
PH575 Spring 2009!

Lecture #22!
Magnetism: Kittel Ch. 11 & 12!



Most materials have no permanent magnetic moment, but a 
moment is induced in the presence of a Þeld.  The response to the 
Þeld is called the magnetic susceptibility !  and it is deÞned as:  !

 

χ = ∂M
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≈ M
H

     (weak response ≈ µ0M
B

)

B = µ0 H + M( )
µ0 = 4π ×10−7 Vs / Am

H = applied field
M = magnetic moment/volume
B =  macroscopic magnetic field intensity (induction)
B = µ0 1+ χ( )
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Diamagnetism (! <0): tendency of charges to screen applied Þeld 
from interior.  Small response from all systems, dominant only 
when permanent dipoles are absent.!
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Paramagnetism (! >0) : Permanent, dilute, atomic-like dipole 
moments align in presence of Þeld.!

Pauli Paramagnetism (! >0) : Small, temperature independent 
paramagnetic response of conduction electrons.!
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Ferromagnetism: Below the Curie temperature, dipole moments 
align spontaneously, even in the absence of an applied Þeld.  
Cannot be explained without the concept of spin.!
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Antiferromagnetism : Below the NeŽl temperature, dipole 
moments anti-align spontaneously, even in the absence of an 
applied Þeld.!

Ferrimagnetism: Antiferromagnetic order, but two magnetic 
sublattices do not produce complete cancellation of magnetization.!
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=

C
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Diamagnetism: tendency of charges to screen applied Þeld from 
interior.  LenzÕ law.  Classical treatment yields same treatment as 
QM.!
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Examples of diamagnetism (negative susceptibility):!
Dielectric solids - core electron contribution!
Any atoms or ions with closed shells!
Typical values for closed shell atoms: 4"(1 to 50) "  10-6  SI units!
Very small effect for most purposes.!
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Paramagnetism: !
Tendency of atomic moments to align with applied Þeld enhances 
the internal Þeld.  (Alignment disappears when Þeld is removed)!
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The effect of a magnetic Þeld on electron states in an atom: !

 

µB =
e!

2mc
= 9.27! 10" 21 erg/G

µB =
e!
2m

= 9.27! 10" 24  J/T = 5.8! 10" 5  eV/T

The ÒBohr magnetonÓ µB is a magnetic moment, the scale of 
which is that of an electron ÒorbitingÓ an atom. µBB gives a 
scale for the energy splitting of states in a free atom.!

B = 0                         B#0         !
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Paramagnetism of a free electron with no orbital angular 
momentum: !
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g = 2 free electron

n+ = AeµBB/kBT ;n! = Ae! µBB/kBT

n+ ! n!
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eµBB/kBT + e! µBB/kBT = tanh µBB / kBT( ) # µBB / kBT

M = n+ ! n!( )µB = nµB
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ÒCurieÓ paramagnetism. 
Susceptibility proportional to 1/T.  
Diverges at T = 0.  High T - thermal 
energy disrupts aligning ability of 
Þeld.!



Paramagnetism for general orbital angular momentum: !
Previous was special case for S = 1/2.  For general angular 
momentum J:!
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(Brillouin function)
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effective # of Bohr magnetons!

Curie constant!

Extra detail!



Rare Earth transition metals: Paramagnetic behavior is that 
of Òclassic paramagnetismÓ.  These sequentially Þll f shells 
which are shielded by outer d, p shells.  d & f  bands are 
narrow, so a high density of states.  If Fermi level is close to 
these, strong possibility of strong magnetic behavior.!

3d transition metals have 
partially Þlled d shells, and the 
electrons combine to give a net 
magnetic moment.  Strong effect 
of crystal Þeld makes them behave 
as if J = S -> ÒquenchingÓ!

Paramagnetism!



Rare Earths: These 
sequentially Þll f 
shells which are 
shielded by outer d, 
p shells.  These 
electrons this retain 
much of their 
atomic character - 
paramagnetism is 
classic behavior in 
rare earth salts.!

I - Dysprosium sulphate!
II - Erbium sulphate!
After L.C. Jackson (1936)!

χ para =
C
T



Pauli Paramagnetism (conduction electrons in metals): !
Conduction electrons cannot simply ßip spin as can isolated spins.  
This is because the opposite spin state is probably occupied.  Only 
states within kT of Fermi level can do so. !

Qualitative argument:  Apply same correction factor as for 
speciÞc heat - multiply by T/TF:!
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Pauli Paramagnetism is temperature independent and smaller 
than Curie-type paramagnetism by a factor of 100 or more.!



Mcond =
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use free-electron model
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Pauli Paramagnetism (free electrons in metals): !
Pictorial approach is to think of free electron parabola displaced 
up (down) for aligned (anti-aligned) spins. Note that only 
unmatched spins are in vicinity of Fermi level.!
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