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FIGURE 17,16,

of the fielg within a dielectric,

Using the charge density o, let us calculate the
electric field within the dielectric by using Gauss’s law.
We choose a Gaussian surface, as shown in Fig. 17.16.
The charge contained within this surface now consists
of negative free charges on the conducting surface as
well as positive bound charges. We therefore obtain

from Gauss’s law
(. —
éE-nda:EA:kgLﬂ)él
s &p

or
O'f — Oy
)

E= (17.4.10)

‘It is casy to see why this is so by noting that if the polarization
vector is parallel to the boundary, there is no surface charge there
atall Tt is, therefore. only the component of the polarization vector
normal to the surface (that is. p - n) that is cffective in generating
a surface distribution of bound charge )

Gaussian Surface
and boung polarization charge, us

i S —

s Containing both free
ed in the Calculation

Thus, for a given free surface charge density on the
plates of the capacitor, the presence of the dielectric
brings about a reduction of the electric field. Sub-
stituting 6, = P-n= P, we can rewrite the above

equation as

Gp == gsl + P (17.4.11)
The vector combination &E + P is called the dis-
placement vector D. As we see from the simple case
above, this vector is directly related to the free charge
density. In fact, since we canregard g,A4/ey = (P . n)A/
&o as the integral of (P - n)/e, over the Gaussian sur-
face, we can restate Gauss’s law in terms of D in the
simple form

(17.4.12)

where ¢, is the tota] amount of free charge within the
Gaussian surface. This is the form in which we ordi-
narily use Gauss’s law when dielectric materials are
present. It should be noted that the charge on the left
side represents only the free charge within the Gaus.
sian surface; effects due to the distribution of bound
charges are completely accounted for by the inclusion
of the polarization term in the integral. We shall return
to a somewhat more detajled discussion of the dis-
placement vector D in a subsequent section,

From the above discussion, we see that in a
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Magnetic Susceptibilities

Substance Am
Aluminum . 23 % 10773
Bismuth —1.7x107%
Copper ~1.0x 1073
Gold ~36x107°
Lead —~1.7x10°°
Magnesium 12x107°
Platinum 29 x107%
Silver —26x107°
Water 088 x 1073
CrK(SO4); 12H,0 2.32 x 1073
Cu(S0,) 5H,0 1.43 x 10773
Gd5(SO,)s 8H,0 221 x 1074
MnF, 459 x 1074
CoCl, 3.38 x 1074
Fe(Cl, 3.10 x 107#
FeCls 2.40 x 1074
NiCl, 1.71 x 107%

Tron (soft) ~5000
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Figure 9.5.4 A bar magnet in Earth’s magnetic field

9.6 Magnetic Materials

The introduction of materia] media into the study of magnetism has very different
consequences as compared to the introduction of material media into the study of
electrostatics. When we dealt with dielectric materials in electrostatics, their effect was

always to reduce E below what it would otherwise be, for a given amount of “free”
electric charge. In contrast, when we deal with magnetic materials, their effect can be
one of the following:

(i) reduce B below what it would otherwise be, for the same amount of "free" electric
current (diamagnetic materials);

(ii) increase B a little above what it would otherwise be (paramagnetic materials);

(iii) increase B a lor above what it would otherwise be (ferromagnetic materials).

Below we discuss how these effects arise.

9.6.1 Magnetization

Magnetic materials consist of Many permanent or induced magnetic dipoles. One of the
concepts crucial to the understanding of magnetic materials is the average magnetic field
produced by many magnetic dipoles which are all aligned. Suppose we have g piece of
material in the form of a long cylinder with area 4 and height L, and that it consists of N
magnetic dipoles, each with magnetic dipole moment i, spread uniformly throughout the

volume of the cylinder, as shown in Figure 9.6.1.
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Figure 9.6.1 A cylinder with N magnetic dipole moments

We also assume that a] of the magnetic dipole moments 1 are aligned with the axis of

the cylinder. In the absence of any external magnetic field, what is the average magnetic
field due to these dipoles alone?

magnitude of M is simply A/ = ! AL .
Now, what is the average magnetic field produced by all the dipoles in the cylinder?

oo =
Figure 9.6.2 (a) Top view of the cylinder containing magnetic dipole moments. (b) The
equivalent current,

Figure 9.6.2(a) depicts the small current loops associated with the dipole moments and
the direction of the currents, as seen from above, We see that in the interior, currents
flow in a given direction will be cancelled out by currents flowing in the opposite
direction in neighboring loops. The only place where cancellation does not take place is
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The functional form of I, may be deduced by requiring that the magnetic dipole
moment produced by I, be the same as total magnetic dipole moment of the system. The
condition gives

I,A=Ny (9.6.2)
or
Nu
I, = 7‘ (9.6.3)

Next, let’s calculate the magnetic field produced by 1., . With I, running on the sides,

the equivalent configuration is identical to a solenoid carrying a surface current (or
current per unit length) K . The two quantities are related by

I
K=o %‘ _ (9.6.4)

Thus, we see that the surface current K is equal to the magnetization M/ , which is the
average magnetic dipole moment per unit volume. The average magnetic field produced
by the equivalent current system is given by (see Section 9.4)

By, = 1K = p, M (9.6.5)

Since the direction of this magnetic field is in the same direction as M , the above
expression may be written in vector notation as

B, = 4,M (9.6.6)

This is exactly opposite from the situation with electric dipoles, in which the average
electric field is anti-parallel to the direction of the electric dipoles themselves. The reason
is that in the region interior to the current loop of the dipole, the magnetic field is in the
same direction as the magnetic dipole vector. Therefore, it is not surprising that after a
large-scale averaging, the average magnetic field also turns out to be parallel to the
average magnetic dipole moment per unit volume.

