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Characterization of dielectric materials 

R O B E R T  M. H I L L  
Chealsea College, Department of Physics, Pulton Place, London SW6,5PR, U K  

Recent examination of the form of the dielectric susceptibility as a function of frequency 
has shown the presence of power law behaviour at both low and high frequencies, with 
respect to the frequency of maximum loss. The magnitudes for the power law exponents 
of one hundred dielectric loss peaks are reported together with relevant experimental 
information. It is observed that very few materials show the characteristics of the 
standard susceptibility functions. 

1. Introduction 
Recent analysis of experimental measurements of 
dielectric properties in a wide range of materials, 
under various experimental conditions, has shown 
that the imaginary part of the dielectric suscepti- 
bility X"(co), can be represented in the form of 
power laws of the measuring frequency, co, except 
in a region around the loss peak frequency coy 
[ 1 - 3 ] .  The power law behaviour has been ex- 
pressed as 

X. (co) cc corn ; co ~ cop (1) 

and 

X "(co) O: co-(I-n); co ~ Up.  (2) 

The exponents m and n are characteristic para- 
meters for the particular material under investi- 
gation under the specific conditions of examin- 
ation and, together with cop and the zero 
frequency magnitude of the susceptibility, X'(0), 
give a complete characterization of the suscepti- 
bility process [4, 5]. It has been proposed [4] 
that the characteristic parameters m and n are, 
respectively, the co-ordination fractions of 
multiple flip-flops and single flips of the dipolar 
species under examination in the material. The 
term "flip" defines a single re-orientation process 
whereas "f l ip-f lop"  is defined, by analogy with a 
spin exchange process, as an alteration in the 
structure surrounding a pair of dipoles suoh that 
the local fields at the two sites deviate from their 
average value although the nett orientation of the 
pair of dipoles remains unchanged. 

As the characteristic parameters are both 

normalized they are constrained to lie in the range 
from zero to unity, with zero representing a com- 
plete lack of correlation and unity representing 
total correlation of the particular process. In the 
region of the peak loss these power law relation- 
ships no longer hold. This transition region is 
characterized by a maximum in X"(co). The power 
law relationships given in Equations 1 and 2 are 
approximations based on the asymptotic behaviour 
at low and high frequencies. The complete com- 
plex susceptibility as a function of frequency has 
been determined [4, 5] and will be examined in 
detail elsewhere. 

2. The survey 
More than one hundred published sets of suscepti- 
bility data have been examined and their charac- 
teristic exponents determined. One hundred of 
these sets of values, together with relevant experi- 
mental information where this is considered to be 
of significance, are reported here. Table I lists this 
information and Fig. 1 presents a plot of the 
exponents m and (1 - -n )  for this data. In Fig. 1 
the size of the data points gives an indication of 
the accuracy of exponent evaluation. If the corre- 
lation parameters were totally unrelated Fig. 1 
would exhibit a perfectly random distribution of 
uniform density. It is apparent on inspection of 
the diagram that this is not the case. For a particu- 
lar data pair the magnitude of m is, generally, 
greater, than the magnitude of (1 - -n) ,  al though 
there are a few cases in which the converse applies. 
The generality of the observations is shown by t h e  
clustering of the datum points into the upper left 
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Figure 1 Presentation of the characteristic exponents m and (1 --n) for one hundred dielectric loss processes. The key 
to the data points is given in Table I and the size of the circles indicates the accuracy of evaluation of the exponents. 
Where it has not been possible to label the circles internally they have been filled in and the label written at the side. 
The Debye process occurs at the point given by m = (1 -- n) = 1.0; the Davidson-Cole characteristic is the line m = 1.0; 
the Cole-Cole characteristic is the line m = (1 -- n). 

hand region o f  the plot. It should be noted, how- 
ever, that the upper left hand side is completely 
free of  datum points. 

The particular data presented here has been 
chosen to be representative of  the published in- 
formation available. In all cases the susceptibility 
curves were normalized [3] with respect to an 
external variable, typically temperature,  to in- 
crease the accuracy of  exponent  evaluation. A 
number of  sets of  data have been chosen where 
information was presented for more than a 
single loss process. For example, the pair of  datum 

122 

points (13) and (14) are the characteristics for the 
a and ~ processes in polychloroprene.  The a-peak, 
which is generally considered to be sharper than 
the ~-peak, has larger values of  m and ( 1 - - n )  
than the /3-peak. There appears to be no obvious 
relationship between the magntides of  the charac- 
teristic parameters. Data has also been presented 
for a material in different solvents, the data points 
(28) and (29) and (40) and (41) being chosen on 
this basis. In both  cases it can be seen that  the 
parameter m changes more than the parameter 
(1 - - n )  under the solvent change. The effect of  



temperature, in the region of the melting point of  
a polymer, is indicated by (47), (48) and (49) 
which show that as the temperature is raised, the 
exponents both increase and fit the Debye model 
more closely. The case that behaves exactly as 
the Debye model, with m = (1 - n) = 1.0, has not 
been observed in this examination of the suscepti- 
bility of solids and liquids. 

The many-body, correlated theory of dielectric 
response [4] has predicted that when the loss peak 
frequency is sufficiently high, of the order of 
109 Hz or greater, the fl ip-flop process will not 
have sufficient time to develop and the parameter 
m will degenerate to a value of unity. Of the ten 
data points lying on the line m = 1.0 in Fig. 1, 
only the two sets of data (60) and (68) were not 
observed in the high frequency range. The f l ip-  
flop processes in 2 methyl -3  heptanol and in 
tricyclohexyl carbinol are perfectly correlated. 
The general case of m = 1.0 is referred to as the 
Davidson-Cole characteristic. 

The materials listed in Table I have been 
arranged in broad groups. The major part of the 
published work on dielectric properties has been 
carried out on polymeric materials which are 
presented in the first paper part of  Table I. Most 
of this information has (1 -- n) values of less than 
0.5. Ferroelectric materials, on the other hand, 
tend to have large values of both m and (1 - n )  
and are presented in the data group (88-97)._The 
H20 and D20 results, (98-100),  also have large 
values of the exponents and exhibit the further 
property that m ~ 1 - n ,  which is the character- 
istic of the Cole-Cole [6] susceptibility function. 
The Cole-Cole condition can be re-expressed as 
rn + n = 1.0 which, in terms of the co-operative 
model, requires that any dipolar transition that is 
not of the fl ip-flop form must be a flip process. 
In this particular case the two re-orientation pro- 
cesses are mutually exclusive but include all 
possible re-orientations. 

3. Concluding remarks 
Extensive work has been presented in the literature 
on the analysis of  dielectric relaxation by thorough 
consideration of the effects of  experimental con- 
ditions such as temperature and pressure on the 
maximum loss frequency and of the magnitude of 
the susceptibility. It has been known, for some 
considerable rime, that the shape of the suscepti- 
bility as a function of frequency plots were not of 
the Debye-form for most solids and liquids. 

Characterization of the shape, in terms of the para- 
meters m and (1 - n ) ,  as presented here, allows 
this information to be presented quantitatively 
and to be examined in terms of the experimental 
conditions. This can only strengthen our knowl- 
edge of the fundamental processes of-electrical 
charge adjustment and interaction within solids 
and liquids and hence our understanding of these 
materials. 
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