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11.1 INTRODUCTION
In the last two Units, we have discussed the magnetic fields produced by moving
charges or cuirents in conductors. There, the moving charges and conductors were
considered to be placed in vacuum (i.e., in air). In Units 11 and 12, we learn how the
magnetic field affects materials and how some materials produce magnetic field. You
lnust have learnt in your school Physics Course that in equipinei~tsuch as generator and
motor, iron or iron alloy is used in their structure for the purpose of enhancing the
magnetic flux and for confining it to a desired region. Therefore, we will study the
magnetic properties of iron and a few other materials called ferromagnets, which have
similar properties as iron. We sliall also learn that all the materials are affected by the
magnetic field to some extent, though the effect in some cases is weak.
When wespeak of magnetism in everyday conversation, we almost certaiiily have in
mind an image of a bar magnet. You may have observed that a magnet can be used to
lift nails, tacks, safety pins, and needles (Fig. 1l.la) while, on the other hand, you
cannot use a magnet to pick up a piece of wood or paper (Fig. 1l.lb).
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Fi~11.1:a) Materials that are a t h d a l to a magnet are uUedmagncticmabdds b) Mabrlrls Lbaldo not
read to 8 magnet arc called nonmagnetic mabhls.

,

Materials such as mils, needles etc., which are i~lfluellcedby a magnet are called
magnetic materials whereas other materials, like wood or paper, are called
non-magnetic materials, However, this does not mean that there is no effect of
.
magnetic field on non-magnetic materials. The difference between the behaviour of
such materials and iron like magnetic materials is that the effect of magnetic field on
non-magnetic material is very weak.
There are two types of non-magnetic materials: diamagnetic and paramagnetic. Unit 11
deals with diamagnetic and paramagnetic effects. The ideas, concepts and various tenns
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that you become familiar with in this Unit would help you in the study of
fenornagnetism in the next Unit. In this unit, we present a simple classical account of
the magnetism, based on notion of classical physics. But you must keep in mind that it
is not possible to understand the magnetic effects of materials from the point of view of
classical physics. The magnetic effectsare a completely quantum mechanical
phenomena. Only modem quantum physics is capable of giving a detailed explanation
of the magnetic properties of matter because the study requires the introduction and
te
one
utilization of quantum mechanical properties of atom. For a c o ~ n ~ l eexplanation,
must take recourse to quantum mechanics; however, a lot, though i~icomnplete,of
information about matter call be extracted by combining classical and quantum
concepts.
Basically, in this unit, we will try to understand, in a general way, the atomic origin of
the various magnetic effects. The next unit is an extension of this unit. There, we wiIl
try to develop a treatment of nlagnetised matter based on some observed relations
between the magnetic field and the parameters whichcharacterise the material. Finally,
we consider the analysis of the magnetic circuit, which is of particular importance in the
design of the electromagnets.

Objectives
After studying this unit you should be able to:
r
e

understand and explain: gyromagnetic ratio, paramagnetism, diamagnetism,
Larmor frequency,
reIate the magnetic dipole moment of an atomic magnet with its angular inomeiitum,

c

expIain the phenomena of diamagnetism in terms of Faraday inductio~land Lelu's
principle,

o

explain panmagnetism in terms of the torque on magnetic dipoles,
find the precessional frequency of an atomic dipole in a magnetic field,
appreciate that a lot of information about magnetism of matter can be obtained
from the classical ideas of ato~nicmagnetism.

e

o

11.2 RESPONSE OF VARIOUS SUBSTANCE TO A
GNETIC FIELD
To show how the magnetic materials respond to a magnetic field, consider a strong
electromagnet, which has one sharply pointed pole piece and one flat pole piece as
shown in Fig. 11.2.

Small piece of malerial

Fig.ll.21 A mall cylinder of bismuth is weakly repelled bithe sharp pde; a piece of aluminium is attracted.

