
DIELECTRIC MATERIALS AND APPLICATIONS 

Introduction  

Dielectrics are the materials having electric dipole moment permanently or temporarily by 

applying the electric field. These are mainly used to store electrical energy and as electrical 

insulators. Dielectrics represent a class of materials which, although insulators, exhibit a number 

of effects when placed in an E-field. A good example is their effect on capacitors.  

Dielectrics are insulators, plain and simple. Let's compare and contrast the behavior of charges in 

conductors (metals in particular) and insulators during a process known as polarization. 

When a metal is placed in an electric field the free electrons flow against the field until the run 

out of conducting material to flow through. In no time at all we have a pile of excess electrons on 

one side and a deficit on the other. One side of the conductor has become negatively charged and 

the other positively charged. Release the field and the electrons on the negatively charged side 

now find themselves too close for comfort. Like charges repel and the electrons run away from 

each other as fast as they can until they're distributed uniformly throughout; one electron for 

every proton on average in the space surrounding every atom. Life for a conducting electron in a 

metal is an interesting one. They are free to roam around as much as they want and get to take 

long trips spanning the entire length, width, and depth of the metal. 

Life is much more restrictive for an electron in an insulator. By definition, charges in an insulator 

are not free to move. This is not the same thing as saying they can't move. An electron in an 

insulator is like a prisoner -- free to move around, but only as far as the cell walls allow. When 

an insulator is placed in an electric field, the electrons move against the field as far as they can, 

each within the confines of its own atomic prison cell. One would hardly think that such tiny 

motions would have any effect, but small changes multiplied numerous times can result in large 

scale changes when the actions are directed toward a common goal -- intentional or 

unintentional. (Electrons don't have a will after all.) This is where we have to depart from our 

prison analogy and look at this situation from a different perspective. 

The electrons in an insulator may not be free to move, but given the impetus they will move as 

much as they can (an atomically small distance). The effect is much like pushing on a locked 



door. The door doesn't go anywhere, but that's not to say nothing's happening. The door might 

not be opening, but it certainly is under some kind of stress. If the door was made thin enough it 

might even be possible to see it bend slightly under the stress applied. Release the stress and the 

door pops back into shape. This is what happens when an insulator is placed in an electric field. 

The field can't make the charges move macroscopically, but it can stretch and distort them 

microscopically. It can push them slightly into uncomfortable positions and when released allow 

them to fall back into a relaxed state. The thing that makes the charges in an insulator different 

from an elastic body (which is essentially what our hypothetical door is) is that eliminating the 

stress doesn't necessarily release the strain. Some insulators will remain in their stressed state for 

seconds, minutes, hours, years, and even centuries (although no one has actually left one lying 

around undisturbed long enough to verify this first hand). Because of this ability to store 

electrostatic energy for an extended period dielectrics are frequently used in capacitors. 

The thing to keep in mind is that the charges "stored" in the dielectric layer of a capacitor aren't 

available as a pool of free charges like they are in a metal. 

Dielectric Constant, er     

The dielectirc constant determines the share of the electric stress, which is absorbed by the 

material. It is the ratio between the permittivity of the medium ,  e  , and the permittivity of free 

space, e0   .  

er = e / e0        

It has no units and it is a measure of the electrical polarisation in the dielectrical material. 



Electric Polarization  

If a material contains polar molecules, 

they will generally be in random 

orientations when no electric field is 

applied. An applied electric field will 

polarize the material by orienting the 

dipole moments of polar molecules. 

This decreases the effective electric 

field between the plates and will 

increase the capacitance of the parallel 

plate structure. The dielectric must be a 

good electric insulator so as to 

minimize any DC leakage current 

through a capacitor.  

 

Polarization Vector, P 

The total effect of an electrical field on a dielectric material is called the polarization of the 
material 

To understand that better, lets look at the most simple object we have: A single atom (we do not 

even consider molecules at this point). 

• We have a positively charged nucleus and the electron "cloud". The smeared-out negative 

charge associated with the electron cloud can be averaged in space and time, and its 

charge center of gravity than will be at a point in space that coincides exactly with the 

location of the nucleus, because we must have spherical symmetry for atoms.  

