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An alternative approach to the dielectric relaxation and resonance absorption is proposed. Two
assumptions were taken into consideration. One, that there exists a dielectric in which particular
molecules have different freedom of motion. The other, that the value of the motion damping
coefficient can be described by the distribution function.

The obtained formula for the description of the experimental data of dielectric relaxation and
resonance absorption measurements is presented.
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Introduction derivatives [10]. It was also found that they have a
resonance character [11]. Models explaining this phe-
The behaviour of dielectrics in an electromagnetifiomenon have been described [12 - 15].
field is of great interest to many researchers. A lot of |n[2] a good description of the behaviour of QEl
papers have been and are still being published on tlig 193 K) in an alternating “enlarged” electrical field

subject [1, 2]. is given. This dielectric spectrum has two maxima,
In the historical Debye model the molecules havgne in the microwave regionuf,,, = 2.510%° Hz)

a limited freedom of motion, so only the relaxatiorand the other one in the infrared range, (=
with one relaxation time- is possible [3]. Expand- 2 51012 Hz).
ing this model gave a relatively good agreement with The described method of treating molecules in a
the experimental data by using the semi-experimenigiklectric is different from any approaches existing so
Cole-Cole [4] and Cole-Davidson [5] relations. Foffar. Two assumptions were taken into consideration.
dielectrics which cannot be described by the Deby®ne, that there exist dielectrics in which particular
model (one relaxation time), several relaxation timesiolecules have a different freedom of motion. The
or even their distribution are postulated [6]. Differenbther one, that the motion damping coefficient can be
functions were suggested for describing the distributescribed by the distribution function. Different func-
tion of the relaxation times [6, 7]. In the Cole-David-tions defined as distribution functions of the damping
son formula, either the existence of several relaxatiggvefficient are discussed here.
times or a non-symmetrical distribution function of It seems that the proposed explanation of the be-
the relaxation times is assumed. The most genet@viour of molecules in a dielectric is quite reason-
and perhaps best suggestion describing the dielectable. Thus it is worth looking at the results obtained
behaviour in the electrical field is the one proposewith these assumptions.
by Dissado and Hill [8].

The above mentioned works concern absorptiorlheory
connected with relaxation, i.e. dipole reaction to

the external electrical field of frequencies up to mi- According to Debye’s theory [3] the polarisation
crowave ones. This absorption gives a curve whickf a dielectric resulting from permanent dipole mo-

is never narrower than relation (3). Apart from thisnents of molecules decays exponentially. This can be
absorption, which is relatively well described in liter-expressed by the relaxation equation
ature, there exists another one at higher frequencies.

Distortions in the range of high frequencies have dr 1

been observed in alcohols [9] and also in benzene  d¢ * FP =0
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If an alternating electric field

E = Eyexp(iwt)

is applied to a dielectric, the polarisation equation
takesthe form
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and the polarisation is obtained in the form
2 K 0 J
P= PO exp (l(w{' + SO)) = ar (1) log (wlo,,.)
1+wr
The experiment provides the dielectric susceptibility
[16, 17, 19]
dP
xWw)=——. 2
dE 5
In our case =
_  XoT
xo(w) 1+iwr
or
X0 XowT 2 - : 1I
I ) = 7 e )y = 2 ot | olo
X D(W) l + UJZTZ ;X D(W) l + UJZTZ » (3) og ( )
where ¢ =

Yo in relation (1), since for w = 0O,

xp(0) = x0, xp(0) = 0, and for w — oo xp(o0) and

xB(c0) = 0. (The dielectric permittivity =(w) is often

introduced: =(w) = '(w) —ic” (W), ' (w) = ' (w) — 1,
X' (w) =" (w) = 1).

These are Debye's relations that describe well the
behaviour of dispersion and of absorption caused by
permanent dipole moments of many dielectrics.

Let us consider adielectric in which the molecules
are freer than in the dielectric analysed by Debye.
This dielectric, as the previous one, is placed in a

harmonic electric field. Now the polarisation will be
described by [18, 19]

d?p

¢p _ dP
d¢?

