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Diamagnets, Paramagnets, Ferromagnets

« Magnetism in a material is a result of tiny dipole moments in atomic

scale.

« Usually they each other due to their random orientation.

« In an external magnetic field those dipoles align and the medium
becomes polarized (or magnetized)

« Paramagnets: magnetization is parallel to the applied magnetic field
« Diamagnets: magnetization is opposite to the applied magnetic field
» Ferromagnets: retain a substantial magnetization indefinitely after the

external field has been removed.



Torques and Forces on Magnetic Dipoles

A magnetic dipole experiences a torque in a
magnetic field : <

Torque on a rectangular current loop in a uniform
magnetic field
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In a uniform magnetic field, the net force is zero.
F=1§(dl xB)=1(pdl)xB =0 g =

But in @ nonuniform magnetic field, there is a net force

For an infinitesimal loop with dipole moment m in a field B
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Effect of a Magnetic Field on Atomic Orbits
A classical model:

Assume the orbit of an electron a circle of radius r
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since 1ts period T = L
Vv We
lts motion gives a steady-like current =€ _—-_¢€V
1 '
With a dipole moment b o _%evrg

Which is subjected to force in a magnetic field B =mx B

Without a magnetic field




In a magnetic field B > 7
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The B field changes the dipole moment Am = —%e(Av)rlg = — iln’; B

e

This change in the dipole moment is opposite to the direction of B.

Since usually atoms (and electron orbits)are randomly oriented, net
magnetization is zero. But in a magnetic field each atom picks up an extra
dipole moment in opposite direction to field. Thus resulting a diamagnetism.

Diamagnetism and paramagnetism are usually very weak, can be neglected
In most cases.



6.2 The Field of a Magnetized Object Bound Currents

—

magnetization M = magnetic dipole moment per unit volume

for a single dipole m
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Potential (and field) of a magnetized object is the same as would be produced by a
bound volume current J,(r') = V' x M(r") and a surface current K,(r') = M(r') X fA

cf:in ES volume charge p, =-V-P surface charge o, =P-n
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Example: Magnetic field of a
uniformly magnetized sphere

Since M is uniform:

J,=VxM =0 K,=Mxn=Msin0p

This is similar to the currents on a uniformly charged rotating spherical shell
(Ch. 5)

—_

K =0V = ocwRsin 8 ¢

field produced B = % UyO ZRWZ (inside)
inside 15— % ,uO]\71 (uniform)

outside field 1s same as that of a dipole m = 2R’ M
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Physical Interpretation of Bound Currents

For uniform M Bitocl:
currents
M . |
[+ g o }t ﬁ
Internal loop currents cancel Only the current flowing
i = Mat around the boundary remains
— i — JL il
=Kyt = Kp=M K, =M x#n

Each charge moves in a small loop, but the net effect is a macroscopic
current flowing over the surface.



For non-uniform M internal currents do not
cancel.

A nonuniform M in y contributes to a current in
X direction.
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Current density:

A nonuniform M in z, also contributes to
current in x direction aMy
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6.3 The Auxiliary Field H

- . °
In Electrostatics p, =—V-P V. il

In a magnetized medium there are bound currents J, =V X M

So the total current is sum of bound currents and other (free) currents
J=Jp t]f

So the Ampere law: VX B = tyJ = piy(J,, +J ) = tig (VXM +J )

L p 3 7

or Vx H =ff where H :,L%B—M
0

In integral form (ﬁ H-dI =1 Total free current passing through
/- €enc  gn Amperian loop



Problem 6.12 An infinitely long cylinder, of radius R, carries a “frozen-in" magnetization.
parallel to the axis,

M = ksz,

where k is a constant and s is the distance from the axis; there is no free current anywhere.
Find the magnetic field inside and outside the cylinder by two different methods:

(a) As in Sect. 6.2, locate all the bound currents, and calculate the field they produce.

(b) Use Ampere’s law (in the form of Eq. 6.20) to find H, and then get B from Eq. 6.18. (Notice
that the second method is much faster, and avoids any explicit reference to the bound currents.)



Boundary Conditions

L = 1. 1 ol
e CﬁB da=0=B above — B below
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linear and Nonlinear Media



6.4. Magnetic Susceptibility and Permeability

In Electrostatics P—cor E (linear dielectric)

v g
Polarization electric susceptibility

(V-E:g%) D=¢E e=¢gy(+2,)

Similar parameters can be defined for magnatostatics. In paramagnetic and
diamagnetic materials magnetization is sustained by the applied magnetic

field and proportional to B
As a convention magnetization is written in terms of H,

— —

Foralinearmeda M = y,.H Y, magnetic susceptibility

¥m>0 paramagnets, y,, <0 dimagnets. typically ~ 107>
B=py(H+M)=uy(1+ x,)H
=,uﬁ where 1= (1+ %,,)

U permeability ; Uy permeability of free space



Example: Magnetic field of an infinite length solenoid filled with
linear material of susceptibility y.,

Since B depends on bound currents, apply ampere
Law for H

P [
5 N turns
. = per unit
.[H dl Ienc length
H =nl3

B=uy(+ y,,)nlk

Bound surface currents K, = M Xi =y, nl(xn) =y, nl@

If the medium is paramagnetic (y,,>0) and field is (slightly) enhanced and
if the medium diamagnetic field is reduced.



6.4.2 Ferromagnetism

Paramagnetic
no B \ /
=0
i
applied B

Ferromagnet




6.4.2(2)
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(Permanent (Saturation)

Magnet)
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(Saturation)
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6.4.2(3)

Iron is ferromagnetic,

but if T>T . (770" foriron)

curie point
It become a paramagnetic.

urie

This is a phase transition.