Notice that the magnetic field in Eq. (9.6.6) is the average field due to all the dipoles. A
very different field is observed if we go close to any one of these little dipoles.

Let’s now examine the properties of different magnetic materials

29



9.6.2 Paramagnetism

dipole moment. Left to themselves, the permanent magnetic dipoles in a paramagnetic
material never line up spontaneously. In the absence of any applied external magnetic

field, they are randomly aligned. Thus, M =0 and the average magnetic field B v 18 also
zero. However, when we place a paramagnetic material in an external field B,, the
dipoles experience a torque T =px ﬁo that tends to align p with BO , thereby producing a
net magnetization M paralle] to EO. Since B w18 paralle]l to ﬁo . it will tend to enhance

B, . The total magnetic field B is the sum of these two fields:

B=B,+B, =B, +4M (9.6.7)

Note how different this is than in the case of dielectric materials. In both cases, the
torque on the dipoles causes alignment of the dipole vector parallel to the external field.
However, in the paramagnetic case, that alignment enhances the external magnetic field,
Wwhereas in the dielectric case jt reduces the external electric field. In most paramagnetic

substances, the magnetization M is not only in the same direction as ﬁo, but also
linearly proportional to ﬁo . This is plausible because without the external field BO there

would be no alignment of dipoles and hence no magnetization M. The linear relation
between M and B, is expressed as

M=, B (9.6.8)

Hy

where y is a dimensionless quantity called the magnetic susceptibility. Eq. (10.7.7) can
then be written as

B=(1+4,)B, =« B, (9.6.9)

where

K, =1+ y (9.6.10)

m

is called the relative permeability of the material. For paramagnetic substances, x, >1,
or equivalently, z, >0, although Zy 18 usually on the order of 107 to 10~ . The
magnetic permeability A, of a material may also be defined as

/um = (1 + Zm )IUO = ’(m:uo (961 1)
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Paramagnetic materials have My > U .

9.6.3 Diamagnetism

In the case of magnetic materials where there are no permanent magnetic dipoles, the
presence of an external field EO will induce magnetic dipole moments in the atoms or

molecules. However, these induced magnetic dipoles are anti-parallel to ﬁo , leading to a

magnetization M and average field B y anti-parallel to Eo , and therefore a reduction in
the total magnetic field strength. For diamagnetic materials, we can still define the
magnetic permeability, as in equation (8-5), although now K, <1, or y, <0, although

X 1s usually on the order of =10~ to —] 07. Diamagnetic materials have My < Hy -

9.6.4 Ferromagnetism

In ferromagnetic materials, there is a strong interaction between neighboring atomic
dipole moments. Ferromagnetic materials are made up of small patches called domains,
as illustrated in Figure 9.6.3(a). An externally applied field ]_30 will tend to line up those
magnetic dipoles parallel to the external field, as shown in Figure 9.6.3(b). The strong
interaction between neighboring  atomic dipole moments causes a much Stronger
alignment of the magnetic dipoles than in paramagnetic materials.

Figure 9.6.3 (a) Ferromagnetic domains. (b) Alignment of magnetic moments in the
direction of the external field B,.

The enhancement of the applied external field can be considerable, with the total
magnetic field inside a ferromagnet 10° or 10*times greater than the applied field. The
permeability «, of a ferromagnetic material js not a constant, since neither the tota) field

Bor the magnetization M increases linearly with B,. In fact the relationship between

M and EO is not unique, but dependent on the previous history of the material. The
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phenomenon is known as hysteresis. The variation of M as a function of the externally
applied field EO is shown in Figure 9.6.4. The loop abcdef is a hysteresis curve.

M

A - — By

Figure 9.6.4 A hysteresis curve.

Moreover, in ferromagnets, the strong interaction between neighboring atomic dipole
moments can keep those dipole moments aligned, even when the external magnet field is

permanent magnets. To see how strong such magnets can be, consider the fact that
magnetic dipole moments of atoms typically have magnitudes of the order of 102 A-m?.

Typical atomic densities are 102 atoms/m3. If all these dipole moments are aligned, then
we would get a magnetization of order

M~ (107 A-m®)(10” atoms/m’) ~10° A/m (9.6.12)

The magnetization corresponds to values of B,, = 14M of order 1 tesla, or 10,000 Gauss,

just due to the atomic currents alone. This is how we get permanent magnets with fields
of order 2200 Gauss.

9.7 Summary

* Biot-Savart law states that the magnetic field dB at a point due to a length
element ds carrying a steady current / and located at ¥ away is given by

dﬁ_ﬂo ]d§><f'
dr 2

where r = IF, and 4, =47 x107 T-m/A is the permeability of free space.

® The magnitude of the magnetic field at a distance away from an infinitely long
straight wire carrying a current / is
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F,= Hol 1,0
27y

° Ampere’s law states that the line inte

gral of B-ds around any closed loop is
proportional to the tota] steady current passing through any surface that is
bounded by the close loop:

(;fﬁ ds = Hol g

* The magnetic field inside a toroid which has N closely spaced of wire carrying a
current / is given by

B Mo NI
27y

where r is the distance from the center of the toroid.

* The magnetic field inside a solenoid

which has N closely spaced of wire carrying
current /in a length of / is given by

B=y07N[=,uOn[

where 7 is the number of number of turns per unit length.

® The properties of magnetic materials are as follows:

Magnetic susceptibility

Relative permeability Magnetic permeability
K =

m /um = szuo

Materials
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