20— +

d¢

A solution of theform

WP =aE.

alF

+ w2+ 2iqw

P = Pyexp (i(wt +¢)) = —
w1

max:

Fig. 1. Functions (4) for different dumping coefficients
(Xo = l, w1 = 1)
can be expected. The dielectric susceptibility (2) now
takes the form
2
— X0owWy
Xa(@) w2 — w2+ 2iaw’

and the real and imaginary parts of the dielectric sus-
ceptibility can be written as

2(, 2 2

_ Xowi(wi —w?)
Yo(w) = T

(w

2 W22 + da2w?’

4

2xowiaw
X:,:(w) = R 2 R 2 2 ’2' 27
(W — w?)? + 40w

where « is a coefficient responsible for the damping
of the motion of the molecules. Now a = yow?, since

for w =0, x/,(0) = xo0, x2(0) = 0, and for w — o0,
Xo

(o0) and x!I (<) = 0.
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The function x!') (4) has a maximum for

w2 — 202+ 2y /o — 02w? — w}

Wmax = 3 NE)

Figure 1 shows changes of the functions x/,(w) and
X1 (w) versus a. For a > 10 (wy = 1) the diagrams
of x/,(w) and x/! (w) versusw do not differ (visually)
from the diagramsof the Debye'srelations(3) (xp(w),
XB(@))-

Therelations (4) are adescription of the molecular
motion when all the molecules are equally damped.
L et usassumethat wedeal withamediuminwhichthe
damping of the motion isdifferent for each molecule.
Thefreedom of motion depends on the distribution of
the molecules at a given moment, and first of al on
the closest neighbours of a particular molecule. Thus,
a a given moment o takes different values for each
molecule. For further consideration, the distribution
of the damping coefficient must be determined.

Distribution of the Damping Coefficient

In order to obtain the absorption maximum that
is observed in dielectrics, the distribution function of
the damping coefficient must bea*“bell” function and,
since it also has to describe the dielectric behaviour
shown by the Cole-Cole relation [4], it must be sym-
metrical. Let f(«) fulfil our requirementsand havethe
maximumat o = «g. Thusthedielectric susceptibility
can be written as

2
V(W) = Z (;XO%&(Wl W)

w?)? + 4a2w?’

(6)

2b; 0 xowsw
X:,:(w) = Z (/ 2 y
i 1T

w?)2 + 4a2w?’

where b; is the normalised value of our distribution
function f(«) for a.

We know that for @ < 10 (Fig. 1) the maximum
values of ! (w) (4) differ and can be very big, while
for a > 10 dl the x!/ (w) components reach the max-
imum value of 0.5 (yo = 1, w1 = 1).

Thus, one should expect that two maximawill oc-
cur for x"(w) (6), one derived from the small values
of o < 10, situated close to wq, and the other one for
a > 10. This maximum will occur at wy,,, (5) when
o = ag. Thisis the value at which the distribution
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Table 1. @) x’(w) vaues calculated from Debye's relation
(3) and from the discussed formulae (4) and (6).

v X0 xowd(w2=w?) > lxoul(w —o?
wmax 1+w272 (w%7w2)2+4a2w2 (w 7w2)2+4a2w2
wi th the Gauss
function (7)

a=9 a=50 «p=9, g = 50,

co = 10 co = 20

10-175 09997 09997 0.9997 0.9997 0.9997
1015 09990 09990 0.9990  0.9989 0.9990
1012 09968 09968 0.9968  0.9967 0.9968
101 0.9901 09901 0.9901  0.9895 0.9900
107075 09693 09692 0.9693 0.9677 0.9690
10-030 09091 09088 0.9091  0.9052 0.9082
10792 07597 07590 0.7598 0.7541 0.7585
10° 05000 04984 0.5000 0.4985 0.5000
100-25 0.2403 02379 0.2402 0.2428 0.2415
1005 0.0909 0.0881 0.0908 0.0916 0.0917
10075 0.0307 0.0276 0.0306 0.0290 0.0309
10t 0.0099 0.0068 0.0098 0.0072 0.0099
10125 0.0032 0.0001 0.0031 0.0001 0.0031
1015 0.0010 -0.0021 0.0009 -0.0022 0.0009
10175 0.0003 -0.0027 0.0002 -0.0028 0.0002
102 0.0001 -0.0027 0.0000 -0.0029 0.0000
10225 0.0000 -0.0024 -0.0001 -0.0024 —-0.0001

Table 1. b) x"'(w) values calculated from Debye's relation
(3) and from the discussed formulae (4) and (6).