The magnetic field is much stronger in the region near the pointed pole whereas near
the flat pole the field is weaker. This is because the lines must concentrate on the
pointed pole. When the current is passed through the electromagnet (i.e., when the
magnet is turned on), the hanging material is slightly displaced due to the small force
66
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acting on it. Some materials get displaced in the direction of increasing field, i.e.,
towards the pointed pole. Such materials are paralnagiletic materials. Examples of such
material are aluminium and liquid oxygen. On the other hand, there are materials like .
bismuth, which are attracted in the direction qf the decreasing field, i.e., it gets repelled
from the pointed pole. Such materials are called diamag~letic.Finally, there is a small
class of materials which feel a considerable stronger force ( 10 - 10 times ) towards
the pointed pole. Such substances are called ferromagnetic materials. Examples are iron
and magnetite.
HOW does a substance experience a force in a magnetic field? And why does the force
act in a particular direction for some substance while in opposite direction for other
substance? If we can answer these questions, we will understand the mechanisms of
pramagnetism, diamagnetism and ferromagnetism. In Unit 9, you have already leanit
that the magnetic fields are due to electric charges in motion. In fact, if you could
examine a piece of'material on an atomic scale, you would visualize tiny current loops
due to (i) electrons orbiting around nuclei and (ii) electrons spinning on their axes. For,
macroscopic purposes, these current loops are so small that they are regarded as the
magnetic dipoles (see Section 9.2 of Unit 9) having magnetic moment. It is this
magnetic moment, via which the a t o m at a substance iiiteract with the external field,
and give rise to diamagnetic and paramagiletic effects. In this unit, you will understand
the origin of paramagnetism and diamagnetism. Fernmagnetism has been left to be
explained in the next unit. Let us first find out the value of the magnetic moment and
see how it is related to the angular momentum of the atom.

.

11.3

GNETIC MOMENT AND ANGULAR
ILTOMEN'IVM OF AN ATOM

Study comment: You may find it useful to look back at Unit 9, Section 9.2.2, in which
the idea of magnetic dipoles has been introduced.
Electrons in an atom are in coilstant motion arouild the nucleus. To describe their
motion, one needs quantum mechailics, however, in this unit we shall use only classical
arguments to obtain our results, though we repeat here that our description of the
physical world is incomplete as we shall be leaving out quantum mechanics.
We consider an electron in the atom to be moving, for simplicity, in a circular orbit
around the nucleus under the influence of a central force, known as the electrostatic
force, as show11in Fig. 11.3(a). As a result of this motion, the electron will have an
angular momentum L about the nucleus.

Fbll.31 n) C l d c a l model of an atom in wbich an eltclron moves nl speed v in n drrular orbit.
b) The average elcchic cumnl is the same ns if the charge e were divided iato small bils, fonning
a rotating ring d charge. c) The orbital angular momentum vector and the magnetic mommt
vector both point ia opposite dindona

-

The magnitude of this angular momentum is given by the product of the mass m of the
electron, its speed v and the radius r of the circular path (see Fig. 11.3), i.e.,

L

=

mvr

Its direction is perpendicular to the plane of the orbit. As you have already read Unit 9,
and worked out the terminal questions given at the end of that unit, the fact that orbital
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motion of the electron constitutes an electric current will immediately strike your mind.
The average electric current is the same as if charge on electron were distributed in
small bits, forming a rotating ring of charge, as shown in Fig. 11.3@). The magnitude of
this current is the charge times the frequency as this would equal to the charge per unit
time passing through any point on its orbit. The frequency of rotati011is the reciprocal
of the period of rotation &/v, hence the frequency of rotation has the value v/%.
The current is then

The magnetic moment due to this current is the product of the current and the area of
which the electron path is the boundary, that is, p = I JW.2. Hence we have

p

=

--evr
2

It is also directed perpendicular to the plane of the orbit. Using Eq.(11.1) in Eq. (11.3)
we get as follows:

The negative sign above indicates that p and L are in opposite directions, as shown in
Fig. 11.3(c). Note that L is the orbital angular momentum of the electron. The ratio of
the magnetic moment and the angular momentum is called the gyro- magnetic ratio. It
is independent of the velocity and the radius of the orbit.
I

Acmrding to quantum mechanics, L = 7i

V I( I + I ) , where kis a positive integer and

I1

- Ii beingplanck's constant. However, in some physical cases the applicability
2 n'
of classical models is close to reality, therefore, we will go ahead with the classical
ideas. Further, the early work on the nature of magnetic materials was based on
classical ideas which gave intelligent guesses at the behaviour of these materials.
ti

