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Electric dipole ‐ definition

The electric moment of a point charge relative to a fixed point is defined 
as er, where r is the radius vector from the fixed point to e.

Consequently, the total dipole moment of a whole system of charges ei
relative to a fixed origin is defined as: 
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A dielectric substance can be considered as consisting of elementary 
charges ei , and 0=∑
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if  it contains no net charge.

If the net charge of the system is zero, the electric moment is 
independent of the choice of the origin: when the origin is displaced 
over a distance ro, the change in m is given by:
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Thus ∆∆m m equals zero when the net charge is zero. 

Then mm is independent of the choice of the origin. In this case equation 
(1.1) can be written in another way by the introduction of the electric 
centers of gravity of the positive and the negative charges.

These centers are defined by the equations:

Qee
positive

ii
positive

i pp rrr == ∑∑

Qee
negative

ii
negative

i nn rrr == ∑∑
and

in which the radius vectors from the origin to the centers are 
represented by rp and rn respectively and the total positive charge is 
called QQ.
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The difference rp-rn is equal to the vector distance between the 
centers of gravity, represented by a vector a, pointing from the 
negative to the positive center ( Fig.1).

r p 

r n 

Q + 

Q - 

a 

Thus we have:

Qa=m
Therefore the electric moment of a electric moment of a 
system of charges with zero net system of charges with zero net 
chargecharge is generally called the electric electric 
dipole momentdipole moment of the system.

A simple case is a system consisting of only two point charges + e and 
- e at a distance a.
Such a system is called a (physical) electric dipole, its moment is 

equal to ea, the vector a pointing from the negative to the positive 
charge.

Under the influence of the external electrical field, the positivepositive and
negative chargesnegative charges in the particle are moved apart: the particle is the particle is 
polarizedpolarized. In general, these induced dipolesinduced dipoles can be treated as idealideal; 
permanent dipolespermanent dipoles, however, may generally not be treated as ideal 
when the field at molecular distances is to be calculated.
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The values of molecular dipole momentsmolecular dipole moments are usually expressed in 
Debye unitsDebye units. The Debye unit, abbreviated as DD, equals 1010--18 18 

electrostatic unitselectrostatic units (e.s.u.). 

The permanent dipole moments of non-symmetrical molecules 
generally lie between 0.5 and 5D0.5 and 5D. It is come from the value of the 
elementary charge eeoo that is 4.44.4⋅⋅1010--1010 e.s.u.e.s.u. and the distance ss of the 
charge centers in the molecules amount to about 1010--99--1010--88 cmcm.  

In the case of polymers and biopolymers one can meet much higher
values of dipole moments ~ hundreds or even thousands of Debye units. 
To transfer these units to SI systemSI system one have to take into account that 
1D=3.31D=3.3⋅⋅1010--3030 coulombscoulombs⋅⋅mm..
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Deformation polarization
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Electric Field 
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TypesTypes ofof polarizationpolarization

a.  Electron  polarization ‐ the  displacement  of  nuclear  and  electrons  in  the 
atom under  the  influence of external electric  field. As electrons are very 
light they have a rapid response to the field changes; they may even follow 
the field at optical frequencies.

b. Atomic polarization ‐ the displacement of  atoms or  atom  groups  in  the 
molecule under the influence of external electric field.
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Orientation polarization:

-e

+e 

Electric field  

The electric field tends to direct the permanent dipoles.
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Ionic Polarization 

In an ionic lattice, the positive ions are displaced in the direction of the applied 
electric  field whilst  the negative  ions are displaced  in  the opposite direction, 
giving a resultant dipole moment to the whole body.
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For measurement  inside matter, the definition of E in vacuum, cannot be 
used. 

There are two different approaches to the solution of the problem how to 
measure E inside matter. They are:

1.  The matter  can  be  considered  as  a  continuum in  which,  by  a  sort  of 
thought  experiment, virtual cavities were  made. (Kelvin, Maxwell). 
Inside these cavities the vacuum definition of E can be used.