Z 2b; o xowy 2
(w —w2)2+40<2 2

wi th the Gauss

2
2xowiow
(w%—w2)2+4(22w2

w XQwWT
1+w?2r2

function (7)

a=9 a=50 oag=09, ag =50,

co = 10 co = 20

103 0.0010 0.0010 0.0010  0.0010 0.0010
10-275 00018 0.0018 0.0018 0.0018 0.0018
1025 00032 0.0032 0.0032 0.0032 0.0032
10-225 00056 0.0056 0.0056  0.0057 0.0056
10-2 0.0100 0.0100 0.0100 0.0102 0.0100
1017 00178 0.0178 00178 0.0181 0.0178
1015 00316 0.0317 00316 0.0321 0.0316
1012 00561 0.0562 0.0561 0.0570 0.0561
10-1 0.0990 0.0993 0.0990  0.1005 0.0990
10075 01724 0.1729 01724 0.1746 0.1724
10-05 02875 0.2884 02875 0.2896 0.2875
107025 04272 04286 04273 0.4259 0.4272
10° 05000 0.5015 05001  0.4951 0.5000

function f(a) has the maximum, hence x"(w) will
also take the highest value.

Thefreguency of therelaxation maximumw,,,, de-
pendson ag and w; and isalways smaller than w;. We
relate w,, to the frequency of the absorption max-
imum described by Debye, and the resonance maxi-
mum for frequency w ~ w; to the one described by
Poley.
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For simplicity it was assumed that all themolecules
arerepresented by only one frequency w;. For testing
thisit was assumed that «w; = 1 and yo = 1 (Table 1,
Table 2).

Application

The Gauss function was used as the distribution
function f () of the damping coefficient

fola) = Aexp [ (o — ozo)zcé] . (7)

The parameters co, «, ag, o (the smallest and the
largest values of the damping coefficient) decide
about the shape of \/(w) and \”(w) (6). The results
obtained by using Debye's (3), the Cole-Cole[4] and
Dissado-Hill [8] relations as the “standard” together
with the results obtained from the above discussed
formulas are presented in Tables 1 and 2.

Table 1 shows that the higher a9 and ¢, the closer
are the results to the values of yp(w) and x{(w) ob-
tained with the Debyerelation (3). However, one does
not obtain full agreement of the results. With increase
of frequency the way the values of yp(w) and x'(w)
tend to zero is different. x(w) isaways bigger than
zero.

Table 2 presents results of the Cole-Cole and
Dissado-Hill formulas and the ones discussed above.
The calculations were carried out for m =n = 0.6 of
the Dissado-Hill formula parameters. For these pa-
rameters yma, = 0.32550. The parameters of the other
formulas, i. e. Cole-Cole (h) and the tested ones were
chosenin such away that inall casesthe samevalue of
maximum was obtai ned asin the case of the Dissado-
Hill relation. Ascan be seen, theresultsinall columns
are different.

The Gauss function as a distribution function does
not fulfil all the expectations. The resonance peak oc-
cursfor lowered Cole-Colearcs, (¢p <4, xjna < 0.4).
However, for benzene derivatives it was experimen-
tally found that there exists arelaxation which can be
well described by the Debye'sformula[10] (" = 0.5)
and apeak in the high frequency range.

Thus the question arises about the conditions the
distribution function should fulfil additionally to the
ones mentioned earlier. First of al it should more
“gently” tend to zero than the Gauss function, so that
the resonance peak would occur simultaneously with
the relaxation described by Debye's formula (3). The
shape of thefunction isalso important. It must retrace
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Table 2. @) x'(w) calculated from the Cole-Cole, Dissado-
Hill and discussed formulae (6) for different distribution
functions of the damping coefficient (yma = 0.32550).

— Cole-Cole Dissado-Hill

“wmax

Z by xowi(w?—w?)
i

w%—w2)2+4(2?w2

rdlaion  relation  with (7) with'(9)
h=0.26525 m=n=06 «ag=50, «p=250,e=0.05
c0=12311 c¢o=1.4419

10-25 09940 009871 0.9997 0.9991
10225 09907  0.9818 0.9991 0.9974
10-2 09855 09742 0.9975 0.9933
10-%75 09774 09635 0.9934 0.9856
10-15 09643 09479 0.9838 0.9729
10-125 09430 09254 0.9636 0.9522
10~ 09083  0.8921 0.9254 0.9168
10-075 08524  0.8418 0.8612 0.8575
10705 07663  0.7647 0.7660 0.7666
10-0% 06457  0.64% 0.6419 0.6437
10° 05000  0.5000 0.5000 0.5000
10°%5 03543  0.3504 0.3582 0.3564
105 02337 02353 0.2340 0.2334
1075 01476  0.1581 0.1388 0.1425
10t 00917  0.1078 0.0744 0.0833
10125 00570  0.0746 0.0360 0.0479
1045 00357 00520 0.0153 0.0270
10175 00226  0.0365 0.0051 0.0130
102 00145  0.0257 0.0000 0.0000
10225 00093 00182  -0.0016 -0.0041

Table 2. b) x”'(w) calculated from the Cole-Cole, Dissado-
Hill and discussed formulae (6) for different distribution
functions of the damping coefficient (yma = 0.32550).

