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Dielectric response of insulators

The electric polarization is related to the 
electric field

The electric displacement vector D is also related 
to the electric field

0i ij jP E 

0 0 0(1 )i i i ij j ij jD P E E E        

(1 )ij ij  



Dielectric response of insulators

In an insulator, charge is bound. The response to an electric field can be modeled 
as a collection of damped harmonic oscillators 

P nex
Macroscopic polarization 

electron density

ex = dipole moment

The core electrons of a metal respond to an electric field like this too.



Dielectric response of insulators

The differential equation that describes how the position of the charge 
changes in time is:
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The impulse response function is:



Electric susceptibility

Assume a solution of the form  x()eit,  E()eit
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Electric susceptibility
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Dielectric function
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Gross and Marx

There can be more resonances.



Dielectric function of insulators

Insulators can often be modeled as a simple resonance. 
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Dispersion relation
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Dispersion relation
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If  r< 0 : decaying solutions 

If  is complex, r> 0 : decaying electromagnetic waves 



Dielectric function

extinction coefficientrefractive index
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The index of refraction n and the extinction coefficient K



Dispersion
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Cause of chromatic aberration in lenses.



Absorption coefficient 



Reflectance   





Inter- and intraband transitions
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When the bands are parallel, there is a peak in the absorption (")

Optical spectroscopy has developed into the most important experimental tool 
for band structure determination.  - Kittel



Dielectric function of silicon 

absorption 

extinction K

refractive index n

( ) ( ) ( )n iK    

4 fK
c
 



Ashcroft and Mermin



Dielectric function of BaTiO3



Dielectrics

Dielectrics used as electrical insulators should not conduct.

Large breakdown field.

Low AC losses.

Sometimes a low dielectric constant is desired (CMOS 
interconnects)

Sometimes a high dielectric constant is desired (supercapacitors).



Breakdown field

Typically 105-106 V/cm



AC losses - loss tangent

In an ideal capacitor, current leads voltage by 90o.

2
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Because the dielectric constant is complex, in real materials current 
leads voltage by 90o - . 

Power loss =  

Becomes more of an issue at high frequencies (microwaves)

0 0





ht
tp

://
w

w
w.

rfc
af

e.
co

m
/re

fe
re

nc
es

/e
le

ct
ric

al
/d

ie
le

ct
ric

-c
on

st
an

ts
-s

tre
ng

th
s.

ht
m

Loss tangent



Polarizability 

• Orientation polarizability
• Space charge polarizability

• Ionic polarizability
• Electronic polarizability

Overdamped modes

Underdamped modes



Polarizability 

Kittel



Orientation (dipolar) Polarizability 

For materials (gases, liquids, solids) with a permanent dipole moment.

The theory is very similar to paramagnetism.
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Orientation Polarizability 

Ion jumps.

doubly ionized



Orientation (dipolar) Polarizability 

For low frequencies the dipoles can reorient with the field but at high frequencies 
they can't respond fast enough. 

Overdamped mode
Impulse response function

Susceptibility



Space charge polarizability 

Multiple phases are present where one phase has a much higher 
resistivity than the other. Charge accumulates at the interfaces of the 
phases.

Like a network of resistors and capacitors.

This results in an overdamped mode.



Ionic Polarizability 

Displacement of ions of opposite sign. Only in ionic substances.

This is an underdamped mode in the infrared.



Electronic polarizability (all materials)
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density 

dipole moments

polarizability



Schematic dielectric function 
of water from Wikipedia

Water 

Source: Classical Electrodynamics,
J.D. Jackson



AC Conductivity

For constant voltage, conductors conduct and insulators don't.

For low ac frequencies in a conductor, electric field and the electron velocity are 
in-phase, electric field and electron position are out-of-phase.

For low ac frequencies in an insulator, electric field and the electron position are 
in-phase, electric field and electron velocity are out-of-phase.

At high (optical) frequencies the  in-phase and out-of-phase component of the 
response is described by the dielectric function.



Conductivity / Dielectric function
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Below about 100 GHz the frequency dependent conductivity is normally used.
Above about 100 GHz the dielectric function is used (optical experiments). 
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Diffusive transport (low frequencies)
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Diffusive metal

n nm mj E

The current is related to the electric field
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The differential equation that describes how the velocity changes in time is:
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Diffusive metal
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Assume a harmonic solution E()eit, v()eit

The differential equation is:
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