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Unit-IV (LU) 

Classification of magnetic materials (Diamagnetic, Paramagnetic and Ferromagnetic 

substances) 

Magnetic properties are shown by all substances and they are not just exhibited by well 

known iron, steel, nickel or cobalt. These substances are classified in three categories known 

as; Diamagnetic, Paramagnetic and Ferromagnetic substances. 

1. Diamagnetic substances  

Those substances which are weakly magnetised in opposite direction to a strong 

magnetic field are called diamagnetic substances. Most of the Inorganic compounds 

and almost all organic compounds are diamagnetic. Diamagnetism is a universal 

phenomenon but in paramagnetic and ferromagnetic substances the diamagnetism 

effect is shielded by paramagnetic or ferromagnetic effect. Some examples of 

diamagnetic substances are Cu, Ag, Au, Bi, Sb, Na, H2O, CO2, H, N, Quartz, diamond 

etc. The main properties of diamagnetic substances are as follows; 

(a) In a strong magnetic field, when a bar of a diamagnetic substance is placed it gets 

a feeble induced magnetism in a direction opposite to the external field. So the 

magnetic moment, intensity of magnetisation and magnetic susceptibility are 

negative. The relative permeability is less than 1. 

(b) In a non-uniform magnetic field a diamagnetic material tries to move from 

stronger to weaker parts of the magnetic field. 

(c) When poured in U tube a diamagnetic liquid is depressed in the limb placed 

between pole pieces of a strong field. 

(d) When a diamagnetic gas is allowed to ascend between the poles of magnet it 

spreads across the field. 

(e) When a diamagnetic material bar is hanged between the poles it rests at 

perpendicular direction to the field direction. 

(f) The susceptibility of a diamagnetic substance is independent of temperature. 

2. Paramagnetic Substance   

Those substances which are feebly magnetised by strong magnetic field in the same direction 

as the external applied magnetic field are called paramagnetic substances. The examples are; 

Al, Mg, Ti, Cr, Mn, tungsten, liquid oxygen, air, Cu2SO4 and solutions of salts of iron and 

nickel etc. The general properties of paramagnetic substances are as follows: 

(a) In a strong magnetic field, when a bar of a paramagnetic substance is placed it 

gets a feeble induced magnetism in a direction parallel to the external field. So the 

magnetic moment, intensity of magnetisation and magnetic susceptibility are 

positive. The relative permeability is greater than 1. 



(b) In a non-uniform magnetic field a paramagnetic material tries to move from 

weaker to stronger parts of the magnetic field. 

(c) When poured in U tube a paramagnetic liquid is raised in the limb placed between 

pole pieces of a strong field. 

(d) When a paramagnetic gas is allowed to ascend between the poles of magnet it 

spreads along the field. 

(e) When a paramagnetic material bar is hanged between the poles it rests at parallel 

direction to the field direction. 

(f) The susceptibility of a paramagnetic substance is much less than unity (10-3 at 

room temperature) and is inversely proportional to the absolute temperature i.e.  

   χm ∝
1  

T
  or  χmT = constant 

This is known as Curie’s law. 

3. Ferromagnetic Substances 

Those materials which are strongly magnetised by relatively weak magnetic fields in 

the direction of magnetic field are called ferromagnetic materials. The examples are 

Ni, Co, Fe, steel, gadolinium and their alloys. The general properties of ferromagnetic 

substances are as follows: 

(a) These substances show all characteristics of paramagnetic substances but up to 

much higher degree. The intensity of magnetisation, magnetic moment and 

magnetic susceptibility of ferromagnetic substances are positive are positive and 

quite large. The susceptibility is ~ 1 and relative permeability is of the order of 

hundreds to thousands, that’s why degree of magnetisation is quite high due to 

high permeability.   

(b) The relations B=μ H and M=μ H are not applicable in general for ferromagnetic 

substances.   

(c) The susceptibility of ferromagnetic decreases with the increase of absolute 

temperature. At a certain temperature these substances, lose their spontaneous 

magnetisation and becomes paramagnetic substances. This temperature is called 

Curie temperature. The Curie temperature for Ni is 631 K, for Fe is 1043 K and 

for Co it is 1423 K. 

Above Curie temperature the susceptibility follows the Curie’s-Weiss law given 

as; 

  χm =
C  

T−θ
   

 

Where C is called Curie constant and ‘θ’ is called Curie temperature. Figure 2 

shows the variations of relative permeability Km is shown with respect to 

temperature for iron (Fe) which shows that it loses it magnetic properties at 631 K 

all of a sudden. 