2.  The molecular  structure  of matter  considered  as  a  collection of point 
charges in vacuum forming clusters of various types. The application here 
of  the  vacuum  definition  of  E leads  to  a  so‐called  microscopic field
(Lorentz, Rosenfeld, Mazur, de Groot). If  this  microscopic  field  is 
averaged, one obtains the macroscopic or Maxwell field E .

The vector fields E and D.
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The main problem of physics of dielectricsmain problem of physics of dielectrics is 
passing from a phenomenological macroscopic
linear  dielectric response linear  dielectric response to  the microscopic 
structure in terms of electrons, nuclei, atoms, 
molecules and ions. In general case the problem  is 
still unresolved completely.

For the solution of this problem of how to determine the electric field 

inside matter, it is also possible first to introduce a new vector field D in 

such a way that for this field the source equation will be validsource equation will be valid..

πρ= 4divD
According to MaxwelMaxwell,l, matter is regarded as a continuum. To use the 

definition of the field vector E, a cavitycavity has to be made around the point 

where the field is to be determined. 

However, the force acting upon a test point charge in this cavity will 

generally depend on the shape of the cavityshape of the cavity, since this force is at least 

partly determined by effects due to the walls of the cavity. This is the 

reason that two vector fields defined in physics of dielectrics:

The electric  field  strengthelectric  field  strength EE satisfying satisfying curlcurlEE=0=0, , and   the  dielectric and   the  dielectric 
displacementdisplacement DD,   ,   satisfyingsatisfying div div DD==44πρπρ..
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The Maxwell continuumMaxwell continuum can be treated as a dipole density of matterdipole density of matter. 
Difference Difference between the values of the field vectors arises from 
differences in their sources. Both the external charges and the dipole external charges and the dipole 
densitydensity of the piece of matter act as sources of these vectorssources of these vectors. 

The external charges contribute to D and to E in the same manner. 
Because of the different cavities in which the field vectors are
measured, the contribution of dipole density tothe contribution of dipole density to D and E are not the are not the 
samesame. It can be shown that 

PED π=− 4
where where P called thecalled the POLARIZATIONPOLARIZATION..

Generally, the polarization P depends on the electric strength E. The The 
electric field polarizes the dielectric.electric field polarizes the dielectric.

The dependence of P on E can take several forms:

EP χ=
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The polarization proportional to the field strength. The proportional 
factor χ is called the dielectric susceptibilitydielectric susceptibility.

EEPED ε=πχ+=π+= )(4 41
in which ε is called the dielectric permittivitydielectric permittivity. It is also called the 
dielectric constantdielectric constant, because it is independent of the field strength. It is, 
however, dependent on the frequency of applied fieldfrequency of applied field, the temperaturetemperature, 
the density density (or the pressurepressure) and the chemical composition of the chemical composition of the 
systemsystem. 

Dielectric sampleDielectric sample

E D ED ε=
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Polar and Non‐polar Dielectrics

To investigate the dependence of the polarization on molecular 
composition, it is convenient to assume the total polarization P to be 
divided into two parts: the induced polarizationthe induced polarization PPαα caused by the
translation effectstranslation effects, and the dipole polarizationdipole polarization PPµµ caused by the
orientationorientation of the permanent dipoles.

µαπ
ε PPE +=
−

4
1

A nonnon--polar dielectricpolar dielectric is one whose molecules possess no 
permanent dipole moment.

A polar dielectricpolar dielectric is one in which the individual molecules possess a
dipole momentdipole moment even in the absence of any applied field (i.e. the center 
of positive charge is displaced from the center of negative charge).



Induced and orientation polarizations

∑=
k

kkkN )( iα EP α
Induced polarization 

NNkk is the number of particles per volume unit;
αα is the scalar polarizabilityscalar polarizability of a particle ;
EEii is the  Internal Field,  the average field strength acting upon 

that particle. It is defined as the total electric field at the position 
of the particle minus the field due to the particle itself. 
kk is the index is the index referred to the k-th kind of particle.

