
Ch. 11. Diamagnetism and Paramagnetism



- treatment of diamagnetism in atoms and ions 
(& dielectric solids) employs the Larmor theorem 
: motion of electron under B field is a superposition of 

motion without B and precession with    
(Larmor frequency)

For free electron                       
(wc: cyclotron frequency)

Paul Langevin (1872 – 1946)
France



Larmor precession of Z electrons is equivalent to a current

I = (charge)/(revolutions per unit time) =

Magnetic moment of a current loop = (current)(loop area)/c
in CGS unit

r : loop radius perpendicular to B field
<r2> = <x2> + <y2>

From <r2> = <x2> + <y2> + <z2> & <x2> = <y2> = <z2> 

→                                       N: # of atoms/unit volume
→ diamagnetic susceptibility of dielectric solids ∝ <r2>  



Joseph Larmor (1857~1942) Ireland

Z =     2        10         18        36        54



* Quantum theory of diamagnetism of mononuclear system
Contribution of magnetic field to the Hamiltonian

(6)

(H’ can be treated perturbatively for an atomic electron)
In case           



Then Eq.(6) becomes

1st term: proportional to orbital angular momentum (Lz) for
mononuclear system, producing paramagnetism
(probable for materials with unfilled p or d shells)

2nd term: diamagnetism

→ 



* Quantum theory of paramagnetism
Magnetic moment of an atom (or ion) in free space 

(total angular momentum = orbital + spin)

g : ratio of magnetic moment to total angular momentum
(gyromagnetic ratio)

:    -factor (= 2.0023) for electron spin
: Bohr magneton 

spin magnetic moment of an electron

For a free atom 
= 2  (∵ L = 0 & J = S)



Energy levels of the system in a magnetic field

mJ = J, J-1, … -J   : (2J+1) levels
For an electron with no orbital angular momentum (L = 0),

→ 

If a system has only two levels, the equilibrium populations
are (mJ → J)    x = -U/kBT = mB/kBT

(m = JgmB = mB for electron (L=0)  ∵ J = S = 1/2)
N = N1+N2 (total number of spins)



The resultant magnetization (for N spins per unit volume)

(17)

For x << 1, tanh(x) » x

→                         (18)

In a magnetic field, an atom
with angular momentum
quantum number J has (2J+1)
equally spaced energy levels



For x << 1
→

→

Magnetic susceptibility

(22)        

: Curie law

: effective number of Bohr magnetons 



* Rare-earth ions
- usually have trivalent ions (e.g., Ce3+ : 4f15s25p65d16s2)

: chemical properties of the ions are similar because of
identical outermost electron configuration (5d16s2)

- ionic radius gradually contracts as number of 4f electrons 
increases (from 0.111 nm for Ce to 0.094 nm for Yb)

- 4f electrons are compacted in inner shell within a radius
~0.03 nm (This property is retained even in atom and 
solid)

- due to well-localized nature of 4f electrons, spin-orbit
interaction is strong 
→ multiplet splitting in terms of total angular momentum

(orbital + spin) 




