plasmas) of interest in controlled thermonuclear fusion research.
MAGNETIC MATERIALS
Magnetic fields exist

in the vicinity of certain metallic materials, when these are specially treated (e.g. bar
magnets and magnetron magnets),
when an electric current flows through a wire.
In particular, the magnetic field distribution revealed by patterns of iron filings near a bar

magnet and a solenoid of similar shape are very much alike. These two phenomena are closely
related.

The magnetic properties of magnets result from circulating electric currents at an atomic
level. Around every atom is a moving cloud of electrons. Each orbiting electron constitutes a small
electric current which produces a magnetic field.

In addition to its orbital motion, an electron has an intrinsic spin and an associated
magnetic field. Furthermore, the nucleus of an atom also has a spin and an associated magnetic
field. It is the magnetism of the individual atoms and nuclei and their interactions which
determines the magnetic properties of materials.

a b c

Figure Origin of atomic magnetic fields Fields due to (a)
the orbital motion, (b)the spin of an atomic electron, (c) the spin of

the nucleus.

Ferromagnetism
In certain materials - in particular iron, cobalt, nickel and their alloys - the magnetic fields of
adjacent atoms and nuclei interact so that in a small volume of the material (but still one that
contains an enormous number of atoms) the magnetic fields from individual atoms line up.
When an external magnetic field is applied these volumes or domains are aligned by the external
field to produce a powerful magnetic effect. Such materials are said to be ferromagnetic. For
some materials the domains remain aligned when the external field is removed, to form a
permanent magnet.
Diamagnetism and paramagnetism
For most materials the magnetic fields of adjacent atoms do not interact with each other, but
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only with an external magnetic field. For some materials the net magnetic field of each atom is
zero. For each electron orbiting the atom in one sense there is one orbiting the atom in the other
sense, so that the electron currents cancel. Similarly the spinning electrons have equal, but
oppositely directed,
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magnetic fields. Such materials are said to be diamagnetic and are repelled from regions of trong
magnetic field. Examples of diamagnetic materials are water and liquid nitrogen.
In the TV program the repulsion of water in an enclosed tube from a magnetron magnet is
demonstrated. As the water is repelled the bubble moves towards the magnet, giving the impression
that it is attracted to the magnet.
Some atoms do have a net magnetic field due to electronic and nuclear motion. However,
because of thermal motion only a small fraction of these atoms can be aligned by an external
magnetic field. Such materials are only weakly magnetic. They are said to paramagnetic, and are
attracted towards a region of strong magnetic field. An example of a paramagnetic material is
liquid oxygen.
WHY DO IRON FILINGS LINE UP ALONG FIELD LINES?
The way iron filings line up in a magnetic field can be explained superficially by assuming that the
filings are magnetised by the magnetic field of the body under investigation, and the repulsive
forces between like poles cause the filings to rotate so that they point along the field lines.

This is better understood if we imagine that the magnetism of the filings is due to
circulating atomic currents. Imagine one such current loop. In a uniform field, the interaction with
the field can be described as a pair of forces with the same magnitude but opposite directions
and different lines of action (figure 6.14). This pair of forces produces a torque that rotates the
current loop so that its final equilibrium position is normal to the field. As a result each
magnetised filing points in the direction of the field.

B
F'

F
I

Figure Torque on a current loop in a uniform field

If the field is non-uniform the two forces will not be exactly opposite (figure 6.15), so there
will be a net total force which (in the absence of other significant forces) will produce
an acceleration. Thus the filings will migrate along the field lines toward the region of
stronger magnetic field. Note that there is still a torque which will twist towards the field direction.

B

F' F
I

Figure Forces on a current loop in a non-uniform field
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