Orientation polarization

∑=
k

kkN µµP

kµ is  the value of the permanent dipole vectorpermanent dipole vector
averaged averaged over all orientations. 
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Orientation polarization, Average dipole moment

The energy of the random oriented permanent dipole µµ in the electric field 
dependent on the part of the electric field tending to direct the permanent 
dipoles. This part of the field is called the directing field Edirecting field Edd..

kdk E θµ cos-W −=⋅= dEkµ θµ cosW dE−=Averaging

The relative probabilities of the various orientations of dipole depend on 
this energy according to Boltzmann’s  distribution law:  

( ) θθθµθθ d
kT

Edp d sin
2
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and akT
dE
=

µ L(a)L(a) is called Langeven functionLangeven function

In Fig. the Langeven function L(a)L(a)
is plotted against aa. L(a)L(a) has a 
limiting value 11, which was to be 
expected since this is the maximum 
of coscosθθ. For small values of aa, 
<cos<cosθθ>> is linear in EEdd::

10   if33
1cos <<≤== akT
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a
Ed
kT Ed

kT
= < <
µ

µ
0 1 0 1. . . or 

At room temperature (T=300o K) this gives for a dipole of 44DD: 

µ
kT

dE 1.0< = 3 105 v/cm

From the linear response approximation it follows that:

dkT
cos Eµ

3

2µ
=θµ=

Substituting this into the main relationship for the orientation polarization, we  get:

Pµ = ∑ Nk
k

µ
3κΤ

2

( )dE k

The approximation of         may be used as long as cos

For a value of µµ smaller than the large value of 4D, the value calculated for EEdd is 
even larger. In usual dielectric measurements,  EEdd is much smaller than 105 v/cm 
and the use of        is allowed.cos
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Fundamental equation

µαπ
ε PP=E +
−

4
1

This is the fundamental equationfundamental equation is the starting point 

for expressing EEii and EEd d as functions of the Maxwell 

field E and the dielectric constant εε.

⎥
⎦

⎤
⎢
⎣

⎡
+

− ∑ kd
k

kik
k

k kT
N )(

3
)(

4
1 2

EE=E µα
π

ε



19

Dipole moments Dipole moments 
and electrostatic problems and electrostatic problems 

ε 

ε 

1 

2 

Z E o 

a 

Let us put a dielectric sphere of radius aa and 
dielectric constant ε2, in a dielectric extending 
to infinity (continuumcontinuum), with dielectric constant 
ε1, to which an external electric field is applied. 

Outside the sphere the potential satisfies 
Laplace's equationLaplace's equation ∆φ∆φ=0=0, since no charges are 
present except the charges at a great distance 
required to maintain the external field. On the 
surface of the sphere Laplace's equationLaplace's equation is not not 
validvalid, since there is an apparent surface 
charge. 

Inside the sphere, however, Laplace's equationLaplace's equation can be used again. Therefore, 
for the description of φ, we use two different functions, φ1 and φ2, outside and 
inside the sphere, respectively.
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Let us consider the center of the sphere as the origin of the coordinate system, 
we choose zchoose z--axisaxis in the direction of the uniform field. Following relation in the
terms of Legendre polynomialLegendre polynomial represents the general solution of LaplaceLaplace’’s s 
equationequation:
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The boundary conditions are:

( ) θφ cosrEzEr 001 −=−=∞→

( ) ( ) arar == φ=φ 21 Since φ is continuous across a boundary

1.
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arar dr

d
dr
d

==

⎟
⎠
⎞

⎜
⎝
⎛ φ

ε=⎟
⎠
⎞

⎜
⎝
⎛ φ

ε 2
2

1
1

since the normal component of D must be 
continuous at the surface of the sphere

At the center of the sphere (r=0r=0) φ2 must not have a singularity.4.
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The total field E2 inside the sphere is accordingly is given by:

0
21

1
2 2

3 EE
εε

ε
+

=

A spherical cavity in dielectricA spherical cavity in dielectric
In the special case of a spherical cavity in dielectric ((εε11==εε; ; εε22=1=1),), equation is 
reduced to:

This field is called the "cavity field". The lines of dielectric 
displacement given by Dc=3Do/(2ε+1) are more dens in the 
surrounding dielectric, since D is larger in the dielectric 
than in the cavity

εε22=1=1

εε11==εε

012
3 EE
+

=
ε
ε

C
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A dielectric sphere in vacuumA dielectric sphere in vacuum
For a dielectric sphere in a vacuum (ε1=1; ε2=ε), the equation is reduced to:

012
3 EE
+

=
ε

where E is the field inside the sphere.