=

SAQ 1
a)

Show that the magnetic dipole moment can be expressed in units of
JT - ( Joule per Tesla ).

b)

In the Bohr hydrogen atom, the orbital angular momentuln of the electroil is
quantized in units of fi, where Ir = 6.626 x
JS is Pla~lck'sconstant.
Calculate the smallest allowed magnitude of the atomic dipole moment in JT (This quantity is known as Bohr magneton.) Mass of the electroit is
9.109 x 10 -31kg.

'

'.

!r. addition to its orbital motion, you know that, the electron in an atom behaves as if it
were mtating around an axis of its own as shown in Fig. 11.4.

t

Angular momentum

Flg.11.4r Tbe spin and che sssochtcdmognclc momcot d & e dedroa

This property is'called spin. Though strictly it is not possible to visualise the spin of a
point particle like electron, for many purposes it helps to,regard the electron as a ball of

negative charge spinning around its axis. Then you can say that it is a current loop. Spin
is entirely a quantum mechanical idea. Nevertheless, the spin of the electron has
associated with it an angular momentum and a magnetic moment. For purely quantum
mechanical reasons with no classical explanation, we have

where S is the spin angular momentum and p is the spin magnetic moment. The
gyromagnetic ratio in this case is twice that in the orbital case.
In general, an atom has several electrons. The orbital and spin angular momenta of
these electrons can be combined in a certain way, the rules of which are given by
quantum mechanics, to give the total angular momentum J and a resulting total
magnetic moment. It so happens that the direction of the magnetic moment is opposite
to that of the angular momentum in this case as well, so that we have

where g is a numerical factor known as Lande g-factor which is a characteristic of the
state of the atom. The rules of quantum mechanics enable us to calculate the g-factor f ~ r
any particular atomic state. g 1 for the pure orbital case and g = 2 for tlie pure spin
case.
The atoms and molecules interact with the external magnetic field due to its magnetic
moment. But there is another way in which atomic currents and hence moments are
affected by the field. In this case the magnetic moment is induced by the field. This
effect leads to diamagnetism which we study in the uext section. But before moving to
the next section, try the following SAQ.
;
.

SAQ 2
a) Compare Eq. (11.6) with (11.4) and (1 1.5), to find the value of g for (i) pure
orbital case and for (ii) pure spin case.
b)

The experimentally measured electron spin magnetic moment is
9.27 x
~ mShow
~ that
, this value is consistent with the formula given by the
Eq. (11.5).

(Hint : According to Bohr's theory S =
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A
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being Planck's constant.)
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In many substances, atoms have no permanent magnetic dipole moments because the
magnetic moments of various electrons in the atoms of these substances tend to cancel
out, leaving no net magnetic moment in the atom. The orbital and spin magnetic
moments exactly balance out. These materials exhibit diamagnetism. If a material of
this type is placed in a magnetic field, little extra currents are induced in their atoms,
according to the laws of electromagnetic induction (to be discussed in detail in Unit 13),
in such a direction as to oppose the magnetic-field already present, Hcnce, in such a
substance, the magnetic moments (on account of induced currents) are induced in a
direction opposite to that of the external magnetic field. This effect is diamagnetism. It
is a weaker effect. However, this effect is universal.
There are other substances of which the atoms have permanent magnetic dipole
moments. This is due to the fact that the magnetic moments due to orbital motion and
spins of their electrons do not cancel out, but have a net value. When such a substance
is placed in a magnetic field, besides possessing diamagnetism, which is always
present, the dipoles of such a material tend to line up along the direction of the magnetic
field. This is paramagnetism and the material is called paramagnetic In a
paramagnetic substance, the paramagnetismusually masks the ever present property of
diamagnetism in every substance.
Diamagnetism involvd a change in the magnitude of the magnetic moment of an atom
whereas paramagnetism involves change in the orientation of the magnetic moment of
an atom. Let us see how.
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11.4.1 Diamagnetism - Et'fect of Magnetic Field on Atomic Orbits
We collsider an atom, which has no intrinsic magnetic dipole moment, and imagine that
a magnetic field is slowly turned on in the space occupied by the atom. The act of
switching the magnetic field introduces change in the magnetic field which, in turn,
generates an electric field given by Faraday's law of induction (to be discussed in detail
in Unit 13). It states that the line integral of E around any closed path equals the rate of
change of the magnetic flux through the surface enclosed by the path.

