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PHYSICS 244 NOTES

Lecture 30

Magnetism
Introduction

So far we have focused on conduction as the main property of interest in solids.  There is one other one that is very important for device applications and that is magnetism, which will be the focus of this lecture.

First, some definitions:

Paramagnets

Paramagnets are materials that are not magnetic in themselves, but that acquire a magnetic moment when in a magnetic field.  Magnetism is measured by 

M , the magnetic moment per unit volume, and the ability to acquire a moment is measured by χ, the magnetic susceptibility.  Χ is defined by μ0 M = χ B, where 

μ0 = 4π × 10-7 N/A2, the permeability of free space.  This linear relation between M and B is always pretty well satisfied in paramagnets. 

Ferromagnets

Ferromagnets have a moment M even in the absence of a field.  They are so-called because iron is one of them.  For the first thousand years, the study of magnetism was the study of iron.  It is generally found that ferromagnets lose their magnetic moment if they are heated.
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One general remark.  One might think that magnetism is due to electrons moving about in solids and that their current is responsible for magnetism, as in an electromagnet.  
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It turns out, however, that almost all the magnetism of solids is due to the electron spin, not its orbital motion!  There is a small contribution, usually diamagnetic (direction of M opposite to B) from orbital motion.  Though small, it is often the biggest contribution in insulators, and even some non-magnetic metals.  For applications, it is not so important. 

So the electron spins play the most important role, and the magnetization is given by

M = μB (ρ+ - ρ-), where ρ+ is the concentration of up spins and ρ- is the concentration of down spins per unit volume. ρ = ρ+ + ρ- is the total concentration of spins.  The reason that the magnetization responds in this way to the field is that there is the magnetic dipole energy U = - μB, where μ is the dipole moment of the spin.  The magnetic field exerts a torque on the spin, causing it to line up with the field.  This is exactly the same torque that causes iron filings to line up along a field.        

Paramagnets

Again the definition here is that the magnetization M is given by μ0 M = χ B. 
If the electrons can be considered to be independent, then we find that they satisfy the Curie law, which is χ = ρ μ2/kT, where μ is the effective moment of the electrons.  (This sometimes differs somewhat from μB.)  The temperature dependence comes from the fact that temperature tends to randomize the spins.  This effect competes with the aligning effect of the field.  The result is the Curie law.

In metals, the conduction electrons are not independent because of the Pauli principle.  This leads to a different law:

χ = ρ μ2/EF , where EF is the Fermi energy.
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Ferromagnets

In ferromagnets there is third energy:  U = - J S1 • S2, which is called the interaction energy since it is an energy which depends on the relative direction of the two spins 1 and 2.  It tends to align the spin parallel to each other.  This energy now competes with the randomizing effect of temperature.  At temperatures low enough (T < TC ) that the interaction energy wins, there is a spontaneous magnetization M(T).  For iron, TC is around 800C, but for some important commercial magnets, T = 80C, which limits their usefulness for some applications.

Domains and Permanent magnets

In a ferromagnet, the spins wish to line up with one another at the microscopic level.  However, on a macroscopic level, we are then dealing with a set of big dipoles whose like poles repel.
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This produces domains – regions of parallel spins that point in different directions.  The result can easily be a ferromagnet whose net moment is zero.  To make a permanent magnet, we must somehow deal with this effect.  The usual method is to construct a material in which the domains are “frozen” – once aligned by a very strong external field, they stay pretty much aligned.  All useful permanent magnets have this characteristic, which arises from having a very anisotropic crystal structure.  (bcc iron is not very good – the cubic structure is quite isotropic.)  The most common are various iron and cobalt alloys that give us refrigerator-type magnets, and rare-earth-iron alloys such as Nd2Fe14B.  This last compound is used for the transducers in IPod headphones.

Another desirable characteristic is simply to have a large moment.  The place to look for this in the periodic table is in the middle of a d- or f-shell.  If there are 5 (Mn) or 6 (Fe) electrons in the d-shell, the spins can all line up.   

