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Can obtain the same formula classically:  

Consider an electron rotating about the nucleus in a circular 

orbit; let a magnetic field be applied. 

Before this field is applied, we have, according to Newton's 

second law, 
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F0 is the attractive Coulomb force between the nucleus and the 

electron, and 0 is the angular velocity. 

Applied field  an additional force: the Lorentz force  Bv eFL

FL = -eBr   F0 – eBr = m2r  
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Reduction in frequency  corresponding change in the magnetic moment. 

The change in the frequency of rotation is equivalent to the change in the current around the 

nucleus:  ΔI = (charge)  (revolutions per unit time)  

Classical consideration: diamagnetism 
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The magnetic moment of a circular current is given by the product (current) x (area of 

orbit) 
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Here rxy
2 = x2 + y2. The mean square distance of the electrons from the nucleus is  r2 = 

x2 + y2+ z2.  

For a spherically symmetrical charge distribution  x2 = y2 = z2 = r2/3  
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Diamagnetism in ionic crystals and crystals composed of inert gas atoms:  they have atoms or 

ions with complete electronic shells.  

Another class of diamagnetics is noble metals, which will be discussed later. 
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Quantum theory of paramagnetism 

CGS: 



Quantum theory of paramagnetism 



Quantum theory of paramagnetism 

If atoms in a solid have non-filled electronic shells than we have to take into account the first 

term in the Hamiltonian. 

Its contribution is much larger than the contribution from the second term  can ignore it.  

Consider the effect of the first term on an ion in a ground state which can be described by 

quantum numbers L, S, J and Jz , where J is the total angular momentum, J = L + S; and Jz is 

the projection of this momentum into a quantization axis.  

It can be shown that 

where g is the g-factor, given by 

This relation is valid only within the (2J + 1)-dimensional set of states that make up the 

degenerate atomic ground state in zero field,  i.e. only for matrix elements taken between 

states that are diagonal in J, L, and S. 



If the splitting between the zero-field atomic ground state multiplet and the first excited 

multiplet is large compared with kBT (as is frequently the case), then only the (2J + 1) states 

in the ground-state multiplet will contribute appreciably to the energy.  

In that case the first term in the Hamiltonian leads to the energy E  B  

 

 

Magnetic moment of an ion is proportional to the total angular momentum of the ion:   

The applied magnetic field lifts degeneracy of the ground state multiplet and splits it into 

2J+1 equidistant levels - Zeeman splitting.  

The energies of these levels are given by 

Jz is an quantized and has values from –J to J.  

If thermal energy is less or comparable with the Zeeman splitting, these levels will be 

populated differently and give a different contribution to the magnetic moment of the ion. 



Magnetization is determined by the average value of the magnetic moment:  

M  N,  where N is the concentration of ions if the solid;  

 -  value of magnetic moment averaged over the Boltzmann distribution: 

The summation can be done using the geometric progression formula.  

Result for the magnetization:            where  

 

and  

- the Brillouin function 



Magnetization for three different ions as a function of applied magnetic field 

At relatively low fields and not too low 

temperatures we can expand the coth(x) 

assuming that x << 1: 

Get for the susceptibility: 
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where p is the effective number of Bohr magnetons 

, defined as  

C is the Curie constant 

Curie Law 





Pauli Spin paramagnetism in metals 

Arises from the fact that each conduction electron carries a spin magnetic moment which 

tends to align with the field.  

An electron has spin ½ - might expect a Curie-type paramagnetic contribution to the 

magnetization of the metal : 
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However, experiments show, that spin susceptibilities in metals are essentially independent 

of temperature, and the observed values are also considerably smaller.  

Source of this discrepancy:  

the above formula was derived on the basis of localized electrons obeying the Boltzmann 

distribution, whereas the conduction electrons are delocalized and satisfy the Fermi 

distribution. 

The proper treatment must taking this into account. 



No field: half the electrons have spins 

along +z, the other half – spins along -z 

direction  

vanishing net magnetization.  

 

Field is applied along the z-direction:  

 some electrons near the Fermi level begin to transfer from the opposite-spin half to the 

parallel-spin one, leading to a net magnetization.  

Note that only relatively few electrons near the Fermi level are able to flip their spins and align 

with the field. The other electrons, lying deep within the Fermi distribution, are prevented from 

doing so by the exclusion principle. 

the energy of the spins || B is lowered by the amount BB;  

the energy of spins opposite to B is raised by the same amount.  