Fig.ll.5: An electron moving in circular orbit in a uniform magnetic field tbnl is nonnal lo the orbit.

For simplicity, we choose a circular path along which the electron in the atom is
moving (see Fig. 11.5). The electric field around this path is given by Faraday's law a s

where I-,
is-the radius of the circular path perpendicular to B. The above equation gives
the circulating electric field whose strength is

This electric field exerts a torque t = - e ErL on the orbiting eleclron which must be

dL

equal to the rate of change of its angular momentum -, that is,
dt

The change in angular momentum, AL due to turning on the field is obtained by
integrating Eq. (11.9) with respect to time from zero field as follows:

Thus Eq. (11.10) shows that a build up of a magnetic field B muses a change in the
angular momentum of the electron, U and hence a change in the magnetic moment
governed by Eq, (11.4) as follows:

The direction of the induced magnetic moment is opposite to that of B, which produces
it as can be seen from the negative sign in the Eq.(11.11). In this equation, we have the
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term r t which is the square o f the radius of the particular electron orbit whose axis is
along B. If B is along the z-axis, we put
= x + y '. Thus, the average ( r:) would
be 2( x ), since ( x ) = ( y ) = ( z ) due to spherical symmetry. Further
7
1
,
1
( x 2 ) = 01')
= ( 2 - ) = -3( x - + ~ ~ ' + z ' )= -3 ( ~ ~ ) ~ i v f i (=d$-( )r ' ) .

'

'

'

'
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Hellce the Eq. (11.11), which we shall write as

We find that the induced ~nagllctictllonlellt ill a diamagnetic atom is proportional to B
and opposing it. This is diamagnetism of matter. If each ~noleculehas rz electrons each
with an orbit of radius r, the11the change in the 111ag11etic~nolnelltof the atom is

There is all alternate way of u~lderstandingthe origin of diamagnetism which is based
on the fact that electroll either speeds up or slows down depending on the orientatio~~
of
the lnagnetic field. Let us see how. As show11in Fig. 11.6, in the abse~iceof the
mv
magnetic field, centripetal forcc -is balanced by the electrical force as follows:

'

I'

I
4n EO

-

~"NIV'
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r

(11.13)

Let us find out what hi~ppensto one of the orbits when an external magnetic field is
applied as shown in Fig. 11.7.

Fiy.ll.7: Magndic Field is perpendic~~lar
lo llrc plane of the orbit.

In the presence o f thc ~nagneticfield there is an additional term e ( v x B ) and under
these conditions speed of the electron changes. Suppose the new speed is vl, then

If we assume that the change A v = vl - v is small, we get

A change in orbital speed means a change in the dipole inornent given by Eq. (11.3) as
follows:

u
Fig. 11.6: There is no extenla1
magnetic Field.
Centripebl force is
balanced by the
electrical force.
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This shows that change in p is opposite to the direction of B. In the absence of all
external magnetic field, the electron orbits are randomly oriented and the orbital dipole
moments cancel out. But in the presence of a magnetic field, the dipole lnolnent of each
atom changes and all get aligned antiparallel to the external field. This is the ~ n e c h ~ ~ ~ i ~
responsible for diamagnetism. This property of magnetic material is observed in all
atoms. But as it is much weaker than para~nagnetismit is observed only iii those
material where paramagentism is absent.

