
DIELECTRICS

Electric dipole moment is the measure of the polarity of the system. It is the separation of 
positive charge and a negative charge by a distance. The SI unit of electric dipole moment is 
Coulomb-meter. The simplest example is a pair of electric charges of two opposite signs and 
equal magnitude separated by distance.

Net electric dipole moment = (induced dipoles + permanent dipoles + ionic dipoles)
                                                      electronic              orientation                 ionic bond
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Dielectric polarization is the term given to describe the behaviour of a material when an 
external electric field is applied on it. 

In an electric field the alignment of the dipoles layer of charge on each surface of the 
dielectric surface charge density bound (induced) – these bound charges are not free to move as 
they are bound to the molecules. In the interior of the dielectric, the net dipole moment is 
zero because of the cancellation of the charges.  This phenomenon is called polarization and 
the material is said to be polarized. This is the reason why a charged object can attracts a 
neutral object

Net polarization= (electronic polarization + orientation polarization + ionic polarization)
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Interfacial Polarization
Interfacial or space charge polarization occurs when there is an accumulation of charge at an 
interface between two materials or between two regions within a material because of an 
external field. This can occur when there is a compound dielectric, or when there are two 
electrodes connected to a dielectric material. This type of electronic polarization is different 
from orientation and ionic polarization because instead of affecting bound positive and 
negative charges i.e. ionic and covalent bonded structures, interfacial polarization also affects 
free charges as well. As a result interfacial polarization is usually observed in amorphous or 
polycrystalline solids.

Orientation Polarization
Orientation polarization arises when there is a permanent dipole moment in the material. 
Materials such as HCl and H2O will have a net permanent dipole moment because the charge 
distributions of these molecules are skewed. For example, in a HCl molecule , the chlorine 
atom will be negatively charged and the hydrogen atoms will be positively charged causing 
the molecule to be dipolar. The dipolar nature of the molecule should cause a dipole moment 
in the material, however, in the absence of an electric field, the dipole moment is canceled 
out by thermal agitation resulting in a net zero dipole moment per molecule. When an electric 
field is applied however, the molecule will begin to rotate to align the molecule with the field, 
causing a net average dipole moment per molecule 

Ionic Polarization
Ionic polarization is a mechanism that contributes to the relative permittivity of a material. 
This type of polarization typically occurs in ionic crystal elements such as NaCl, KCl, and 
LiBr. There is no net polarization inside these materials in the absence of an external electric 
field because the dipole moments of the negative ions are canceled out with the positive ions. 



However, when an external field is applied, the ions become displaced, which leads to an 
induced polarization.

Response of a molecule to an electric field

We can assume the electric dipole moment and polarization are proportional to the electric 
field experienced by the molecule (local electric field). Taking into account the three 
contributions: 
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  polarizability
e electronic or molecular polarizability 
o orientation polarizability
i ionic polarizabiltiy 

Macroscopic view (homogeneous electric field and r independent of E)

 0 01e rP E E              E is the electric field within the dielectric

We are now in a position to relate the macroscopic quantities, the electric susceptibility and 
the dielectric constant to a property of the molecules, the polarizability.

Eloc   –   The local (inner) field
        –   Electric field acting upon a molecule within a dielectric

Dielectric – not continuous – composed of molecules

What is the local (inner) field Eloc that acts upon an individual 
molecule within the dielectric?

Consider dielectric between the plates of a parallel plate 
capacitor.

The local electric field at the point O consists of 4 parts:

1   Field at O due only to the charged plates
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3   Polarization of charges on the surface of S which would be formed if the spherical section 
of the dielectric was removed
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4 Polarization from the polar molecules within the spherical section, E4
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          K4 some constant
Usually, E4 can’t be calculated exactly. 
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                                               K is some positive constant. 

This equation gives the electric field Eloc that acts upon a single molecule of the dielectric.

For dielectrics with E4  0, the total local electric field at O is

03loc
PE E


 

This equation is applicable to:

Cubic crystals                         E4 = 0     K4 = 0     K = 1/3 

Gases and dilute solutions      E4  0

Calculation of E3

Assumed spherical section removed.
E3 found by summing the contributions to the field of all ring elements of polarization charge 
on the surface S.



The charge density s  on the spherical 
surface is given by the component of 
the polarization normal to S
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Surface area of the ring element is 
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The charge on the surface element dS 
that lies between  and  + d is
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By symmetry, all components of the 
field that are not normal to the capacitor 
plates cancel each other, therefore the 
electric field at O due the charge dq is
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The resultant field at the centre of the sphere is obtained by integrating over  = 0  
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Dielectric constant of monatomic gases

We will consider the rare gases such as helium and argon because of the simple theoretical 
model that can be used, although for most practical purposes it is not very useful.

Simple model of a single atom (gives results that are correct to an order of magnitude)
Positive nucleus: +Ze and electrons: -Ze
Atomic nucleus: diameter ~ 10-10 m    nuclear diameter ~ 10-15 m
Nucleus point charge and electron cloud of charge –Ze distributed homogeneously 
throughout a sphere of radius a  10-10 m

When the atom placed into external electric field E (E = Eloc) 
Nucleus and electron cloud move in opposite directions to create an induced electric dipole. 
Equilibrium established with the nucleus shifted slightly relative to the centre of the electron 
cloud by a distance d.
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The nucleus will experience a force in the direction of the electric field FE  

FE = Ze E

and an opposing force FG due to the electric field of the charge located within the sphere of 
radius d and concentrated at the centre of the electron cloud - by Gauss’s Law electric field at 
edge location of nucleus due to electrons within sphere of radius d is
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The displacement distance d is proportional to the external electric field E.

