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Diamagnetism and Paramagnetism
The magnetic moment of a free atom has the nuclear and electronic 

magnetic moments. Magnetic moments of nuclei are of the order of 10-3 

times smaller than the magnetic moment of the electron. The electronic 

magnetic moments has three principal sources: 1) the spin with which 

electrons are endowed; 2) the orbital angular momentum about the nucleus; 

3) the change in the orbital moment induced by an applied magnetic field. 

Diamagnetism is associated with the tendency of electrical charges partially 

to shield the interior of a body from an applied magnetic field. In an electron 

orbit within an atom, the magnetic field of the induced current is opposite to 

the applied field, and the magnetic moment associated with the current is a 

diamagnetic moment. Even in a normal metal there is a diamagnetic 

contribution from the conduction electrons, and this diamagnetism is not 

destroyed by collisions of the electrons. 
The magnetization M is defined as the magnetic moment per unit volume. 

The magnetic susceptibility per unit volume is defined as 

where B is the applied macroscopic magnetic field intensity. 
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Magnetic Susceptibility 

Characteristic magnetic susceptibilities:  

for diamagnetic substances  ̝ < 0

for paramagnetic substances ̝ > 0



The magnetic moment of an atom or ion in free space is given 
by 

Magnetic Moment of an Atom 

where the total angular momentum ᴐJ is the sum of the orbital ᴐL and 

spin ᴐS angular momenta. For electronic systems a quantity g called the g 

factor or the spectroscopic splitting factor  and the Bohr magneton B˃ is 

defined as eᴐ/2mc. The energy levels of the system in a magnetic field are

where mJ is the azimuthal quantum number and has the values J, J ҍ

1, . . . , ҍJ.  For a single spin with no orbital moment we have mJ = ± 1/2 

and g = 2, whence the energy level U = ±1/2 B˃B. The equilibrium 

populations of the two levels are 

N = N1 + N2 and

,      J = L + S



The fractional populations of the two levels are shown below and the 
resultant magnetization M for N atoms per unit volume is, with x = ˃ ./kBT, 

At high temperature, we have x << 1, 
tanh x ḗx, and 

In general, an atom with angular momentum quantum number J in a 

magnetic field has 2J + 1 equally spaced energy levels. The magnetization 

is thus given by 

where the Brillouin function BJ is defined by 



For x = ˃ ./kBT <<1, we have and the susceptibility is 

Here p is the effective number of Bohr magnetons, 

,  C is the Curie constant. Curie law :



The Hund rules as applied to electrons in a given shell of an atom affirm that 

electrons will occupy orbitals in such a way that the ground state is 

characterized by the following: 

Hund rules 

1. The maximum value of the total spin S allowed by the exclusion principle; 

2. The maximum value of the orbital angular momentum L consistent with 

this value of S; 

3. The value of the total angular momentum J is equal to | L ҍS|  when the 

shell is less than half full and to L + S when more than half full. When the 

shell is just half full, the application of the first rule gives L =0, so that J =S. 

The first Hund rule has its origin in the exclusion principle and the coulomb 

repulsion between electrons. The second Hund rule is best approached by 

model calculations. The third Hund rule is a consequence of the sign of the 

spin-orbit interaction: For a single electron the energy is lowest when the 

spin is antiparallel to the orbital angular momentum. 

Example of the Hund rules: The ion Ce3+has a single f electron with l = 3  and 
s = ½. The J value by the preceding rule is |LҍS| = Lҍмκн Ґ рκнΦ 



The Curie temperature Tc is the temperature above which the spontaneous 

magnetization vanishes; it separates the disordered paramagnetic phase at T 

> Tc from the ordered ferromagnetic phase at T < Tc. We can find Tc in terms 

of the constant .˂ Consider the paramagnetic phase: an applied field Ba will 

cause a finite magnetization and this in turn will cause a finite exchange field 

BE. If ̝ p is the paramagnetic susceptibility, 

Ferromagnetic Order 
Given an internal interaction tending to line up the magnetic moments 

parallel to each other, we shall have a ferromagnet. Let us postulate such an 

interaction and call it the exchange field BE. We treat the exchange field as 

equivalent to a magnetic field and, in the mean-field approximation, we 

assume each magnetic atom experiences a field proportional to the 

magnetization: BE = ˂ M , where ˂ is a constant, independent of temperature. 

The paramagnetic susceptibility is given by the Curie law p̝ = C/T, where C is 

the Curie constant. Then, we have the Curie-Weiss law 



The exchange field gives an approximate representation of the quantum 

mechanical exchange interaction. On certain assumptions it is shown in 

texts on quantum theory that the energy of interaction of atoms i, j bearing 

electron spins Si, Sj contains a term U = ҍ2JSi Sj , where J is the exchange 

integral and is related to the overlap of the charge distributions of the 

atoms i, j. This is called the Heisenberg model. 

Heisenberg model

The curves of M versus T obtained in 

this way reproduce roughly the 

features of the experimental results, 

as shown in the left for nickel. As T 

increases, the magnetization 

decreases smoothly to zero at Tḗ Tc. 

This behavior classifies the usual 

ferromagnetic/paramagnetic 

transition as a second-order transition. 

nickel



Exchange Interaction Between Free Electrons 

Consider two free electrons i and j and their pair wavefunction ‪ij , 

‪ij = ̞ i(ri) j̞(rjύ ҍ ̞ i(rj) j̞(ri) =

The probability that electron i is to be found in volume element dri and 

that electron j is to be found in volume element drj is then equal to |‪ij|
2 

dridrj: 
|‪ij|

2 dridrj

This expression shows all of the crucial features: the probability of finding 

two electrons with the same spin at the same place vanishes for every ki 

and kj. For a particular spin-up electron, the other electrons with the same 

spin cannot screen the Coulomb potential of the ion cores so well locally, 

which leads to a reduction of the energy of the spin-up electron. This 

energy reduction is reinforced if the highest possible percentage of all the 

electrons have the same spin as the spin-up electron. 