11.4.2 Paramagnetism-Torque on Magnetic Dipoles
Paramagnetism is exhibited by those atoms which do not have the magnetic dipole
moment. The magnetic moment of an atom is due to moment produced by the orbital
currents of electrons and their "unpaired spins". In Unit 9 you have leanit that a current
loop having p as its magnetic dipole moment when placed in a rliiifom field
experiences a torque 'G which is given by Eq.(9.16), i.e.,
The torque tends to align the dipoles so that the magnetic ~ n o ~ n eis~ lined
i t up parallel to
the field (in the way the permanent dipoles of dielectric are lined up with electric field).
It is this torque which accounts for paramagnetism. You might expect every material to
be paralnagnetic since every spinning electron constitutes a magnetic dipole. But it is
not so, as various electron of the atom are found in pairs with opposing spills. The
magnetic moment of such a pair of electrons is cancelled out. Thus parainagnetism is
exhibited by those atoms or molecules in which the spin magnetic moment is not
cancelled. That is why the word "unpaired spins" is written above. Paramagnetism is
generally weak because the lining up forces are relatively small compared with the
forces from the thermal motion which try to destroy the order. At low temperatures,
there is more lining up aiid hence stronger the effect of paramagnetism.

a ~ which
~ d
Of the following materials, which would you expect to be paralnag~~etic
diamagnetic?
Copper, Bismuth, Aluminium, Sodium, Silver

Would it be possible to prepare an alloy of, say, a diamagnetic ~ilatcriallike copper and
a paramagnetic material like aluminium so that the alloy will neither be paramagnetic
nor diamagnetic?

11.5 THE INTERACTION OF AN ATOM WITH
MAGNETIC FIELD-LARMOR PRECESSION
In the last subsection, while explaining paramagnetism we, coilsidered an at0111 as a
magnet with the magnetic moment p. When placed in a unifonil lnagnetic field B, it is
acted upon by a toque 'G = p x B, which tends to line it up along the direction of the
magnetic field. But it is not so for the atomic magnet, because it has an angular
momentum J like a spinning top. We already know that a rapidly spinniiig top or a
gyroscope in the gravitational field is acted upon by a torque, the result of which is that
it precesses about the direction of the field. (To know more about precessio~iyou call
read Unit 9 of the coulse 'Elementary Mechanics', PHE- 01). Similarly, instead of
lining up with the direction of the magnetic field, the atomic m a g ~ ~precesses
et
about the
field direction. The angular momentum and with it the magnetic niolnent precess about
the magnetic field, as shown in Fig. 11.8a.

Due to the presence of the magnetic field, the atom will feel a toque z whose
magnitude is given by

z = pBsin8

(11.16)

where 8 is the angle which p makes with B. The direction of the torque is perpendicular
to t h e direction of magnetic field and also of ~r,
as shown in Fig. 11.8b,
72

m.11.8:a) 'Ibe angular momtutum associated with rtamkm.gnct p m c s s s about ma+
tkld (b)The
prrscnce of magntUc ictld mulls h the torquer. It Is at right angles to (be anplnr mommtum,
c) 'Ibe torque changes the dimtion oftbe angular momentum vector, causing prrassioa

Notice that the torque is perpendicular to the vector J. Now according to Newton's
second law

For small changes, we can write it as
In other words, the torque will produce a change in the angular momentum with time.
Suppose that A J is the change in the angular momentum in an interval of time A t. This
A J will be in the direction of z.This will result in the tip of J moving in a circle about
Bas the axis. This is, in fact, a precession of J (so also of p) about the direction of B.
The magnitude of A J can be written by using Eq. (11.16) in Eq. (11.18)as follows:
Although the toque r,being at right aAgles to J, cannot change the magnitude of J, it
can change its direction. Fig. 1 1 . 8 ~shows how the vector AJ adds vectonally onto the
vector J to bring this about. If cop is the angular velocity of the precession and A 9 is
angle of precession in time A t, then

From Fig. 1 1 . 8 ~we see that
A

+

AJ
n ~

I

(pBsin0)At
x Jsin 8

Dividing above by A t, approaching the differentiallimit and putting o, =

9,

we get

Substituting for p Nfrom the Eq. (11.6), we get
(11.22)
as the angular speed of precession of an atomic magnet about the direction of B. If in
1, then upis called the Lamor hquency, and is proportional to 11.
It should be borne in mind that this is the classical picture.
NOWyou may wonder if the atomic magnets (dipoles) precess about magnetic field,
how many of these dipoles get aligned along the direction of magnetic field. We know
that the potential energy of a dipole in the applied field is given by
- Cr . B - pB cos 0. Therefore, an unaligned dipole has a greater potential energy
than an aligned one. If the energy of the dipole is conserved then it cannot change its .