For the single atom Eloc = E, the molecular (electronic) polarizability of a monatomic gas is 
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The electronic (molecular) polarizability is proportional to the volume of the electron cloud 
(a3).  The larger the atom, the greater the charge separation and the greater the induced dipole 
moment.

Now we consider a rare gas containing n molecules.m-3 and we can neglect any interactions 
between the induced dipoles in the atoms (good approximation for a gas).

The polarization of the gas P is
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The polarization from the macroscopic point of view is
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Therefore we can relate the microscopic molecular polarizability   with the macroscopic 
dielectric constant r
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We have obtained a relationship between the measurable quantity r
 and the microscopic 

quantities  and a. How good is our simple model?

He gas  at 0 oC 1 atm  T = 300 K  r = 1.0000684
pV N kT

   n = 2.51025 atoms.m-3  
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10-40 F.m2 He Ne A Kr Xe
 0.18 0.35 1.43 2.18 3.54

            bigger the atom  the larger 

We can estimate the relative shift d between the nucleus and the centre of the electron cloud
 

E ~ 105 V.m-1     a ~ 10-10 m     Z ~ 2     d ~ 10-17 m

        very small – very slight perturbing influence of the applied electric field on the atom

Dielectric constant of elemental dielectric solids 

Insulators: one kind of atom eg diamond, phosphorus
No permanent dipole moments or ions
Polarization due to relative displacement of electron clouds and nuclei
Local electric field same for all atoms

For the special case when K = 1/3 (no polar molecules E4 = 0  K4 = 0)  - applicable only to 
cubic crystals, gases and dilute solutions , gives
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          Clausius-Mossotti relationships
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The distance between atoms in a solid is affected only slightly by temperature and therefore,  
n, , K and r are in a first approximation independent of the temperature. 

For a solid, a typical value for the number density is n ~ 51028 m-3.

The dielectric constant for three solids with a diamond structure are:

r(C) = 5.68       r(Si) = 12     r(Ge) = 16

The dielectric constant for the gases are very close to 1 eg r(H2) = 1.000132.

??? Why is the dielectric constant for a solid much greater than for a gas?

If r very close to 1  r+2  3  0
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    same equation for monatomic gases

Dielectric constant of polyatomic gases containing polar molecules 

Consider a gas containing n molecules.m-3. Assume that each molecule has a permanent 
electric dipole moment p.

The polarization is due to the electronic polarization Pe (nucleus shifted slightly relative to the 
centre of the electron cloud) and the ionic polarization Pi (ionic nature of bond between 
atoms) and the orientation polarization Po (rotation and alignment of the polar molecules in 
the external electric field).

Pe and Pi are essentially independent of the temperature but Po is very temperature dependent.

At a temperature T and zero external electric field, the molecules will be randomly oriented 
 zero polarization.

When there is an external electric field, the molecules will try to align with the field. Each 
polar molecule can be considered to be a simple dipole. The force on the dipole provides the 
torque to rotate the molecule so that they will be in the lowest state where they are parallel to 
the field. If there were no thermal motion, all dipoles would line up along the external field 
direction. 

The electric force on the dipole produces a couple and the torque acting to rotate the dipole 
about its centre is
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Set the potential energy U( ) of the dipole to zero when  = 90o. The potential energy of the 
dipole for an arbitrary angle  is then given by
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The dipole has the lowest potential energy when the 
dipole is parallel to the electric field and the 
highest energy when anti-parallel to the field  
small angles are preferred over larger ones. And if 
they were no thermal motion, all dipoles would 
line along the direction of the external electric 
field. The greater the temperature, the greater the 
thermal motion  reduced alignment of the 
dipoles with the field.

The orientation polarization Po is given by the 
Langevin function (1905)

1cotho
p EP n p p EkT

kT

 

 
 

   
  
 
 

1 1o
p E P
k t



Complete alignment – this does not occur in 
gases

1
3o

p E p EP n p
k t k T

 
  

 

Most practical case:
2 1

o oP p P
T

 

The total polarization of a polyatomic gas is given by where Eloc = E
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r is related to the molecular properties by
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How well does this prediction agree with experiment?
If dielectric constant r plotted against 1/T  straight line

Slope          n p2
 / 3 k        measurement of p

Intercept     n (e + i)    measurement of (e + i)

Dipole moments of gases in debye units (3.3310-30  C.m)
NO 0.1 CO 0.11 HCl 1.04
HBr 0.79 HI 0.38 NO2 0.4
CO2 0 CH4 0 H2O 1.84
H2 0 A 0 NH3 1.4

Dielectric constant measurements have played an important part in determining molecular 
structure: CO2 has zero resultant dipole moment, whereas each CO bond does have a non-
zero dipole moment  O=C=O.  H2O molecule must have a triangular structure.
































