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Magnetic Moment
If we consider a current loop as shown in the figure below (similar to a coil carrying a current), then 

a magnetic moment can be defined for this current loop as:

In the presence of an external magnetic field, a magnetic moment experiences a torque that tries 

to precess the magnetic moment around the direction of magnetic field:

The magnetic moment also generates a magnetic field around it like a coil:
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Magnetic Moment of Atoms
In classical physics, an electron orbiting an atom behaves like a current loop and has a magnetic 

moment that is proportional to the angular momentum of the electron:

The magnitude of angular momentum of electron, when quantum physics is used to calculate 

orbitals, is quantized and has different values for different orbitals:

For example, for s orbital 

The component of angular momentum in the direction of an external

magnetic field (z) is also quantized: 

The total magnetic moment of an electron is given by adding the magnetic moment due to angular 

momentum to magnetic moment due to the spin of electron:

L
m
q

e
orb

!!

2
-=µ

© Peyman Servati p. 3

orbµ!

( )1+= llL !

lz mL !=

s
m
q

e
spin !
"

-=µ 2/1±=s

orbspintotal µµµ !!!
+=

ELEC 315: Magnetic Materials



Magnetization Vector
To calculate the magnetic moment for atoms with more than one electron, we need to add all the 

magnetic moments of each electron to calculate the total moment. This equals to zero for complete 

atomic shells, since orbital and spin moments of opposite signs have the same number and cancel 

each other.

For example, for a metal with a single final electron in 3s orbital (Na), the magnetic moment of the 

atom is only due to this final electron in 3s orbital, which is only due to its spin.

To calculate the macroscopic magnetic moment generated by all magnetic moments of different 

atoms and molecules we need to add all these microscopic magnetic moments:

In most non-magnetic materials this adds up to be zero, however, specific properties of magnetic 

materials such as iron leads to an effective alignment of magnetic moments for creation of a 

permanent magnetization vector M. It can be shown that this vector equals to surface current:
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Magnetic Field and Permeability
If we assume to have a solenoid with n turns per unit length carrying a current I, the magnetic field 

inside the solenoid is:

Now if we place a magnetic material in the solenoid, the atomic magnetic moments of the material 

align in the direction of external magnetic field, thus generating a magnetization vector. The 

resulting total magnetic field will be:

The magnetic permeability of the material is then defined by

The magnetic susceptibility is defined by
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Magnetic Material Classification
1. Diamagnetism: 

Diamagnetic materials have a small and negative susceptibility (-10-6). These 

materials repel the magnetic field. Examples include Si, Ge, Cu, Au, Ag, water, 

organic materials and polymers. 

The magnetization vector is in the opposite direction of that of the applied 

magnetic field.

The atoms have closed and filled shells and sub-shells (No permanent magnetic 

moment).

2. Paramagnetism:
Paramagnetic materials have a small and positive susceptibility, due to presence 

of some unpaired electrons. Examples: oxygen and most metals including Li, Mg, 

Mo. The atoms have small but permanent magnetic moments that align with field.

3. Ferromagnetism:

Ferromagnetic materials like Fe, Co, Ni can have large magnetization even in the 

absence of magnetic field. The high magnetic properties is due to the presence of 

magnetic domains. The relationship between H-B are highly non-linear and 

saturates at high fields.
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Magnetic Domains and Hysteresis
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Ferromagnetic materials gain their magnetic properties from domains with aligned magnetic 

moments. When the material solidifies from a melt, the domains with aligned magnetic moments 

are formed.

The direction of magnetic moments inside a ferromagnetic material can be changed to align or join 

different domains by applying an external magnetic field.

• A maximum magnetization             is achieved at

• If external field is reduced a residual field

remains (retentivity)

• To reduce the field to zero, a negative external

field is required (coercive field           ).
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Soft and Hard Magnetic Materials
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Based on B-H hysteresis curve of magnetic materials, they are categorized into soft and hard magnetic 

materials as shown in the figure.

Hard magnetic materials on the other hand require a high external magnetic field to magnetize or 

demagnetize. The coercive field for a hard magnetic material can be a million time larger than that for 

soft materials.
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Soft and Hard Magnetic Materials
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Soft magnetic materials are easily magnetized and demagnetized, thus requiring low intensity for 

external magnetic field. These materials are suitable for applications where frequent magnetization 

and demagnetization is required, such as electric motors, inductors, and data storage.
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Example
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A cylindrical ferromagnet of length L and diameter d, (d<<L) has a uniform magnetization M along 

its axis. A current is passed in an empty solenoid of the same geometry. If the solenoid has N turns 

and an air core, how much current is required to generate the same magnetic field as is produced 

by the magnetized cylinder?

Explain how a relay works. What is the difference if we use a soft or hard magnetic material as the 

core in a relay?
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Magnetic Storage
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Toroidal shape magnets are used to write and read information on a piece of magnetic film.
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Example
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Calculate the inductance of a toroidal coil with the length L and N turns.
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Magnetocrystalline Anisotropy
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Ferromagnetic materials show magnetic anisotropy in different 

crystalline directions. In other words along some axes the 

material can get magnetize easier than other directions.

Iron for example has a BCC crystal and along [100] direction 

the spins of domains can be aligned much easier. There are six 

<100> directions giving iron crystal 6 easy axes. This can be as 

low as 0.01 T.

In contrast, magnetizing the crystal along direction [111] is hard 

and more external field is required.

The reason for having this anisotropy is the exchange 

interaction energy for spin and orbital of atoms in ferromagnetic 

materials such as Fe, Ni and Co.
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Magnetostriction
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If strain is applied to a ferromagnetic crystal in certain direction, the 

atomic distance changes in that direction and also in other directions. 

This will change the exchange interaction energy of atomic spins and 

magnetization properties of the material.

The reverse process also happens and applying an external field will 

cause the ferromagnet crystal to change its dimensions.

For example, when external field is applied to iron in direction [100], 

crystal gets longer in this direction and shorter in transverse [010] and 

[001] directions.

Magnetostrictive constant  l denotes the longitudinal strain upon 

magnetization.
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