e.(11.22) g

-

'
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direction with respect to the field, i.e. the value of angle 0 remains constant. So it keeps
precessing about the field. However, by losing energy the atomic dipole gets aligned
with the field. In a solid, the dipole can lose energy in various ways as its energy is
transferred to other degrees of freedom and so it gets aligned with the field depending
upon the temperature of the solid. To change the orientation of the dipole, the maximum
~m-'and a large field, say, 5T is applied
energy required is 2ylB. If y. is about
then the potential energy will be of the order of lo-= joules. This is comparable to the
thermal energy kTat room temperature. Thus only a small fractio~iof the dipoles will be
aligned paralIel to B. In the next section it will be shown, using statistical mechanics,
what fraction of dipoles is aligned along B.
In the presence of the magnetic field, when the tiny magnetic dipoles present in the
material get aligned along aparticulardirection we say that material becomes
magnetized or magnetically polarized. The state of magnetic polarization of a material
is described by the vectur quantity called magnetisation, denoted by M. It is defined as
the magnetic dipole mornerit per unit volume. It plays a role analogous to the
polarization P in electrostatics. In the next section we will also find the expression of
magnetisation for paramagnets. But before proceeding do the followil~gSAQ.

-

SAQ 4

Water has all the electron spins exactly balanced so that their iiet inagnetic lnoinent is
zero,but the water molecules still have a tiny magnetic momelit of the hydrogen nuclei.
In the magnetic field of l.O.wb m-*protons (in the form of W- nuclei of water) have the
precession frequency of 42 MHz.Calculate the g - factor of the proton.

I
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In the presence of an external magnetic field, the magnetic moment tends to align along

,

A~~~~~ to B
~taw
the probability offinding
molecules in a given state
varies exponentially with the
negativeof the potential energy
ofthat sate divided b y m . In
tbiscasethecnagy depends
upon the angle 9 that the
moment makes with the
magocric field. SO probability
is proportional to

exp(-u( e)/m-3.

the direction of the magnetic field. But the thermal energy of the n~oleculesin a
macroscopic piece of magnetic material tends to randomize the direction of nlolecular
dipole moments. Therefore, the degree of alignment depends both on the strcngth of the
field and on the temperature. Let us derive the degree of alignment of the molecular
dipoles, quantitatively, using statistical methods.
Suppose
there
~
~ are N~magnetic~ molecules
~ per unit
- volume~ each of magnetic moment p,
at a temperature T. Classically, the magnetic dipole can make any arbitrary angle with
the field direction (Fig. 11.9). In the absence of an external field, the probability that the
dipoles will be between angles 8 and 0 + d0 is proportional to 3sin 8 d0 , which is the
solid angle dS.2 subtended by this range of angle. This probability leads to a zero
average of the dipoles. When a magnetic field k is applied in the r direction, the
probability beco~nesalso proportional to the Boltzmam distribulioi~e-'"kT. He,,
U = - p . B = - p B cost) is the magnetic energy of the dipole when it is making an
angle 0 with the magnetic field, k is the Boltzmann constant and T is the ahsolute
temperature.

-

I
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Hence, the number of atoms (or molecules) dN per unit volume for which p makes
'' angles between 8 and 8 + d0 with B, is given by

dN

= ~ e + @ ~ / ~ ~ s i n 8 d 8
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(11.23)

where K is a constant.
Calling pB/kT as a, the total number of dipoles per unit volume of the specimen is

Putting cos8

=

x, we have
+1

N

2x~Je~"dr

The magnetic dipole, making an angle 8 with B, makes a contribution p cos8 to the
intensity of magnetization M of the specimen. Hence, the magnetization of the
specimen obtained by summing the contributions of all the dipoles in the unit volume is
given by

-1
where, again, w e b v e put cos 8
we obtain

-

x and p B/kT

a. Evaluating the above integral,

Substituting for b K from the Eq,(11.24), we get

where Ma

pNis the saturation magnetization of the specimen when all the dipoles

1
align with the magnetic field. The expression cotha - - is called the Langevin function
a

which is denoted by L ( a ).