The density of the lines of dielectric displacement Ds is higher in the sphere 
than in the surrounding vacuum, since inside the sphere Ds=3εEo/(ε+2).
Consequently, it is larger than Eo. 

εε11=1=1

εε22==εε

The field outside the sphere due to the 
apparent surface charges is the same as the 
field that would be caused by a dipole m at 
the center of the sphere, surrounded by a 
vacuum, and given by:

m E=
−
+
ε
ε

1
2 0a3
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Type of interactions
Two types of interaction forces:Two types of interaction forces:
-Short range forces- interaction between nearest neighbors:

• Chemical bonds,
• Van der Waals attraction, 
• Repulsion forces,
etc.

Long rang dipolar interaction forces Long rang dipolar interaction forces 

Dipole-dipole interaction
Dipole -charge interaction

Due to the Due to the long rangelong range of the dipolar forces an accurate calculation of the dipolar forces an accurate calculation 
of the interaction of a particular dipole with all other dipolesof the interaction of a particular dipole with all other dipoles of a of a 
specimen would be very complicated.specimen would be very complicated.

The different approaches where developed  for solving this 
problem.



Lorentz’s method

24
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NonNon--polar dielectrics.  Lorentz's field.polar dielectrics.  Lorentz's field.
ClausiusClausius--Massotti formula.Massotti formula.

For a nonnon--polar systempolar system the fundamental equation for the dielectric permittivity 
(2.49) is simplified to:

In this case, only the relation between the internal field and the Maxwell field has to 
be determined. Let us use the Lorentz approachLorentz approach in this case. He calculated the 
internal field in homogeneously polarized matter as the field in a virtual as the field in a virtual 
spherical cavity.spherical cavity.

ε
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ClausiusClausius--Massotti formulaMassotti formula
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Debye theory; Gases and polar Debye theory; Gases and polar 
molecules in nonmolecules in non‐‐polar solventpolar solvent
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This  is generally called the Debye equation.  It was the first relationship that 
made  the  connection  between  the  molecular  parametermolecular  parameter of  the  substance 
being tested and the phenomenological (macroscopic)phenomenological (macroscopic) parameter that can be 
experimentally measured.

But in many cases, however, the Debye equation is in considerable 

disagreementdisagreement with the experiment.  It works very nice for gases at normal gases at normal 

pressurespressures. In this case one has εε‐‐1<<11<<1 and equation can be written as:
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The reaction field and Onsager’s approachThe reaction field and OnsagerThe reaction field and Onsager’’s approachs approach

Line of force in the dipole fieldElectric dipole field  lines

The inhomogeneous field of the permanent dipole 

When a molecule with permanent dipole strengthpermanent dipole strength µµ is surrounded by other 
particles,  the inhomogeneous  field  of  the  permanent  dipole  polarizes  its 
environment.    In  the  surrounding  particles moments  proportional  to  the 
polarizability are  induced,  and  if  these particles have a permanent dipole 
moment their orientation is influenced.  To calculate this effect one can use 
a simple model: an ideal dipole in a center of a spherical cavity. an ideal dipole in a center of a spherical cavity. 

28
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The reaction field of a nonThe reaction field of a non--polarizable point dipolepolarizable point dipole

Let us assume that only one kind of molecule is presented and  a a is value 
approximately equal to what is generally considered to be the “molecular 
radius”

Solving the Laplace equation with slightly different boundary conditions :

a 

ε 

µ 

z 
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2. ( ) ( ) arar == φ=φ 21

3.
arar dr

d
dr
d

==

⎟
⎠
⎞

⎜
⎝
⎛ φ

=⎟
⎠
⎞

⎜
⎝
⎛ φ
ε 21

The field in the cavity is a superposition of the dipole field in vacuum 
and a uniform field RR, given by:

We can calculate:

R =
−
+

1 2 1
2 13a
( )ε
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and the factor of the reaction field is equal to
12
)1(21
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Formally, the field of dielectric can be described as the field of a virtual 
dipole µµcc at the center of the cavity, given by:

The presented model involves a number of simplifications, since the 
dipoledipole is assumed to be idealideal and located at the center of the located at the center of the 
moleculemolecule,, which is supposed to be spherical and surrounded by a spherical and surrounded by a 
continuous dielectric. continuous dielectric. 

