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Abstract 
 

A distribution function has been incorporated into polarization and the 
information about the distribution function has been obtained from the 
experimental results of water and from the existing theoretical models for 
dielectric dispersion. The theoretical values of the relaxation terms obtained 
from Davidson-Cole equation are very close to the relaxation terms 
evaluated from the experimental data for water between 0.6 to 20 GHz. The 
departure of relaxation term at high frequency becomes more prominent at 
lower temperature (4 0C), which indicates that the molecular binding gets 
stronger at low temperature and hence relaxation term become larger. 
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1. Introduction 
 
In response to an applied electric field, the atoms, molecules, and the defects 
available in the material readjust in equilibrium. The readjustment of molecules in 
response to an electric field is called ‘dielectric relaxation’. The relaxation 
behavior depends on lattice properties, frequency, and temperature [1]. Dielectric 
constant of materials plays an important role in modern microwave engineering 
research. The dielectric behavior of materials always stays in the core of all
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microwaves imaging and sensing applications. Most of the sensing systems 
involve measurement of moisture content, dielectric constant of water and mixture 
of water with other materials. Being the omnipresent liquid on our planet earth, 
water occurs as a dominant component in most materials and exercises a 
significant influence on their properties. Electromagnetic wave interaction with 
water & aqueous materials has been thoroughly studied by Kaatze [2]. In course 
of time, several empirical and semi-empirical models have been developed for the 
dielectric relaxation of materials as observed by [3].  As per result of recent 
literature survey [4] the dielectric properties of water have been a subject of 
numerous investigations. Interpretation of the high frequency and low frequency 
relaxation behavior is still lacking  [5] and the picture of water dynamics 
emerging from other information is an open debate. The dielectric perturbation in 
polarization and its interpretation have been discussed by Thakur & Singh [6].  
In the literature, much attention has been paid to the problem of obtaining 
information about the distribution function from experimental results, although 
the distribution function, in general has no direct physical meaning [7]. 
 
 
2. Microwave Dielectric Relaxation Model 
 

When electric fields of appropriate frequency is applied to material the 
dielectric dispersion takes place, the characteristic orientation motions of the 
dipoles result in a frequency variation of the dielectric constant, and the 
appearance of “dielectric loss” over a broad band of frequencies. If the frequency 
of the electric field is sufficiently high, the molecular forces impeding the dipole 
orientation dominate, and the dipole become unable to follow the changes; at 
these frequencies the orientation of permanent dipoles no longer contributes to the 
dielectric constant. There is also some phase lag between the external electric 
field and the dipole orientation, which enables the material to draw energy from 
the source and dissipate it in the form of heat. The dielectric constant is 
represented by εεε ′′−′=∗ j . The total polarization P is made up of a distortion 
contribution 1P  and dipole orientation contribution 2P . On sudden application 
of external electric field the rate of change of 2P  depends upon the departure of 
polarization from the equilibrium value, i.e. 
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where τ  is constant known as relaxation time. The static permittivity 0ε  is 
expressed in term of total polarization P, 
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where E is the electric field, E = 0E exp(jω t).  The distortion polarization, 1P  
consists of two components, viz 
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The frequency dependent term, f(ω ) in Eq. (3) represents a relaxation 

contribution to the distortion polarization. It is not possible to incorporate this 
relaxation, f (ω ) into the orientation polarization, 2P  because the whole idea here 
is to solve for 2P  from Eq. (1). Its value changes with frequency because of the 
presence of various internal interactions (such as dipole- dipole interaction, 
dipole- quadruple interaction, hyperpolarizability interaction and some less known 
form of internal repulsive interaction) in the material, which generate different 
potential energies of the system [8] and have characteristic frequencies. Our 
knowledge of the interatomic forces is incomplete and our ability to carry through 
the prediction procedure is limited, simplified models and corresponding 
approximations are required [9]. Kaatze observed that water as an associating 
liquid could reflect large changes in its dipole moment from the rupture and 
reformation of hydrogen bonds. Water is characterized by a short-range molecular 
order, which rapidly varies with time, and the water and its aqueous mixtures are 
most important due its vast applications in the field of medicine, biology, 
chemical engineering, and environmental science. Buchner [10] has described 
dielectric relaxation spectroscopy as a tool for the investigation of liquids (water) 
whose structure and dynamics are largely dominated by intermolecular hydrogen 
bonds. However, thorough knowledge of the relaxation behavior of water is far 
from complete. The existence of two closely situated relaxation regions has been 
proposed by Asheko and Nemchenko [11], and the relaxation properties of water 
cannot be completely described in the frame of a sole Debye model with single 
dispersion region. The presence of different types of binding forces present in the 
system affects the orientation of dipoles. In the mixture of dielectrics it is very 
difficult to find the exact analytical form for f (ω ), because of the empirical 
nature of some of the force involved. However, at very low frequency the value of 
f (ω ) must be zero. Several investigators, like Bottcher and Bordewijk [7] have 
studied this frequency dependent relaxation term in a slightly different way by 
considering a empirical distribution of relaxation times.  From Eqs. (1) and (3), 
we have 
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Due to limited knowledge about function F (ω ), it is worthwhile to evaluate 
this function from other parameters, known with a very high degree of accuracy. 
From Eq. (4), we generate 
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where,  
 

)()()(4)(
0

ωω
εε
ωπω ir jFFfF −=

−
=

∞

. 