• If we now apply an electrical field, the centers of charge will be separated. The electron 

cloud will be pulled in the direction of the positive pole oft the field, the nucleus to the 

negative one. We may visualize that (ridiculously exaggerated) as follows:  



 

• The center of the positive and negative charges q (= z · e) are now separated by a distance 

x, and we thus induced a dipole moment m which is defined by  

m  =  q · x  

• It is important to understand that m is a vector because x is a vector. The way we define 

it, its tip will always point towards the positive charge. For schematic drawings we 

simply draw a little arrow for m.  

The magnitude of this induced dipole moment is a property of our particular atom, or, if we 

generalize somewhat, of the "particles" or building blocks of the material we are studying. 

• In order to describe the bulk material - the sum of the particles - we sum up all individual 

dipole moments contained in the given volume of the material and divide this sum by the 

volume V. This gives us the (volume independent) polarization P of the material. Notice 

that we have a vector sum!.    

P  =  
S m 

 
V 

  =  <m> · N V 

• With <m> = average vector dipole moment; NV = density of dipoles (per m3).  

• P thus points from the negative to the positive charge, a convention opposite to that used 

for the electrical field.  

• The physical dimension of the polarization thus is C/m2; (Coulomb per square meter). i.e. 

the polarization has the dimension of an area charge, and since m is a vector, P is a 

vector, too.  



• It is important to realize that a polarization P = 0 does not mean that the material does not 

contain dipole moments, but only that the vector sum of all dipole moments is zero.  

• If we measure the polarization of a material, we usually find a linear relationship between 

the applied field E and P, i.e.  

P  =  e0 · c · E  

Electric Flux Density, D 

• Historically, inside materials, the electrical field strength E was (and still is) replaced by 

a vector D called the electrical flux density, which is defined as 

D = er  · e0 · E 

• and er  was (and still is) called the (relative) dielectric constant (DK ) of the material (the 

product er · e0 is called the permittivity, e ), i.e. 

D = e · E 

• D is supposed to give the "acting" flux inside the material. 

• The dielectrical flux D in a dielectric caused by some external field Eex is the flux D0 in 

vacuum plus the polarization P, i.e. 

D  =  D0 + P   =  e0 · E  +  P 

• From this we can get 

P 

E 
= e - e0 = 

e0 ( er - 1 
)     

Electric Susceptibility, c 

If we measure the polarization of a material, we usually find a linear relationship between the 

applied field E and P, i.e.  

P  =  e0 · c · E  



where the constant c is referred to as the electric susceptibility and is a characteristic of every 
dielectric.   

  

c =     
P  

 
e0  E 

  =  er - 1 

The relative dielectric constant er is simply the dielectric susceptibility c plus 1. 

er  =  1 + c 

 

The Clausius-Mossotti relation  

Let us now investigate what a dielectric equation of state actually looks like. Suppose that a 

dielectric medium is made up of identical molecules which develop a dipole moment  

 

  

when placed in an electric field . The constant is called the molecular polarizability. If N is 

the number density of such molecules then the polarization of the medium is  

 

  

or 

 

  



where is the mass density, is Avogadro's number, and is the molecular weight. But, 

how does the electric field experienced by an individual molecule relate to the average electric 

field in the medium? This is not a trivial question since we expect the electric field to vary 

strongly (on atomic length-scales) inside the dielectric.  

Suppose that the dielectric is polarized with a mean electric field which is uniform (on 

macroscopic length-scales) and directed along the -axis. Consider one of the molecules which 

constitute the dielectric. Let us draw a sphere of radius about this particular molecule. This is 

intended to represent the boundary between the microscopic and the macroscopic range of 

phenomena affecting the molecule. We shall treat the dielectric outside the sphere as a 

continuous medium and the dielectric inside the sphere as a collection of polarized molecules. 

According to Eq. (3.29) there is a polarization surface charge of magnitude  

 

on the inside of the sphere, where     are spherical polar coordinates, and 

is the uniform polarization of the dielectric. The magnitude of at 

the molecule due to the surface charge is  

 

where is a surface element of the sphere. It follows that  

 

It is easily demonstrated that at the molecule. Thus, the field at the molecule due 

to the surface charges on the sphere is  



 

 

The field due to the individual molecules within the sphere is obtained by summing over the 

dipole fields of these molecules. The electric field at a distance from a dipole is  

 

It is assumed that the dipole moment of each molecule within the sphere is the same, and also 

that the molecules are evenly distributed throughout the sphere. This being the case, the value of 

at the molecule due to all of the other molecules within in the sphere,  

 

is zero, since  

 

and  

 

It is easily seen that . Hence, the electric field at the molecule due to the other 

molecules within the sphere vanishes.  

