[image: image1.png]Dielectric Properties

Dielectrics are insulating materials. There are no free
charge carriers in a dielectric. In dielectrics, the forbidden

energy gap is >3eV. Such a large energy gap precludes
thermal excitation of electrons from the valence band to
the conduction band. Even externally applied fields fail to

excite the electrons.

Dielectrics find extensive use in electrical and electronic
industries.
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(a)Two equal and opposite charges (+ g, - q) separated
by a distance (r) constitutes a dipole. The dipole
moments is defined by

H=gr





[image: image3.png]Dielectric constant (g)

The dielectric characteristics of a material are determined
by the dielectric constant or relative permittivity (¢,) of that
material.

Dielectric constant is the ratio between the permittivity of
the medium and the permittivity of free space.
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Since it is a ratio of same quantity, ¢, has no unit.
It is a measure of polarization in the dielectric material.





[image: image4.png]Electric Polarization

Let us consider an atom placed inside an electric field.
The centre of positive charge is displaced along the
applied field direction while the centre of negative
charge is displaced in the opposite direction. Thus a
dipole is produced.

When a dielectric material is placed inside an electric
field, dipoles are created in all the atoms inside. The
process of producing electric dipoles which are
oriented along the field direction is called polarization
in dielectrics.





[image: image5.png]Polarizability o:

When the strength of the electric field E is increased the
strength of the induced dipole p also increases.

The induced dipole moment is proportional to the intensity of
the electric filed.

ie, M= cB

Where a, constant of proportionality is called polarizability. It
can be defined as induced dipole moment per unit electric

field.





[image: image6.png]Polarization vector p

The dipole moment per unit volume of the dielectric
material is called polarization vector p .

If 4 isthe average dipole moment per molecule and
N is the number of molecules per unit volume the
polarization vector

]_5= Nu

The dipole moment per unit volume of the solid is the
sum of all the individual dipole moments within that
volume and is called the polarization P of the solid.




[image: image7.png]Electric flux density (or) Electric displacement D

The electric flux density or electric
displacement D at a point in a
material is given by

D=¢¢cE
When E i1s the electric field

strength, €° 1s the dielectric
constant or permittivity of free space

(vacuum) and €, 1s the relative
dielectric  constant or relative
permittivity of the material.




[image: image8.png]As the polarization measures the
additional flux density arising from
the presence of the material as
compared to free space, it has the
same units as D and is related to it
as D=¢ QE +P

Since D=¢,6E
g E=¢E+P

P =g (3, =18
Electric tlux density D is similar to
magnetic induction B in magnetism.





[image: image9.png]Electric susceptibility y,

The polarization  vector P s
proportional to the total electric flux
density E and is in the same direction
of E. Therefore the polarization vector
can be written as

P=¢ yE

Where the constant , is the electric
susceptibility

Therefore





[image: image10.png]Measurement of relative dielectric constant

The polarization or the relative dielectric constant can be
measured, using a parallel-plate capacitor. When a voltage V
is applied to the capacitor, with the plates separated by
vacuum, charge develops on the plates. The capacitance C
of the capacitor is a measure of this charge and is defined by

& A
d

where A is area of the parallel plates and d is the distance of
separation between them. If a dielectric material is inserted
between the plates, the charge on the plates increases due
to polarization in the material. The capacitance is now given

by A
= EE,
d

C=





[image: image11.png]The relative dielectric constant can be
tound by taking the ratio ¢* toC'. Hence

g, =C"/C





[image: image12.png]Various Polarization Processes

Polarization occurs due to several atomic
mechanisms.

When the specimen is placed inside a d.c. electric
field, polarization is due to four types of processes

a) electronic polarization

b) ionic polarization

c) orientation polarization and
d) space charge polarization.





[image: image13.png]Electronic polarization:

This 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.

The materials for the simple case of afoms with a spherical
symmetry are the noble gases in all aggregate forms.





[image: image14.png]lonic 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 materials are all simple ionic crystals like NaCl.
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[image: image16.png]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.

Example:- H,0 in its liquid form.
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[image: image18.png]Electronic Polarization

The displacement of the positively charged nucleus and
the (negative) electrons of an atom in opposite
directions, on application of an electric field, result in
electronic polarization.

