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Learning outcomes:- 

The contents of this module will enable you  

1. To understanding Maxwell‟s equations, and their association with various laws of            

Electromagnetics. 

2. To know about electromagnetic properties of media.  

3. To understand the deduction of laws of electromagnetics from Maxwell‟s equations.  

4. To understand the concept of displacement current density as Maxwell‟s contribution to 

Electrodynamics.  
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1.  Introduction 

Electromagnetic which forms the firm basis of Electronics, involves visualization of 

mathematical equation and concepts leading to development of many devices and systems for 

application in diversified field of science. Studying Physics of electrodynamics part implies the 

study of getting answers to questions like what? Why? How? etc related with any observed 

phenomenon. In electrodynamics, we deal with the study of motion of electrical charge and the 

corresponding fields.  

What is electric charge? “Electric charge is something, which produces Electric field.”We may 

generalize this statement saying that “charge is the entity which produces a force field.” The 

charge can be named after the force field. Thus, accordingly, we can have gravitational charge 

giving rise to gravitational force field, magnetic charge giving rise to magnetic force field ,so on 

and so forth. Many eminent Physicists of the day, studied the force fields of electric and 

magnetic charge individually and established various laws of electromagnetics .Coulombs Law, 

Gauss Law, Faradays Law, Ampere‟s Law, Biot – Savart‟s Law are some of such laws. 

2.Maxwell’s equations :- 

The great mathematician and Physicist Clerk Maxwell has put forth the concept of electric force 

field and developed complete Electrodynamics with the help of four differential equations 

relating charge densities and the corresponding electromagnetic fields. These equations are 

famous in the field of science as “Maxwell‟s Equations in Electrodynamics”.  

1. ∇.D =  ρ   ……………………….( Gauss Law) 

2. ∇.B  = 0.....................................( Biot Savart Law) 

3. ∇ X E = −  
∂B 

∂t
……………...…(Faradays law) 

4. ∇ X H =  j + 
∂D 

∂t
…………….(Amperes Law) 

The association of each of these four equations with different laws of electromagnetic is as 

shown in parenthesis. 

The various physical quantities involved have the meaning as described below 
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E  = Intensity of electric field or simply electric field  

H  = Intensity of magnetic field or simply magnetic field  

D  = Electric displacement vector 

B  = magnetic induction 

ρ = volume density of electric charge 

j   = electric current density 

t = time 

∇ = “Del” operator in vector algebra and takes different forms depending upon the choice 

of coordinate system. 

These equations give relation between change density and the corresponding fields are known as 

Source density or Circulation density equation. The equations stated above are in point form 

(differential form) and can also be expressed in integral form .  

Let us study some important aspects of these equations.  

3. Electric force field 

Field is a region of space at every point of which we can associate a physical quantity. If the 

physical quantity is scalar, the field is called as scalar field. Vector physical quantity will 

correspond to a vector field. The field is named after the physical quantity. 

Thus we can have, temperature field, pressure field, density fields as the examples of scalar 

fields while velocity field, force field are the examples of vector fields.  

Force field is a region of space at every point of which we can associate a physical quantity 

force. That something which gives rise to the force is called as corresponding charge. Thus 

accordingly we can have a pair of gravitational force field, and the gravitational charge.  

On similar lines, we can think of Electric force field and electric charge, or magnetic force field 

and magnetic charge. Maxwell‟s equations relate Electromagnetic force fields and the 
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corresponding charge densities. Several issues such as  the generation of force fields, their  

range, role played by medium in their generation, limitations if any and many other are involved 

in the field theory. 

How the force field is set up? Maxwell, in his field theory, has given the concept of electric force 

field which can be briefly summarized in the form of two statements 

Statement 1:- If we place an electric charge at a point ,it modifies the properties of the space 

surrounding it and produces its own field in the space surrounding it.  

Statement 2:- If we place a test charge from outside at any point in that region, the test charge 

experiences a force. 

The field is set up instantaneously. It is understood that the charge modifies the properties of the 

space surrounding it, while setting up its own field. Thus the properties of the medium or space 

are also involved.  

The space or medium have many types of properties such as thermal, electrical, magnetic, 

gravitational etc. Out of these, only those properties are modified corresponding to the nature of 

the charge. Gravitational charge will modify only the gravitational properties of the medium. 

Similarly electric or magnetic charge will modify only electrical or magnetic properties of the 

medium respectively. They will not change the gravitational or any other properties of the space 

or medium. 

Thus, the electric change will try to modify the properties of the medium and medium also 

allows or permits to change its properties. The extent to which the medium permits to change its 

electrical properties due to the presence of electric charge is called as the electric permittivity of 

the medium. It is represented by ε.  

Similarly in the case of magnetic charge we can think of magnetic permittivity. However due to 

the elastic nature of magnetic field, we use the term magnetic permeability instead of magnetic 

permittivity. It is represented symbolically using a letter μ.  
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Thus, the extent to which the medium allows to change its magnetic properties due to the 

presence of magnetic charge is called as magnetic permeability of that medium.  

