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Polarization of Dielectrics
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Reference - Jackson, pp103-8.

Placing a dielectric material between two charges weakens the force acting between them.  This is accounted for in Coulomb’s law by using a permittivity  for the dielectric which is larger than that for vacuum (0).  

Why should the presence of electrically neutral material between the charges have an effect on the charge?  The answer turns out to be quite simple: the electric field caused by the presence of the charges can induce a charge in the otherwise neutral dielectric by a process known as polarization.  The presence of these induced charges must then be considered when calculating the net force on the original charges.

[image: image2.emf]
We have already seen in our discussion of light how an electric field can induce a dipole moment in a neutral atom like hydrogen.  When a static electric field is applied, the positive nucleus is pulled in direction of the electric field, while the oppositely charged cloud is pulled in the opposite direction.  A displacement between the centers of charge occurs. If x is the vectorial displacement between the centers of positive and negative charge, and q is the quantity of charge (in this case, its the elemental charge on one proton), then the induced dipole is

p  qx
The magnitude of this dipole is zero when E is zero and increases linearly as E increases.  The direction of p is parallel to the direction of E:


p = E
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where  is a material property called the molecular polarizability.
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There is also a second type of polarization effect that we should consider.  Some materials are composed of molecules having a permanent dipole.  An important example is water.  In liquid water, thermal agitation causes the molecules to undergo Brownian rotation as well as translation.  In absence of an electric field, Brownian motion will make all orientations equally probable.  The effect is to make the average dipole moment vanish:
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In the presence of an electric field, there is a tendency for the dipoles to align with the electric field.  This produces a net dipole:

E0:
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To quantify the degree of polarization of the material, we define the polarization as:
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where the sum is over all dipoles in the region whose volume is V.  This can be thought of as representing the concentration of dipoles.  Thus material can be polarized either by:

· induce dipole in neutral atom

· orientation of permanent dipoles

Recall that for atomic polarization of neutral atoms that p = E.  Substituting this into (2)

 leads to
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where n/V is the number of dipoles in V per unit volume.  Thus the polarization is expected to be proportional to the local electric field.  After factoring out the 40, the remaining proportionality constant, e, is dimensionless and is called the electric susceptibility of the medium. e is the continuum counterpart of the molecular property .  

Regardless of which type of polarization we have, we still have to explain how polarization gives rise to a monopole charge density (since a dipole consists of equal amounts of negative and positive charges and therefore no net charge).  Indeed dipoles induced completely inside or completely outside some mathematical region do not change the charge of the region; only dipoles induced near the boundaries of the region can change the charge.  
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Consider a region in space completely enclosed by a mathematical boundary (part of which is denoted by the vertical line in the sketch at right) which contains hydrogen atoms (denoted by the circles).   Consider two representative hydrogen atoms very near the border: one just inside and the other just outside the region.  Because the electron’s charge is smeared out over a spherical shell, some of the negative charge lies inside the region and the rest lies outside, for both atoms.  But if we add up the charges from both atoms, we have a total of one electron and one proton inside the region, giving no net charge to the system.
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After the application of an electric field pointing to the right, the electron clouds are pulled the the left and become distorted.  We assume the center of mass (i.e. the proton) does not shift.  We still have one proton inside and one outside, but less than half of each electron now resides inside our region.  Thus the region has lost negative charge and has thus acquired a net positive charge.  This shows how polarization can cause a region to acquire a net charge.  
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For the record, notice that polarization parallel to the interface does not result in a shift of charge across the interface: slightly more than half of one electron cloud and slightly less than half of the other reside inside.  A total of one negative and one positive charge reside inside, leaving the interior electrically neutral. Only the normal component of polarization shifts charge.  
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The shift of the electron cloud, together with the number of clouds per unit volume, is quantified by the polarization vector field P.  The amount of charge crossing the surface as a result of polarization is calculated from 
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and this represents the quantity of positive charge displaced across the interface in the direction of n, as a result of the material becoming polarized.  Of course, dotting by the unit normal vector yields the normal component of the polarization.  Integrating over some closed surface A leads to
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If charges are leaving the system, which was initially electrically neutral, then the remaining system must be charged.  We define the local density of charged induced by polarization as


p = polarization charge density

In terms of this variable, the change in charge of the system due to polarization is
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Applying the Divergence Theorem for arbitrary V  eventually leads to
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Thus the material must be nonuniformly polarized before a monopole charge is induced by polarization.  In addition to the charges induced by polarization of the material, we have the original charges which generated the electric field.  We shall refer to these “original” charges as the “free” charge and denote their density as


f = “free” charge


 = f + p = total charge density

Gauss’s law Error! Reference source not found.

 (written with the permittivity of vacuum) is still valid:
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Substituting (4)

 for the polarization charge:
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Combining the two divergences:
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Where D is called the electric displacement:  This is one of Maxwell’s equations which we introduced in Lecture #1.  Substituting (3)

, Gauss’s law becomes
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or, assuming that 
r  1 + 4e 

does not vary with position, we have
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where r is called the dielectric constant (dimensionless) of the material.*  Alternatively, this result can be written as
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where
  r 0
is the permittivity of the dielectric material.  Usually we drop the subscript “f ”.

* r is also called the relative permittivity
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