On applying a field, the electron cloud around the nucleus
readily shifts towards the positive end of the field. As the
nucleus and the centre of the electron cloud are separated
by a certain distance, dipole moment is created within each
atom.

The extent of this shift is proportional to the field strength.
Since the dipole moment is the product of the charge and the
shift distance, dipole moment is also proportional to the field

strength.





[image: image19.png]Induced dipole moment yzi E

or u=aF

where @, 18 the electronic polarizability.
This electronic polarizability 15 mdependent
of temperature.





[image: image20.png]Calculation of electronic polarizability

For calculating the effect of electronic polarization, We
consider an idealized atom with perfect spherical symmetry.

It has a point like charge + ze in the nucleus, and The exact
opposite charge — ze homogeneously distributed in the
volume of the atom, which is

4— 2R —»,
] 4.

V= .x® |With R=radius of the atom





[image: image21.png]In an electrical field E a force F1 (Lorentz forces) acts on
charges given by

F, =7-e FE
The positive charge in the nucleus and the center of the
negative charges from the electron "cloud" will thus experience
forces (Coloumb Force) in different direction and will become
separated.

The separation distance d will have a finite value because
the separating force of the external field is exactly balanced
by the attractive force between the centers of charge at the
distance d. (i.e., Lorentz force and Coulomb force are equal
and opposite, equilibrium is reached).

q(Nucleus) - q(ein @)

F:=

-l1ra]'rl2





[image: image22.png]with q(Nucleus) = ze and q(e in d) = the fraction of the charge
of the electrons contained in the sphere with radius d, which is
just the relation of the total volume to the volume of the sphere
with radius d.
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Equating F1 with F2 gives the equilibrium distance d
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[image: image23.png]Thus the displacement of the electron cloud is proportional
to the applied filed. Thus the two electric charges +Ze and
—Ze are separated by a distance x under the action of the
applied field thus constituting induced electric dipoles.

Induced electric dipole moment

L=1ze-d-= 4ng-R*E

ie. p=o,E

where «, = 4we, R® is called electronic polarizability.
The dipole moment per unit volume is called
electronic  polarization. It is independent of
temperature.





[image: image24.png]The polarization P finally is given by multiplying with N,
the density of the dipoles

P=4n-N-g-R*E

P=¢.E(e,—1)=Nou.E
or (e,—1)= Nou, /g,

glg, —1|
hence g, =——>—
N

P =g, - y - E; the dielectric susceptibility resulting from atomic
polarization, ¥ .om

Yatom = 4T N-R?





[image: image25.png]lonic Polarization

The ionic polarization is due to the displacement of
cations and anions in opposite directions and occurs
in an ionic solid (Figure).

Suppose an electric field is applied in the +ve x
directions. The positive ions move to the right by x;, and
the negative ions move to the left by x,. Assuming that
each unit cell has one cation and one anion, the resultant
dipole moment per unit cell due to ionic displacement is
given by

1 =e(x+xy)
If p, and f, are restoring force constants of cation and
anion and F Newton's is the force due to the applied field

F=8x,=8%
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[image: image27.png]Hence,

8 elE

X =
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M w’

Where M is the mass of the —ve ion
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[image: image28.png]Thus the ionic polarizability ¢; is inversely proportional to
the square of the frequency of the ionic molecule.




[image: image29.png]Orienteational Polarization

In water molecule (H,O), the negative and positive
charges coincide, so that there is no permanent dipole
moment. When an electric field is applied on such
molecules which possess dipole moment, they tend to
align themselves in the direction of applied field as
shown in figure. The polarization due to such
alignment is called orientation polarization and is
dependent on temperature. With increase of temperature,
the thermal energy tends to randomize the alignment.
Orientation polarization shown to be

B, = N = Ni*B/ 3kT!
=NgE
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[image: image31.png]Therefore the orientational polarizability
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Thus the orientational polarizability «o is inversely
proportional to absolute temperature of the material.




[image: image32.png]Space-charge polarization

Space-charge polarization occurs due to the
accumulation of charges at the electrodes or at the
interfaces in a multiphase material. The ions diffuse
over appreciable distances in response to the applied
field, giving rise to redistribution of charges in the
dielectric medium.




[image: image33.png]The total polarization of a material is the sum of the
contribution from the various sources seen above.