(i) is b a d on c h i d
akulrtion with no
mtrkthoa(he
direction d & p a l e
fi1b-m

We now consider two cases : (i) when @ is very large. Tbis would happeq if the

kT

temperature were very low andlor B very large. For this case,

Hence M

(ii) ~

=

M, These would be saturation.

k @is n small which means that T h large and / or B is small. In this case

kT

The complete dependence of M on B is shown in Pig. 11.10. For your comparison, the
dependence of M on B based on quantum mechanical calculation is also shown.

quantum m d . n i c a l
c a l d a t h with

rrstrktioo on (he
d i r d o o ddipole.

W

c cumat and

SAQ 5
+1

Evaluate the integralle "x dr .

-1

SAQ 6

Show that when a

Q

@/kT is small, M

MSa

Let us now sum up what we have learnt in this unit.

e

All materials are, in some sense, magnetic and respond to the presence of a
magnetic field. Materials can be classified into mainly three groups: diamagnetic,
paramagnetic and ferromagnetic. Diamagnetism is displayed by those materials in
which the atoms have no permanent magnetic dipole moments. Paramagnetismand
fernmagnetism occurs in those materials in which the atoms have permanent
magnetic dipoles.

e

The orbital motion of the electron is associated with a magnetic moment p, which
is proportional to its orbital angular momentum J. We write this as

-

where e is the charge on electron, m the mass of electron and g is Lande g fac~or
which has a value -1 for orbital case and 2 for spin case.
9

9

9

The ratio of the magnetic dipole moment to the angular momenhim is called the
gymmagnetic ratio.
The magnetic dipoles in the magnetic materials are due to atomic currents of
electrons in their orbits and due to their intrinsic spins.
Change in the magnitude of the magnetic moment of atoms is responsible for
diamagnetism whereas change in the orientatioh of the magnetic moment accounts
for paramagnetism.

e

Because the magnetic moment is associated with angular momentum, in the
presence of a magnetic field, the atom does not simply turn along the magnetic
field but precesses around it with a frequency op = g( e/2m ) B. This is called the
Lamor precession.

e

When a dirnagnetic atom is placed in an external magnetic field normal to its orbit,
the field induces a magnetic moment opposing the field itself (Lenz's law) as

I

where r and m are tbe radius of tbe orbit and mass o f the electron.

I

1

e

>
i

I

When atoms of magnetic moment p are glaczd in a magnetic field B, then the
Magnetisation M is given by

M

I

iI

where a

?

1

I

1

1
I

@and

kT

M,

-

ph'k the saturation maystisatiozwhelk 311 t)wc dipoles a=

aligned in the direction of field.

I

1

-

= M,(cotha -l/a)

I

11.8 TERMINAL QUESTIONS
1.

i

I
I

1

I

hastbemsgnitudez(grn r 2 )

,

.

I i

? ,

t'

;

-L

A uniformly charged disc having the charge q and radius r is rotating with
constant angular velocity of magnitude w. Show that the magnetic dipole moment
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( Hint : Divide the sphere into namw rings of rotating charge; find the current to
which each ring is equivalent, its dipole moment and then integrate over all rings.)

2.

Compare the precession frequency and the cyclotron frequency of the proton for
the same value of the magnetic field B.

ON§ AND ANSWERS
SAQs
1) a) Potential energy U of the magnetic dipole is given by the relation : U = yr
where. p is the dipole moment and B is the magnetic field.

. B.

Since U is expressed in Joules and B in Tesla, the above relation gives the unit of
magnetic dipole moment as JT-

'

L

nh (because angular momentum of electron is quantized)
2n

I

where n is an integer.
Hence minimum allowed magnitude of dipole moment is given by putting n
as follows:

or

V

~ =n 9.27 x

10-24 C JS k g

= 9.27 x 1rZ4
J T-'

;.
2)

eh

the Bohr magneton is given by - = 9.27 x
43vn

-

a)

(i)g

l(ii)g

b,

Eq.(11.5) is p

-

-

2

e

-S
m

hence

so that

A
But the spin angular momentumS is , themfore

2

JT

=

1,

MalpleUsm d Matcri~h-l

Eleciric Current and
Magnetic Field

which is indeed the value of Planck's constant.