µ µc = +
3

2 1
ε

ε

The reaction field of a polarized point dipoleThe reaction field of a polarized point dipole
In this case the permanent dipole has an average polarizability αα, and 
therefore the reaction field RR induces a dipole ααRR and satisfies the 
equation: )f( RµR α+=
Under the influence of the reaction field the dipole momentthe dipole moment is increased is increased 
considerably,considerably, the increased moment is:

Rµµ α+=*
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We can obtain that 

In the case of polar dielectrics, the molecules have a permanent dipole 

moment µµ, and both parts of the fundamental must be taken into 

account.  
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In the case of nonnon--polar liquidspolar liquids the internal field can be considered 

as the sum of two parts; one being the cavity field and another the 

reaction field of the dipole induced in the molecule EEii=E=Ecc+R.+R.

2n=∞ε
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For polar moleculespolar molecules the internal field can also built up from the cavity 

field and the reaction field, taking into account now the reaction field 

of the total dipole moment of the moleculetotal dipole moment of the molecule. 

ε
z

µ a

The angle angle between the reaction fieldreaction field of 
the permanent part of the dipole moment 
and the permanent dipole moment itselfpermanent dipole moment itself
will be constant during the movements of 
the molecule. 

It means that in a spherical cavity the permanent dipole moment and the in a spherical cavity the permanent dipole moment and the 
reaction field caused by it will have the same direction.reaction field caused by it will have the same direction. Therefore, this 
reaction field RR does not influence the direction of the dipole moment of the 
molecule under consideration, and does not contribute to the directing field 
EEdd. 

On the other hand, the reaction field does contribute to the internal 
field EEii, because it polarizes the molecule. As a result, we find a 
difference between the internal field EEii and the directing field EEdd. 
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REE =di -

Since the reaction field R R belongs to one particular orientation of the 
dipole moment, the difference between EEii and EEdd will give by the value 
of the reaction field averaged over all orientations of the polar molecule:

ε
z

µ a
The direction field EEdd can be obtained by 
the following procedure: 
α) remove the permanent dipoleremove the permanent dipole of a 
molecule without changing its 
polarizability; 

β) let the surrounding dielectric adapt itself to the new situation; 

αα

γ) then fixfix the charge distribution of the surroundings and removeremove the 
central molecule.

The average field in the cavityaverage field in the cavity so obtained is equal to the value of EEdd
that is to be calculated, since we have eliminated the contribution of RR
to EEii by removing the permanent dipole of the moleculeremoving the permanent dipole of the molecule.
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This equation is generally called the Onsager equationOnsager equation. It makes 
possible the computation of the permanent dipole moment of a 
molecule from the dielectric constant of the pure dipole liquid if the 
density and εε∝∝ are known.
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Relationships between the different kinds of Relationships between the different kinds of 
electric fields electric fields 

In order to describe  polarization  of matter the  different kinds of  
electric fields where introduced :  Maxwell’s field E ; internal field   
Ei ; Lorentz field    EL ; direction field   Ed  reaction field  R and  

the cavity field  EC

Let us consider the relationships between  these 
fields  in the different systems.

In this case of the internal field can be considered 
as the sum of two parts; one being the cavity field 
and the other the reaction field of the dipole 
induced in the molecule:

The nonThe non--polar liquidspolar liquids

EREEE
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CLI

EREEEEd 3
2+

=+===
ε

CLI

Gases and  polar molecules in non-polar solvent

Polar moleculesPolar molecules
For polar moleculespolar molecules the internal field can also built up from the cavity field and 
the reaction field, taking into account now the reaction field of the total dipole total dipole 
moment of the moleculemoment of the molecule. 