Pytn = Pet+Pi+Po+Ps

total —

Since the space-charge polarizability is very small when
compared to the other types of polarizabilities, the total
polarizability of a gas can be written as

o=t + ot g
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[image: image34.png]Henee total polanizationis givenby

_ _ e (1 1Y, &
P=NaE=NE{ 47 R +w [M+m]+3k1"]

This equation is knoan as Langevin —Debye equation.




[image: image35.png]Internal Fields in Solids: (Lorentz Method

Let a dielectric be placed between the plates of a parallel
plate capacitor and let there be an imaginary spherical
cavity around the atom A inside the dielectric. It is also
assumed that the radius of the cavity is large compared to
the radius of the atom.





[image: image36.png]The internal field at the atom site A can be considered to be
made up of the following four components namely E7, E2,
E3, and E4.

Field E1
E1 is the filed intensity at A due to the charge density on the
plates. From the field theory

B =D/g,

D=P+¢,E

g -PtAE_p, P o
g g

Field E2
E2 is the field intensity at A due to the charge density
induced on the two sides of the dielectric.

Therefore E, = L5 @

&




[image: image37.png]Field E3
E, is the field intensity at A due to other atoms contained in the cavity. We

are assuming a cubic structure, so £, = 0 because of symmetry.
E,;=0 (3)

Field £,
E, is the field intensity due to polarization charges on the surface of the
cavity and was calculated by Lorentz as given below.

9 is the polar angle to the polarization direction,
The surface charge density on the surface of

+ the cavity is —P Cos 6.
,,,,,,, +______If dAis the area of the thin section, charge on
_ the surface element is
R dg=-P cos 6 dA —» (4)
- If test charge q placed at centre, the Couloumb’s
law 1 gPCosél.
aF = _‘7_";_‘
4n5,
ag-L. L rwd 5





[image: image38.png]If dA is the surface area of the sphere of radius r lying
between 6 and 6 + d6 is the direction with reference to the
direction of the applied force,

then dA = 2z(PQ)(QR)
but sind = PQ/r, PQ = rsinf
and d6=QR/r, QR=r db
Hence dA = 27 r sing rd6 = 27 r2 sind d6 — (6)

The charge dgq on the surface dA is equal to the normal
component of the polarization multiplied by the surface area.

Therefore dg = -P cos dA = P(2xr2sinfcosfd dd) (7

The field due to this charge at A, denoted by dE, in the
direction 6 =0
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Thus the total field E, due to the charges on the surface of the entire cavity
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[image: image40.png]The total internal field may be expressed as
Eq(M+@+@)+(9)
E =E +E;+E;+E4

E,:E+i

35 (10

Ean. (10); E; is the internal field or also called Lorentz field.




[image: image41.png]Clausius — Mosotti relation

Let us consider the elemental dielectric material, in which there
are no ions and permanent dipoles. The ionic polarizability al
and Orientational polarizability c, are zero.
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[image: image43.png]The equation (5) is known as Clausius — Mosotti equation. Where N is
the number of molecules per unit volume, one can determine the value
of polarizability knowing the value of relative permittivity.

The eqn (5) may be expressed in the following form.
Multiplying M/p

M Na

il e =

g3 T pge+l g

Me -1 Na

Ciyy — molar polarizability
M — Molecular weight

o - density

N, — Avagadro number




[image: image44.png]Frequency Dependence of the polarizability:

On application of an electric field, a polarization process occurs as a
function of time. The polarization P(t) as a function of time t is given by

P (t) =P [1—exp (t/1)]

Where P is the maximum polarization attained on prolonged application
of a static field and t, is the relaxation time for the particular polarization
process. The relaxation time t, is a measure of the time scale of a
polarization process. It is the time taken for a polarization process to
reach 0.63 of the maximum value. This varies widely for different
polarization processes.

Electronic polarization:

This process is extremely rapid. Even when the frequency of the applied
voltage is very high in the optical range (~ 10 Hz), electronic
polarization occurs during every cycle of the applied voltage.




[image: image45.png]lonic Polarization:

This process is due to displacement of ions over a small distance due to
the applied field. Since ions are heavier than electron cloud, the time
taken for displacement is large. The frequency with which ions are
displaced is of the same order as the lattice vibration frequency (~ 10'3).
Within the range of optical (visible) frequency the ions do not respond. If
the frequency of the applied voltageis less than 1013 Hz, the ions
respond. Hence at 10'® Hz, we have both electronic polarization and
ionic polarization responding.