We can now estimate the magnetic susceptibility.  

The electrons participating in the spin flip occupy an energy interval ~ BB 

 their concentration is Neff = ½D(EF) BB,  

where D(EF) - the density of states at the Fermi energy level 

Each spin flip increases the magnetization by 2B (from -B to +B)  

 the net magnetization 

leading to a paramagnetic susceptibility 

 susceptibility is determined by the density of states at the Fermi level. 

  is essentially independent of temperature. (Temperature has only a small effect on the 

Fermi-Dirac distribution of the electrons  

 the derivation remains valid.  

If we apply the results for free electrons: D(EF) = 3N/2EF =3N/2kBTF,  

then  

TF - Fermi temperature (EF = kBTF).  

TF is very large (often 30,000°K or higher),  χ is smaller by factor of 

~102 - in agreement with experiment. 
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Landau diamagnetism 

Conduction electrons also exhibit diamagnetism on account of the cyclotron motion they 

execute in the presence of the magnetic field.  

Each electron loop is equivalent to a dipole moment whose direction is opposite to that of 

the applied field.  

Classical treatment shows that the total diamagnetic contribution of all electrons is zero.  

Quantum treatment however shows that for free electrons this causes a diamagnetic moment 

equal to –1/3 of the Pauli paramagnetic moment.  

 the total susceptibility of a free electrons gas is 

The net response is therefore paramagnetic.  

In comparing theoretical results with experiment, one must also include the diamagnetic 

effect of the ion cores (Langevin diamagnetism). 
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Susceptibilities of some monovalent and divalent metals 106 (Room T) 



Summary  

 When a material medium is placed in a magnetic field, the medium is magnetized. 
Magnetisation is proportional to the magnetic field:  

  M  H  ;   - magnetic susceptibility of the medium 
  magnetic permittivity   0(1 + );     r  1 +  

 Langevin diamagnetism - ions or atoms with all electronic shells filled 

  negative magnetic susceptibility: 

 Langevin paramagnetism: if an atom has moment ,  
then classical paramagnetic susceptibility  

 quantum treatment  same result for   

 In metals, conduction electrons make a spin paramagnetic contribution:              0        - 
independent on T 

 Conduction electrons also exhibit diamagnetism due to the cyclotron motion, which is equal 
to 1/3 of the spin paramagnetic contribution. 

 Ion core effect must also be taken into account 
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Magnetism / Magnetic Order 



Domains 

Spin in a material with long range  

magnetic ordering  (ferromagnetic,  

antiferromagnetic etc.)  

form domains. 

Reason for domain formation: 



Domain walls 

The boundary regions between neighboring domains 

The typical size of the domains is 1-100 m;  

the width of the domain walls is much smaller: ~100 nm.  

 the domain structure consists of uniformly magnetized domains  separated by narrow 

boundaries. 



Ferromagnetism 

• Ferromagnetism is the phenomenon of spontaneous magnetization – the magnetization 

exists in a material in the absence of applied magnetic field.  

• The best-known examples - transition metals Fe, Co, and Ni.  

Also, other elements and alloys involving transition or rare-earth elements,  such as the 

rare-earth metals Gd, Dy, and the insulating transition metal oxides (CrO2). 

• The phenomenon is restricted to transition and rare-earth elements  it is related to the 

unfilled 3d and 4f shells in these substances.  

• Ferromagnetism involves the alignment of a significant fraction of the molecular magnetic 

moments in some favorable direction in the crystal.  

• Ferromagnetism appears only below a certain temperature, which is known as the 

ferromagnetic transition temperature or simply as the Curie temperature (depends on the 

substance). 



Curie-Weiss law 

Above the Curie temperature, the moments are oriented randomly, resulting in a zero net 

magnetization.  

In this region the substance is paramagnetic, and its susceptibility is given by 

- Curie-Weiss law.   

C - Curie constant  

TC - Curie temperature CTT

C




The Curie-Weiss law can be derived using arguments (Weiss): 

In the ferromagnetics the moments are magnetized spontaneously, which implies the 

presence of an internal field to produce this magnetization. 

The field is  assumed that this field is proportional to the magnetization: 

MHE 

Weiss called this field the molecular field.  

In reality, the origin of this field is the exchange interaction. 

 is the Weiss constant 



SUPERCONDUCTORS                  FERROMAGNETS 