Since the reaction field R R belongs to one particular orientation of the dipole 
moment, the difference between EEii and EEdd will give by the value of the reaction 
field averaged over all orientations of the polar molecule:

REE =di -
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The Kirkwood –Froehlich approach

In the above approximations  we considered  non-
polar systems, polar dilute systems  and polar 
systems  without short range interactions. In  all 
these cases  the dipole-dipole interactions between 
molecules where not taking into account.

A more general theory was developed by Kirkwood  
and subsequently refined by Froehlich. This 
approach takes into account  the dipole-dipole 
interactions, which appears in a more dense state 
under the influence of the short range interactions
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ε
N dipoles µi

NN--NN molecules are considered to form a 
continuum 
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In this case the external field working in the sphere is the cavity field 

EE is the Maxwell field in the material outside the 
sphere

( ) ⎥⎦
⎤

⎢⎣
⎡ ><+>⋅⋅<⎟

⎠
⎞

⎜
⎝
⎛−

=
0

2
0

0

0

3
1141 M

kTnnE
En

E

eAe
∂
∂πε =

Here nn==N N //VV is the number density, and the 
tensor tensor AA plays the role of a polarizability; 

For non polarizable molecules 00=>⋅⋅< eAe

( )ε
π ε

ε
−

+
< >

1
4 3

2 1 3

2
0=

V
M

kT

∑∑
= =

=><
N N

1 1
00

2

i j
jiM µµ ∑

N

1=i
=M iµ

∑
∫

∫
= −

−⋅
=

N

N

N

1
0

2

)/exp(

)/exp(

i

i

kTUdX

kTUdX
M

Mµ



38

In this equation the superscript NN to dXdX to emphasize that the integration is performed 
over the positions and orientations of NN molecules (here dX=rdX=r22sinsinθθdrddrdθθddϕϕ,, is the 
expression for a volume element in spherical coordinates). 

Since µµii is a function of the orientation of the ii--thth molecule only, the integration 
over the positions and orientations of all other molecules, denoted as N N --ii, can 
be carried out first. In this way we obtain (apart from a normalizing factor) the 
average moment of the sphere in the field of the ii--thth dipole with fixed 
orientation. The averaged moment, denoted by MMii*,*, can be written as:
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The average moment MMii** is a function of the position and orientation of the ii--thth
molecule only.

Denoting the position and orientation coordinates of the i-th molecule by XXii and 
using a weight factor p(Xp(Xii))
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The left part of the Onsager equation for 
the non polarized molecules 

The deviations of  MThe deviations of  Mii* from the value * from the value µµi i are the result of molecular interactions are the result of molecular interactions 
between the ibetween the i--th molecule and its neighborsth molecule and its neighbors..

It is well known that liquids are characterized by short-range order and long-
range disorder. The correlations between the orientations (and also between 
positions) due to the short-range ordering will lead to values of  MMii** differing 
from µµii. This is the reason that Kirkwood Kirkwood introduced a correlation factor gg which 
accounted for the deviations of 
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When there is no more correlation between the molecular orientations 
than can be accounted for with the help of the continuum method, one 
has g=1g=1⇒⇒ we are going to OnsagerOnsager relation for the non-polarizable 
case, for rigid dipoles with εε∞∞=1=1.

An approximate expression for the Kirkwood correlation factorKirkwood correlation factor can be 
derived by taking only nearest-neighbors interactions into account. In 
that case the sphere is shrunk to contain only the ii--thth molecule and its 
zz nearest neighbors. We then have:
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Since after averaging the result of the integration will be not depend on 

the value of  jj,, all terms in the summation are equal and we may write:
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When the molecules prefer an ordering withWhen the molecules prefer an ordering with antianti--parallel dipoles, parallel dipoles, gg <1<1.

gg will be different fromwill be different from 11 when when <cos<cosθθijij>>≠≠0,0, i.e. when there is i.e. when there is 
correlation between the orientations of neighboring molecules. correlation between the orientations of neighboring molecules. 

When the molecules tend to direct themselves withWhen the molecules tend to direct themselves with parallel dipole parallel dipole 
momentsmoments, , <cos<cosθθijij> will be positive and > will be positive and gg>1>1..
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2µαπε = Debye equationPolar diluted  systems
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Polar systems, short range interactions
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