The force field at a point, in general, is measured in terms of  the force experienced by a unit 

charge at the point. However, it can be measured in terms of the potential at the point or the flux 

of the field per unit area. 

4. Electromagnetic properties of media  

In electromagnetics, we talk about different types of media such as a free space, dielectric, 

conductor, insulators, semiconductor etc. we use the term isotropic, linear, homogeneous, in 

homogeneous as regards the nature of media. We define various types of physical quantities to 

account for different various types of properties like permittivity, permeability, susceptibility, 

polarizability, conductivity, mobility etc.  

In electromagnetics, free space, is assumed to be a space which is free of electromagnetic and 

gravitational force field. We really cannot have  a “free space”. However, for all practical 

purposes vacuum may be taken as a free space. The electric permittivity of a medium is denoted 

by ε and that of free space is denoted symbolically by ε0.  

ε0 = 8.85  10-12  F/m.   

The magnetic permeability of a medium is denoted by μ. The magnetic permeability of a free 

space is symbolically represented by μ0 and has a value  

  μ0 = 4∏  10-7 Weber/meter 

Iron, Nickel, Cobalt are examples of magnetic materials.  

Besides free space, we can have many other media like dielectric. It is a material having property 

of transmitting electric force from one point to another without conduction through it. Glass, 

wood, paper, air, mica are some of the examples of dielectric material.  

The ability of the dielectric to transmit the electric force through it without conduction is 

measured in terms of its dielectric constant K which is defined as shown and is a dimensionless 

quantity.  
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Conductors, insulators and semiconductors are the terms most familiar to us. The term can be 

better understood in terms of a quantity known as “energy gap Eg” measured in eV.  

Polarization : 

In the presence of a dielectric near a given charge distribution, the initial electric field at a point 

is altered. Rather it is reduced in magnitude. It is because of a phenomenon known as 

“polarization”.   

The atoms and molecules in a dielectric may undergo a change in the relative positions of the 

centers of positive and negative charges in them due to the application of external electric field. 

This in turn can give rise to a net electric dipole moment in the dielectric. Due to this the 

dielectric exhibits electrical properties. We say that the dielectric is polarized.  

Electric Polarization at a point is defined as electric dipole moment per unit volume and is 

defined by 𝑃 . SI unit of P is Coulomb/m2. The three vectors𝐷 , 𝑃  and 𝐸  are related through the 

equation 

𝐷  = ɛ0. 𝐸  + 𝑃 , 

where 𝐷  is called as the electric displacement vector. Note that the electric displacement vector 

𝐷  can describe the electric field at a point independent of the medium parameter permittivity 

The electric dipole moment per unit volume is taken to measure the average polarization. Note 

that the field due to polarization is always opposite to the externally applied electric field. Hence 

in general, it is said that the presence of a dielectric reduces the externally applied electric field 

due to polarization. The vector 𝑃  represents the polarization at a point and has units 

Coulomb/m2.  

Magnetization  

Magnetic materials and the process of magnetization are the most difficult topics in 

electrodynamics. Magnetization and Susceptibility are two important aspects associated with 

magnetic materials. 
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An electron moving in a close orbit around the nucleus in the atom is characterized by magnetic 

moment. When external magnetic field is applied to a magnetic material, the relative orientations 

of the electron orbits in different atoms may change giving rise to a net magnetic moment in the 

material. Due to this, the material exhibits magnetic properties. We say that the material is 

magnetized. 

The electrons in atoms and molecules in a given material may give rise to net magnetic dipole 

moment when placed in external magnetic field. If the net dipole moment in the material is non-

zero, then the material will exhibit magnetic properties. We say tha t the material is magnetized.  

The magnetization due to application of external magnetic field can be measured with the help of 

a vector 𝑀  defined as net magnetic dipole moment per unit volume and is called Magnetization.  

 𝑀 = lim ΔV->0[Δ𝑚 /ΔV]  Lim lim∆𝑣→0   
𝑛

 

 𝑀  Has the unit A/m2       

 Besides the applied magnetic field the magnetization will depend upon the nature of 

material. It is given by, 

 𝑀  = (μ0H) χ m 

 Where,   χ m =  Magnetic Susceptibility of the material.  

 SI unit of 𝑀  are same as the magnetic induction 𝐵 . Magnetic induction 𝐵 , the applied 

magnetic field 𝐻  & magnetization 𝑀  are related as  𝐵  = μ0𝐻  + 𝑀  

Magnetic susceptibility is defined as the extent to which the material can be magnetized due to 

the application of an external magnetic field 𝐻 . 

Electric susceptibility Xe is always positive. While magnetic susceptibility can be positive, 

negative or zero. The magnitudes also can be very low, medium or very high and may vary with 

temperature or the process used for material fabrication. Accordingly we have different types of 
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magnetism and magnetic materials, namely Diamagnetic, paramagnetic, ferromagnetic, anti 

ferromagnetic etc.  

The third type of material is known as Ferromagnetic materials have many practical 

applications. The magnetic susceptibility is positive and have remarkably large and can be 

increased further by adopting fabrication process.  