Orientation Polarization:

This process is even slower than the ionic polarization. The relaxation
time for orientation polarization in a liquid is less than that in a solid.
Orientation polarization occurs, when the frequency of the applied
voltage is the audio range.




[image: image46.png]Space Charge Polarization:

This is the slowest process, as it involves the diffusion of ions over several
interatomic distances. The relaxation time for this process is related to the
frequency of successful jumps of ions under the influence of the applied
field, a typical value being 10?2 Hz. Correspondingly, space charge
polarization occurs at power frequencies (50 — 60 Hz).
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[image: image48.png]Dielectric Loss:-

When a dielectric is subjected to the a. ¢. voltage, the electrical energy is
absorbed by the material and is dissipated in the form of heat. This
dissipation of energy is called dielectric loss. Since this involves heat
generation and heat dissipation, this assumes a dominating role in high
voltage application.

Loss tangent can be expressed as  {ap § —

o |
£

~ '~

8 0- loss angle

Where ¢! and " are real and imaginary parts of relative permittivity

For a dielectric having a capacitance of ¢ and having a voltage V
applied to it at frequency f — Hz, the dielectric power loss is given by
P=Vicoso

_ v .. i 1
Since I'ZF where capacitive reactance to A. C. X, =

. 2nfe




[image: image49.png]When the period of the applied voltage is much larger than the relaxation
time of a polarization process, polarization is essentially complete at any
instant during each cycle. The charging current is 90° advanced in relation to
the voltage.

| (a) There is no energy loss when the period of the a. c. voltage
does not match the relaxation time of a process

(b) When there is matching, energy loss occurs,
with the current leading the voltage by less than 90°

Fig. (¢ ) Current density components

| I with respect to the field direction
fwg el By
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Since § 1s very small, Sin 6 = tan &

P=V1"?2nfctans

Where tan § is called the power factor of the dielectric. The power loss
is dependent on tan § as long as the other factor like voltage,
frequency and capacitance are constants. Thus the power loss is
found to depend on the frequency and value of applied voltage.




[image: image51.png]Piezo Electricity

The materials have the property of becoming electrically polarized when
mechanical stress is applied. This property is known as piezoelectric effect.
According to inverse piezoelectric effect when an electric stress (voltage) is
applied, the material becomes strained. The strain is directly proportional to
the applied field E.

Let consider a crystal with ionic components and some arrangement of
ions as shown (in parts) in the picture. In the undeformed symmetrical
arrangement, we have three dipole moments (red arrows) that exactly
cancel each other

'

T Deformation

If we induce some elastic deformation as shown, the symmetry is broken
and the three dipole moments no longer cancel - we have induced
polarization by mechanical deformation.




[image: image52.png]Examples of piezo electric materials:-

Single crystal quartz, ceramic materials based on barium
titanate, lead zirconate and lead titanate etc., GaS, ZnO, CdS etc.

Applications

Microphones.

ultrasound generators.

surface acoustic wave filters (SAW)
sensors (e.g. for pressure or length).




[image: image53.png]Ferro Electricity

The name, obviously, has nothing to do with "Ferro" (= Iron), but associates
the analogy to ferro magnetism. It means that in some special materials,
the electrical dipoles are not randomly distributed, but interact in such a
way as to align themselves even without an external field.

We thus expect spontaneous polarization and a very large dielectric
constant (DK).

The intrinsic ferro electric property is the possibility of reversal or change of
orientation of the polarization direction by an electric field. This leads to
hysteresis in the polarization P, electric field E relation, similar to magnetic
hysteresis. Above a critical temperature, the Curie point T, the
spontaneous polarization is destroyed by thermal disorder. The permitivity
shows a characteristic peak at T,.

Ferro electric materials exhibit piezo electricity and pyro electricity
(Pyroelectric effect is the change in spontaneous polarization when the
temperature changed).




[image: image54.png]P-E hysterisis loop Relative permitivity vs. temp.
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[image: image55.png]Example:- lead zirconium titanate, calcium barium titanate,
barium titanate, lithium niobate, polyvinyl fluoride, BaTiO, —
SrTiO,, ete.,

Applications:-

Pressure  transducers, ultrasonic  transducers,
microphones, infrared detectors, Posistors (measure and
control temperatures).
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