It is clear that the net electric field seen by an individual molecule is  



 

This is larger than the average electric field in the dielectric. The above analysis indicates 

that this effect is ascribable to the long range (rather than the short range) interactions of the 

molecule with the other molecules in the medium. Making use of Eq. (3.88) and the definition 

, we obtain  

 

This is called the Clausius-Mossotti relation. This formula is found to work pretty well for a 

wide class of dielectric liquids and gases. The Clausius-Mossotti relation yields  

 

Polarisation 

The charges in a dielectric material won't experience bulk motion in the presence of an external 

electric field, but they will rearrange themselves in a more subtle manner. This process is known 

as polarisation and a dielectric material so stressed is said to be polarized. There are two 

principal methods by which a dielectric can be polarized: stretching and rotation. 

  There are essentially four basic kinds of polarization mechanisms: 

Interface polarization. 

Surfaces, grain boundaries, interphase boundaries (including the surface of precipitates) may be 

charged, i.e. they contain dipoles which may become oriented to some degree in an external field 

and thus contribute to the polarization of the material. 

 



Electronic polarization, 

also called atom or atomic polarization. An electrical field will always displace the center of 

charge of the electrons with respect to the nucleus and thus induce a dipole moment as discussed 

before. The paradigmatic materials for the simple case of atoms with a spherical symmetry are 

the noble gases in all aggregate forms. 

Ionic polarization. 

In this case a (solid) material must have some ionic character. It then automatically has internal 

dipoles, but these built-in dipoles exactly cancel each other and are unable to rotate. The external 

field then induces net dipoles by slightly displacing the ions from their rest position. The 

paradigmatic materials are all simple ionic crystals like NaCl. 

Orientation polarization . 

Here the (usually liquid or gaseous) material must have natural dipoles which can rotate freely. 

In thermal equilibrium, the dipoles will be randomly oriented and thus carry no net polarization. 

The external field aligns these dipoles to some extent and thus induces a polarization of the 

material. The paradigmatic material is water, i.e. H2O in its liquid form. 

Frequency effects on Polarisation 

All polarization mechanisms respond to an electrical field by shifting masses around. This means 

that masses must be accelerated and de-accelerated, and this will always take some time. So we 

must expect that the (mechanical) response to a field will depend on the frequency n of the 

electrical field; on how often per second it changes its sign. 

• If the frequency is very large, no mechanical system will be able to follow. We 

thus expect that at very large frequencies all polarization mechanisms will "die 

out", i.e. there is no response to a high frequency field. This means that the 

dielectric constant er will approach 1 for n Þ ¥. 

Since the index of refraction n is (more or less) directly given by er
1/2, we have a first very 

general statement: 



• There exist no microscopes with "optical" lenses for very high frequencies of 

electrical fields, which means electromagnetic radiation in the deep ultraviolet or 

soft X-rays. And indeed, there are no X-ray microscopes with lenses (however, 

we still have mirrors!) because there are no materials with er > 1 for the 

frequencies of X-rays. 

Looking at the polarization mechanisms discussed, we see that there is a fundamental difference 

in the dynamics of the mechanisms with regard to the response to changing forces: 

• In two cases (electron and ionic polarization), the electrical field will try to 

change the distance between the charges involved. In response, there is a restoring 

force that is (in our approximation) directly proportional to the separation distance 

of the dipole charges. We have, in mechanical terms, an oscillator. 

• The characteristic property of any such oscillating system is the phenomena of 

resonance at a specific frequency. 

• In the case of the orientation polarization, there is no direct mechanical force that 

"pulls" the dipoles back to random orientation. Instead we have many statistical 

events, that respond in their average results to the driving forces of electrical 

fields. 