The main characteristic features of ferromagnetic materials  

 i)   Spontaneous magnetization  

 ii)  Saturation limit of magnetization  

 iii) Curie temperature 

 iv)  Hysteresis  

Ferromagnetic materials are characterized by a phenomenon known as “Hysteresis”. When 

sinusoidal time varying field is applied to the material, the variation of 𝐵   with 𝐻   gives a closed 

loop as shown. The ferromagnetic materials are very sensitive to temperature. The area under the 

B-H curve gives the loss of electromagnetic energy per cycle of ac . The curve plays an 

important role in the selection of the core of transformers.  
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5. Laws of Electromagnetics from Maxwell’s equations  

The first concrete step in the study of properties of electric charge was Coulomb's law. With the 

help of experimental observations made using a torsion balance, Coulomb put forth his first law 

in electrostatics.  Statement of the law is as shown and is well known to us.  

Coulomb’s Law in Electrostatics  

The electrostatic force of attraction(or repulsion) between two point charges separated by a finite 

distance in free space is directly proportional to the product of the magnitudes of the two charges 

and is inversely proportional to the square of the distance between the two and is directed along 

the vector joining the two.  

For a system of two point charges q1 and q2 kept in free space with separation „r‟, the force can 

be expressed mathematically as shown. 

F = [Q1.Q2/ (40r2)]  𝒓  , 𝒓  is a unit vector along 𝒓  

Following points be remembered in connection with Coulomb‟s law  

i) Coulomb‟s law applies to point charges only.  

ii) Coulomb force is a long range force 

iii)  It obeys the principle of superposition.  

If the dimensions of objects on which electric charges are present are very small as compared to 

separation between objects, then charge distributions may be treated as point charge.  

If there are n number of point charges q1, q2, q3,…., qn then the net force acting on a charge q is 

given by the vector some of the forces F1, F2, F3,…., Fn on q due to the individual charges. This 

is nothing but principle of superposition.  

We can derive the laws of electromagnetics using Maxwell‟s equations. For example, Coulomb‟s 

law can be derived from Maxwell‟s equations namely ∇.D = ρ by using integration over volume 
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V followed by use of Gauss diversions theorem by selecting Gaussian surface S in the form of a 

sphere of radius r . 

Similarly, using Maxwell‟s equation ∇ × 𝐸  = - 
𝜕𝐵

𝜕𝑡
 We can derive Faraday‟s law of 

electromagnetic induction 

𝑒 = −
𝑑𝛷

𝑑𝑡
 . 

The mathematical operations include use of surface integral followed by the application of 

Stokes Theorem and the definition of emf. 

From Maxwell‟s equation .𝐵  = 0 we understand that at any point the net magnetic flux per unit 

volume is zero. The magnetic lines of force are assumed to be originating from some magnetic 

pole. Hence, zero divergence at every point implies the fact that magnetic monopole doesn‟t 

exist. For every North Pole there is equal and opposite South Pole.  

6. Modified form of Amperes Law 

The significant contribution by Maxwell is the modification in the old form of Ampere‟s Law 

with an addition of the term 
𝜕𝐷

𝜕𝑡
 known as displacement current. Ampere‟s law in its old from can 

be written in differential form as 

 ∇  × 𝐻  = 𝑗   

Where   𝑗   is the true current density.  

It can be shown that, the law is applicable only for time independent charge densities. In simple 

words, Ampere‟s law in this form can be used only for stationary currents. It cannot be used for 

time varying currents.  

Maxwell modified the concept of current density as 

𝑗
→ = 

𝑗𝑡𝑟𝑢𝑒
     + 

𝐽𝐷
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where 
𝑗𝑡𝑟𝑢𝑒
      is the conventional current density wherein the electrical charges physically move. 

Using the new definition of current density, Maxwell obtained 
𝐽𝐷
    =  

𝜕𝐷 

𝜕𝑡
 with this term, he 

obtained  

∇  × 𝐻 =  𝑗𝑡𝑟𝑢𝑒        + 
𝜕𝐷

𝜕𝑡
 

which could explain the fields of time independent as well as time dependent current densities.  

Maxwell‟s equations have been the topic of theoretical interest for many of the physicists. Some 

of the questions raised in connection with these equations are worth noting.  

i) Are Maxwell‟s equations really general, or do they have some limitations?  

ii) Can these equations be applicable for very high frequency fields and nano systems?  

iii)  Can these equations be applied to discuss the motion of electrons in an atom?  

iv)  Can the conclusion about non existence of magnetic monopole be wrong in the fields 

of particle physics? 

7. Summary 

Maxwell‟s equations relate Electromagnetic fields and the corresponding charge densities.  One 

can derive all laws of electromagnetics from Maxwell‟s equation with the help of mathematical 

theorems as a tool. 

The phenomenon of electric polarization and magnetization may affect the strength of externally 

applied electric and magnetic fields respectively depending upon the magnitude of susceptibility 

of the material.  

The prominent contribution by Maxwell is the modification of Ampere‟s law with the concept of 

electric displacement current.  

 

 

 