-

a)

Copper is slightly diamagnetic. Bismuth, Silver diamagnetic, Aluminium
& Sodium - paramagnetic

b)

No. Since the diamagnetic material is characterised by the absence of
intrinsic magnetic dipoles and paramagneticsubstances have magnetic
dipoles, the alloy of these materials will be the material with intrillsic
magnetic dipoles. Such a material will exhibit the property of
paramagnetism which masks the diamagnetism of both components of the
alloy.

We have the formula

but

2nfp = cop

hence

Now

2.m
For proton, e

=

2x1860x9.1x10~31~gC~~
1.6 x 10''~

Using this above we obtain g

5-re 'dx

=

xe

:
.

5.584, which is the proton g - factor.

ax

-j>dr integrated by parts

xem lea
= ---a
a a

pi

xe" -em
a
a2

6 ) We have coth a = e a + e - a and also that
eO-e-O

Hence

so that
1+-

coth a

=

a

Therefore,
1
coth a - a

=

a

- and M
3

=

Msa / 3

Terminal Questions
1)

The surface charge density is 4
nr
The disc can be thought of as made up of number of rings. Let us consider a ring
of radius R and width dR.
The charge within this ring is given by

The current carried by this ring is its charge divided by the rotation period:

The magnetic moment contributed by this ring has magnitude
dp

= ad1

where a is the area of the ring.
Therefore,

I

Taking into accoullt all the rings (radius varying from 0 to r ), we get the
magnitude of the magnetic moment as follows:

Precession frequency opof a proton in a magndtic field is given by

2)

,

P
(because 7

--

q where q is the charge and mpis mass of the proton)

h

p

ELtctric Currtnt urd

Magattic Field

Cyclotroll frequency W L is
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2.1 INTRODUCTION

,

In Block 2 of this course you have studied the behaviour of dielectric materials in
response to the extenial electric fields. This was done by investigating their properties
in terms of electric dipoles, both iiatural and induced, present in these materials and
their lining up in the electric field. The inacroscopic properties of these materials were
studied usiiig the so-called polarization vector P, the electric dipole inomelit per unit
volume.
The magnetic properties of materials lias a similar kind of explanation, albeit in a more
complicated form, due to the absence of free magnetic inonopoles. The magnetic
dipoles in these materials are understood in terms of the so-called Arnperian current
loops, first-introduced by Ampere.
All materials are, in soine sense, magnetic and exhibit lnagnetic properties of different
kinds and of varying intensities. As you know, all materials, can be divided into three
main categories: (i) Diamagnetic; (ii) Paramagnetic and (3) Ferromagnetic materials. In
this unit, we s'hall study the inacroscopic behaviour of these materials.
We understood the macroscopic properties of the dielectric materials using the fact that
the atoms and molecules of these substances contain electrons, which are mobile and
are responsible for the electric dipoles, natural and induced, in these substances. The
polarisation of these substances is the gross effect of the alignment of these dipoles.
Similarly we describe the magnetic properties of various materials in terms of the
magnetic dipoles in these materials.
In Unit 11, we have already explained diamagnetism and paramagnetism in terms of
magnetic dipoles. In this unit, first, we will mention the origin of ferromagnetism.
Later, we will develop a description of the macroscopic properties of magnetic material.
With Unit 12, we end our study of magnetism. In the next Block we will deal with the
situation where both electric and magnetic fields will vary with time. This will'lead,
ultinlately, to the 'four differential equations known as Maxwell's equations.

0bjectives
After studying this unit you should be able to :

0

understand and explain Lhe tenns: ferromagnetism, amperiail current,
magnetisation, magnetic intensity H, magileticsusceptibility, lnagnetic
permeability, relative permeability,
relate magnetisatioll M (which is experimentally measureable) and the atomic
currents (which is iiot measureable) within the material,
derive and understand the differential and integral equations for M and and apply
these to calculate fields for simple situations,