 
The experimental values of dielectric constants were obtained from the 

compilation of Kaatze [12]. Now we proceed to estimate the contribution to the 
relaxation terms rF  and iF  according to Eq. (5) and the experimental values of 
dielectric constant. Computed values of the relaxation terms are plotted in Figure 
1 as a function of frequency. 

 
Figure1. Plot of real and imaginary components of relaxation to the 

distortion polarization as a function of frequency 
 

In figure 1, the values of rF  and iF  are both zero at very low frequencies. 
However iF  decreases and rF  increases as we go towards higher frequencies. 
In literature, much attention has been paid to the problem of obtaining information 
about the distribution function from experimental results, although the distribution 
function, in general, has no direct physical meaning. However, the present 
relaxation terms have a strong physical meaning in the sense that they simulate 
the effects of several unknown interactions upon the relaxation behavior of 
molecules. 
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3. Comparison with Cole-Cole and Davidson-Cole Model 
 

Let us now proceed to compare the result of the present computations of 
relaxation term and experimental data with some popular empirical models. Here 
we shall confine ourselves to two models, viz, Cole and Cole [13] and Davidson 
and Cole [14,15] equations. The complex dielectric constant of Cole and Cole is 
given by 
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where α  is constant. Dielectric measurements on water have been reviewed by 
Hasted [16].  Measurements at 4 C0  and 25 C0  were analyzed with Cole-Cole 
equation by Grant and Sheppard [17], and Schwan [18] who found that α =0.035 
at 4 C0  and 014.0=α  at 25 C0  best fitted the experimental data in Cole-Cole 
equation. Combining Eqs (5) and (6), we obtain the values of relaxation terms 
according to Cole-Cole equation for water at 4 C0  and 25 C0 . The values of 

)(ωrF  and )(ωiF  thus obtained are plotted in figure 2. 
 

 
Figure 2. Values of relaxation parameter, rF  and iF  as a function of 
frequency for pure water at 4 C0  and 25 C0  according to Cole-Cole 

equation 
 

In figure 2, we find that the values of rF and iF  are zero at very low 
frequency and the relaxation term increase as we move towards higher 
frequencies. The departure of the relaxation term from zero value at higher 
frequencies becomes more prominent at lower temperature (4 C0 ) indicating the 
fact that the molecular bindings get stronger at low temperatures and hence the 
relaxation terms become larger. Both solid and liquid phases of water coexist in 
water at 4 C0 . The solid phase with strong molecular binding is responsible for 
high values of relaxation in polarization. The values of rF  and iF  in Fig. 2  
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obtained from Cole-Cole equation for water at 25 C0 do not agree well with the 
experimental values reported in Fig. 1, which shows that the Cole-Cole equation 
is not good representation of the dielectric relaxation in water. 

According to Davidson and Cole [14,15], the complex dielectric constant is 
given by  
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where β is constant. Combining Eqs. (5) and (7) we obtain the expression for the 
relaxation term according to Davidson-Cole equation 
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Figure 3. Values of relaxation parameter, rF  and iF  as a function of 
frequency for pure water at 25 C0  according to Davidson-Cole equation 

(β = 0.915). 
 
 
 

4. Conclusion   
 

In this paper, we have incorporated the relaxation term in polarization, which 
is not included either in the distortion polarization or in the orientation 
polarization and they arise from the various unknown molecular interactions. The  
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relaxation contribution is very small at low frequency and become large at high 
frequency. For solids with strong molecular binding, the relaxation contribution 
becomes very large. This is yet another modification of Debye-Drude theory of 
dielectric. Most of the earlier modifications of Debye-Drude model are based 
upon the empirical description of dielectric relaxation obtained from some 
distribution function, which has no physical meaning. It is easy to obtain the 
relaxation term from the experimental data or from the existing models for 
dielectric dispersion. The Cole-Cole equation is not very good representation of 
the dielectric dispersion. However, Davidson and Cole equation represents the 
dielectric dispersion behavior, which is very close to the experimental results. 
Increase in the relaxation terms at lower temperature (as compared to higher 
temperature) indicates that the origin of this relaxation term is molecular binding, 
which is large at low temperatures. This paper represents the first published 
account in which the relaxation is incorporated into the polarization term and 
evaluated from the experimental data as well as from the theoretical models of 
dielectric constant. However, in order to obtain complete information about the 
relaxation terms a better understanding of molecular forces is required. 
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