 
Figure 2 

 

Langevin’s Theory of Diamagnetism 

On the basis of electron theory Langevin in 1905, proposed a theory to explain the 

diamagnetism.  It is well known that a revolving electron produces a magnetic moment 

perpendicular to the plane of its orbit so the resultant magnetic moment will be vector sum of 

all such current rings in shape of revolving electrons.  

According to Langevin in absence of an external magnetic field, an atom of diamagnetic 

substance is such that the vector sum of all such current rings is zero. When the field is 

applied to such an atom the electronic orbit undergoes precessional motion about the 

magnetic field without changing its shape. This precession is called Larmour precession and 

represents the orientation of charge. Due to this precession the orbits of the atoms shifts 

slightly relative to each other n such a way so as to produce a negative magnetic moment in 

the atom. So the substance is magnetised in a direction opposite to the applied field. Now we 

calculate this change of magnetic moment mathematically. 

Considering a single electron of mass ‘me’ of a diamagnetic substance, orienting with a 

angular velocity ‘ω0’ in a circular orbit of radius ‘r’ with velocity ‘v0’ in absence of the 

external magnetic field under the effect of a centripetal force ‘Fe’ produced by electrostatic 

force between electron and the nucleus given as; 

  Fe = 
mev0

2  

r
 = me r ω0

2 .............. (1) 

Each rotating electron produces a rotational magnetic moment but atom as whole the total 

magnetic moment becomes zero. Now when an external magnetic field B=μ0H, is applied 

perpendicular to the plane of the electron orbit then a magnetic force is acted on the electron 

given by; 

  Fm = e (v x B) = e v B = e (r ω) B ................... (2) 



                 

                Figure 3     Figure 4 

As shown in figure 3 the direction of electrical and magnetic forces are opposite so the 

angular velocity of precessing electron ‘ω1’ is less than initial angular velocity ‘ω0’ and in 

figure 4 the case is opposite so angular velocity becomes ‘ω2’ slightly greater than initial  

angular velocity. This change in angular velocity may be easily calculated with the help of 

Faraday’s law of EMI follows. 

When the external applied magnetic field is applied perpendicular to the plane of orbit then 

an induce e.m.f. is produced in the loop given by; 

  Ԑ = −
dɸ

dt
 ; which produces an electric field ‘E’ = 

Ԑ

2πr
 , acting tangentially to the 

direction of motion of electron. This electric field imparts energy to the electron and using 

Newton’s law we can write; 

  me
dv

dt
 = e E =e

Ԑ

2πr
 = - 

𝑒

2πr
 
dɸ

dt
................. (3) 

Let the magnetic field changes from 0 to B then change in flux will be given by ∆ɸ= B 

A=πr2 B. Therefore the change in linear velocity due to change in flux from eqn. (4) is given 

by;  

 ∆v =−
𝑒

2πrme
 ∆ɸ = −

𝑒

2πrme
 πr2 B=−

𝑒𝑟𝐵

2me
 ................ (4) 

and change in angular velocity ∆𝜔 = 
∆v

r
 = −

eB

2me
 .................. (5) 

This change in frequency is called Larmour Frequency. The magnetic moment produced 

due to change in the angular velocity in circular circuit i.e. electronic orbit will be i A = i 

πr2.   

From the definition we can write ;  

 q=i=ne = e 
𝜔

2π
  ............... (6) 

So the magnetic moment of circulating electron will be given by; 

 m= i A= e 
𝜔

2π
 πr2 =  

𝜔r2𝑒

2
 ........... (7) 



Now the change in magnetic moment due to change in angular frequency of circulating 

electron will be given by using eqn. (5); 

 ∆𝑚 =  
∆𝜔r2𝑒

2
 = −

r2𝑒

2
 

eB

2me
 =  −

r2e2

4me
𝐵 .................. (8) 

The negative signifies that the induced magnetic moment always opposes the magnetic field 

which is the nature diamagnetic substances. The change in magnetic moment is ‘Z’ times to 

the magnetic moment of single electron for a whole atom. We must replace r2 by r2̅ as all the 

revolving electrons will not have same circular orbit. Also the directions of all the circular 

orbits may not be perpendicular to the applied field and have all possible orientations, so 

considering spherical symmetry we will calculate the r2̅.  