• In other words, if a driving force is present, there is an equilibrium state with an 

(average) net dipole moment. If the driving force were to disappear suddenly, the 

ensemble of dipoles will assume a new equilibrium state (random distribution of 

the dipoles) within some characteristic time called relaxation time. The process 

knows no resonance phenomena, it is characterized by its relaxation time instead 

of a resonance frequency. 

Temperature effects on Polarisation 

Usually orientational polarisation depends strongly on temperature, whereas electronic and ionic 

polarisabilities are practically independent of temperature for normal temperatures. Normal 

temperatures will oppose the permanent dipoles to align in the field direction. But higher 

temperatures facilitates the movement of ions and molecules so that a given polarisation process, 



which is not possible at higher frequencies at normal temperatures can occur at higher 

frequencies at elevated temperatures 

Dielectric Losses  

DIELECTRIC LOSSES result from the heating effect on the dielectric material between the 

conductors. Power from the source is used in heating the dielectric. The heat produced is 

dissipated into the surrounding medium. When there is no potential difference between two 

conductors, the atoms in the dielectric material between them are normal and the orbits of the 

electrons are circular. When there is a potential difference between two conductors, the orbits of 

the electrons change. The excessive negative charge on one conductor repels electrons on the 

dielectric toward the positive conductor and thus distorts the orbits of the electrons. A change in 

the path of electrons requires more energy, introducing a power loss. The atomic structure of 

rubber is more difficult to distort than the structure of some other dielectric materials. The atoms 

of materials, such as polyethylene, distort easily. Therefore, polyethylene is often used as a 

dielectric because less power is consumed when its electron orbits are distorted. 

The dielectric loss factor is defined as the tangent of the loss angle, tan d , i.e. the ratio of the 

imaginary part e" to the real part e' of the permittivity. In a parallel equivalent circuit of the 

ceramic element, the loss factor represents the ratio of conductance Gp to susceptance B.  

tan d  is also the ratio of resistance Rs to reactance X of a series equivalent circuit. The loss factor 

can be measured directly using a capacitance bridge. 

 

 

Dielectric Breakdown 

As you know, the first law of Materials science is "Everything can be broken". Dielectrics are no 

exception to this rule. If you increase the voltage applied to a capacitor, eventually you will 



produce a big bang and a lot of smoke - the dielectric material inside the capacitor will have 

experienced "electrical breakdown" or electrical break-through, an irreversible and practically 

always destructive sudden flow of current. 

The critical parameter is the field strength E in the dielectric. If it is too large, breakdown occurs. 

The (DC) current vs. field strength characteristic of a dielectric therefore may may look look 

this: 

 

After reaching Ecrit , a sudden flow of current may, within very short times (10–8 s) completely 

destroys the dielectric to a smoking hot mass of undefinable structure. 

Unfortunately, Ecrit  is not a well defined material property, It depends on many parameters, the 

most notable (besides the basic material itself) being the production process, the thickness, the 

temperature, the internal structure (defects and the like), the age, the environment where it is 

used (especially humidity) and the time it experienced field stress. 

Important types of electrical breakdown are 

• Intrinsic breakdown 

• Thermal breakdown 

• Electrochemical breakdown 

• Discharge breakdown 

• Defect breakdown 

 

 

 



The following table gives a rough idea of critical field strengths for certain dielectric materials 

 

 

 

Properties of Insulating Material 

  

Eventhough the dielectric materials are essentially insulating materials , the function of an 

insulating material is to obstruct the flow of electric current while the function of dielectric 

material is to store electrical energy. 

Some common insulating materials have properties and safety precautions that should be 

remembered. These are: · 

• The purpose of coating a copper conductor with tin when rubber insulation is used 

is to prevent the insulation from deteriorating due to chemical action.  

• When extruded polytetrafluoroethylene insulation is heated, caution should be 

observed not to breathe the vapors.  

•  The most commonly used insulating materials for extremely high-voltage 

conductors are varnished cambric and oil-impregnated paper.  

• Magnet wire is the common name for enamel-insulated wire used in meters, 

relays, small transformers, motor windings, and so forth.  

• The Navy is getting away from using asbestos insulation because asbestos fibers 

can cause lung disease and/or cancer.  