Let x, y, z are the coordinates of any point on the orbit of radius R then we can write; 

 R2 = x2̅̅ ̅ + y2̅̅ ̅ + z2̅  

Due to spherical symmetry we must write  x2̅̅ ̅ = y2̅̅ ̅ =  z2̅ = 
R2

3
……………..(9) 

Let we have applied the external magnetic field along x-axis then r2̅ will lie in the y-z plane 

and so we may write; 

 r2̅ = x2̅̅ ̅ + y2̅̅ ̅ = 
2R2

3
 .................... (10) 

Where R is the equal radius of orbit. 

Substituting the value of r2̅ in eqn. (8), we can write the total magnetic moment of the atom 

as; 

 B =  −
Be2

4me
 Σr2̅̅ ̅̅̅ = −

Z Be2

4me
r2̅ = −

Z Be2

4me
 
2R2

3
 = −

Z R2Be2

6me
 ............. (11) 

Let there are n electrons per unit volume in the diamagnetic material then the magnetic 

moment per unit volume or the intensity of magnetisation is given by; 

 M=   −𝑛
Z R2Be2

6me
 = −

Z R2ne2

6me
 μ0H .................... (12)   {replacing B=𝜇0H} 

Therefore the magnetic susceptibility of the diamagnetic substance will be represented by; 

𝛘𝐦 = 
𝐌

𝐇
 = −

𝛍𝟎𝐙 𝐑𝟐𝐧𝐞𝟐

𝟔𝐦𝐞
 ........... (13) 

Therefore the susceptibility of diamagnetic substances is negative and it is independent of 

sign of electronic charge, temperature and applied external magnetic field. 

 

 

 



Domain Theory of Ferromagnetism  

Domain theory was proposed by Weiss in 1907, according to which the ferromagnetic 

substances have great tendency to breakup in small regions within the substance called 

domains. In each domain the direction of each atomic magnet is aligned in same direction. 

The domains are separated by boundary walls. The direction of magnetisation in each domain 

is different and they are so oriented that their combine effects cancel each other to give zero 

magnetisation to the substance as a whole. That’s why each piece of iron is not a magnet. The 

size of domain is usually microscopic and it varies from 10-6 cm3 to 10-2 cm3 and the number 

of atomic magnets in each domain may extend to billions. A domain wall is actually a 

transition region of finite width between two domains having different directions. As the 

distance between two domains is traversed the atomic dipoles in the first domain become 

more and more nearly aligned to the second domain as shown in figure 6. The width of a 

domain wall for iron is calculated to be equal to 10-4 mm.   

 

 
             Figure 6        Figure 7 

 

A schematic diagram of the arrangement of domains with zero magnetic moment or 

magnetisation is shown in figure 7 for a single crystal where the arrows signify the direction 

of magnetic moment of an atom.  

When this substance is placed in a magnetic field its magnetic moment increases by two 

methods according to Becker domain theory as given below: 

1. Due to the displacement of boundaries: In this type of magnetisation the size or volume 

of the domain which are favourably oriented to the external magnetic field may increase at 

the cost of those unfavourably oriented to the magnetic field as shown in figure 8. The size of 

the domain 1 which is in the direction of external field increases, while that of domains 2, 3 

and 4 decreases. 

2. Due to the orientation of domains: Here the direction of magnetisation of the domains 

may rotate to align itself along the applied external magnetic field. In this case the domain no 

2 and 4 may rotate to align themselves towards the domain 1 which is already in the direction 

of applied magnetic field. It is shown in figure 9 below.   

 



          
          Figure 8       Figure 9 

 

It is observed that when the applied magnetic field is weak then the magnetisation usually 

occurs due to the first type i.e. due to the displacement of boundaries of the domain walls. 

When the applied field is large then the magnetisation in the substance occurs due to the 

orientation of the domains in the direction of applied field. 

We know that the magnetic dipoles have strong tendency to have parallel arrangement, then 

in ferromagnetic substances, why domains having different directions of magnetisation don’t 

prefer to align in parallel. This explained with the help of figures 10-12. In figure 10 we have 

saturated configuration having single domain with high value of energy 
1  

2

B2  

μ0
 stored per unit 

volume of the magnetic field outside the material. In figure 11 we have two domains 

magnetised in opposite directions and the energy is roughly half of the first case. When there 

are N domains as shown in figure 12 then the magnetic energy reduces to 1/N times. This 

decrease in energy must be stored in making domain boundary and it results in the total 

energy stored is a minimum which is the equilibrium state.  

                                           

                    Figure 10                            Figure 11                      Figure 12 

 

  (Reference Book: Electricity and Magnetism by Ahmad & Lal) 

 

 

 