 

Material  Critical Field Strength  
(kV/cm) 

Oil 200 

Glass, ceramics 200...400 

Mica 200...700 
Oiled paper 1800 



• Asbestos insulation becomes a conductor when it gets wet.  

 

 
 
 
 
 
 
Conductor Protection—There are several types of conductor protection in use. The type 
commonly used  
aboard Navy ships is wire-braid armor (Shown above). 

  

Ferroelectric effect 

The ferroelectric effect is an electrical phenomenon whereby certain crystals may exhibit a 

spontaneous dipole moment (which is called ferroelectric by analogy with ferromagnetic - 

exhibiting a permanent magnetic moment). 

A ferroelectric material is a material that exhibits, over some range of temperature, a 

spontaneous electric polarisation that can be reversed or reoriented by application of an electric 

field [poling].  

A necessary criterion is the requirement of an ever-present spontaneous polarisation, with the 

requirement of reversibility or reorientation of that spontaneous polarisation being a sufficient 

criterion for a ferroelectric phase. 

An exclusion from the definition of ferroelectrics is those materials belonging to non-polar 

crystal classes at all temperatures, and in which a metastable polarisation can be induced by an 

external electric field. 

  

 

 



Applications of Ferromagnetic materials 

In recent years, ferroelectric materials and thin films have attracted much attention and exhibited 

potential in many important applications such as  

• dynamic random access memories (DRAMS),  

• non-volatile ferroelectric random access memories micro-armours and  

• infrared sensors.  

At present, the ferroelectric materials suitable for these devices are Pb(Zr,Ti)O3 (PZT) systems, 

SrBi2Ta2O9 (SBT) systems, Bi4Ti3O12 (BIT) systems and BaTiO3 (BT) systems that are studied 

with a great deal of interest. In these ferroelectric materials, BaTi0.91(Hf0.5,Zr0.5)0.09O3 (BTHZ-9), 

one of the BT systems, which has several advantages such as  

• an extremely low coercive field,  

• a high remnant polarization,  

• better mechanical strength and  

• small deviation in composition, could have a strong potential application for 

ferroelectric thin film devices.  

In addition, the BTHZ systems, lead and/or bismuth-free material, present a great interest both 

for applications in the field of environmental protection and for fundamental studies. Therefore, 

the BTHZ system is expected to be one of the attractive materials suitable for ferroelectric thin 

film devices. 

Barium Titanate, BaTiO3 

The chemical formula for Barium Titanate is BaTiO3. As a powder it is white to grey in colour 

and has a perovskite structure. In the pure form it is an electrical insulator. However, when 

doped with small amounts of metals, most notably scandium, yttrium, neodymium, samarium etc 

it becomes semiconducting. 

As a semiconductor it exhibits positive temperature of co-efficient of resistivity (PTCR) 

properties in the polycrystalline form. This means at a certain temperature, called the Curie 



temperature, the material will exhibit an increase in resistivity, the increase typically being 

several orders of magnitude. The Curie temperature can to some extent be controlled by the 

dopant. At the Curie temperature, barium titanate undergoes a phase change from tetrahedral to 

cubic. It has also been reported that single crystals of barium titanate exhibit negative 

temperature co-efficient of resistivity (NTCR) properties. 

Barium titanate also exhibits ferroelectric properties and is an excellent photorefractive material. 

 

 

 

Figure 1. Shows the (a) tetragonal perovskite structure below the Curie temperature and the (b) 

cubic structure above the Curie temperature.  

Simply stated, it is a piezoelectric material which produces a voltage in response to an applied 

force, usually a uniaxial compressive force. Similarly, a change in dimensions can be induced by 

the application of a voltage. In this way they are very similar to electro-strictive materials. 

• The ability to produce a voltage output in response to an applied stress  

• The ability to produce a strain output (or deformation) in response to an applied 

voltage.  

These materials are usually ceramics with a perovskite structure (see figure 1). The perovskite 

structure exists in two crystallographic forms. Below the Curie temperature they have a 

tetragonal structure and above the Curie temperature they transform into a cubic structure. In the 

tetragonal state, each unit cell has an electric dipole, i.e. there is a small charge differential 



between each end of the unit cell. A mechanical deformation (such as a compressive force) can 

decrease the separation between the cations and anions which produces an internal field or 

voltage. 

 