— Cole-Cole Dissado-Hill

“wmax

Z Zb,ia,iXOw%w
i (wZ-w?P+dale?

relation relation with (7) with (9)
h=0.26525 m=n=06 «ag=50, «p=250,e=0.05
c0=12311 ¢o=14419

10-25  0.0132 0.0176 0.0075 0.0100
10-225  0.0199 0.0249 0.0133 0.0172
102 0.0302 0.0351 0.0231 0.0284
10-17  0.0453 0.0495 0.03%4 0.0445
10-15  0.0675 0.0695 0.0651 0.0674
10-1%  0,0992 0.0973 0.1027 0.1006
101 0.1424 0.1352 0.1526 0.1466
10-075  0.1968 0.1849 0.2108 0.2034
10795  0.2562 0.2442 0.2676 0.2623
10-025  0.3057 0.3005 0.3098 0.3081
10° 0.3255 0.3255 0.3255 0.3255

the lowered arcs at the curve of y"(w) versus x'(w)
(Cole-Cole diagram). The function that is the sum of
two Gaussfunctionswasthen tested asthedistribution
function of the damping coefficient:

fi(e) = A{ expl—a; — ag)’c]
+ dexp[—a; — ap)?c] }.

®)
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Fig. 6. Chloromethane. Circles: experi-
° mental points[2], solid line: formula (6)

T T T T T T T T T
-2,0 -1,5 -1,0 -0,5 0.0

|OQ1O(O)TF)

It turns out that the contribution of the second com-
ponent, A - dexp[—a; — ag)?c?], is small (0.2 +
4%) and is amost constant in the range of summing
o; [as + oq]. Hence a simpler form of the distribu-
tion function of the damping coefficient can be used,
namely

fale) = Aexp[—a; — ag)’cl] +e, 9)

where e is constant for a given dielectric.

Literature data for five dielectrics [2, 20, 21] were
used for testing. All these dielectrics show two ab-
sorption maxima: the relaxation and the resonance
one(Figs. 2- 6). Using (6), aprobable shape of "' (w)
was reproduced by fitting the curve to the experimen-
tal data. Two functions were used as the distribution
functions of the damping coefficient, that is f1(«;)
(8) and f2(«;) (9). For al dielectricsthefittings of the
two functions did not differ.

Thefitting parameters are shown bel ow thefigures.
Scales from the original works were used. It seems
that the maxima assigned to the relaxations are well
described by the curves. However, the fittings of the
curves to the experimental points of the resonance
maxima are a matter of concern. A tendency to shift
from the experimental points can be observed in the
high frequency range. However, the general fitting of
the curves to the experimental datais good.

Discussion

The approach presented here seemsto be quite nat-
ural and the results fit both to the experimental data

. with function (9) (¢ = 10, w—g = bl
05 22 =033 =105.2, £ = 0.0165).

and to the formulas used earlier. We sought for a
formuladescribing both Debye’s and Poley’s absorp-
tions.

Asit was dready said (Table 1), the formulas (6)
with the distribution function of the damping coeffi-
cient (7) give results that agree well with the results
of Debye'srelation (3). The functions f1(«;) (8) and
f2(a;) (9) can aso be used asthedistribution function
of the damping coefficient.

As can be seen from Table 2, Gauss's function
as a damping coefficient distribution function gives
results that differ most from the results obtained with
the Cole-Cole relation. The results obtained from the
function f>(«;) (9) seem to fit best to thisrelation.

The agreement with the Cole-Cole or Dissado-Hill
relation will depend on the parameters of the second
component of the function f1(«;) (8) and f1(«;) (9)
(Table 2, last column).

Therelation x"' (w) (6) isalso useful for thedescrip-
tion of the experimental data concerning relaxation
and resonance maxima (Figs. 2 - 6).

In order to describe the experimental data concern-
ing relaxation, we need the parameter ¢, describing
the width of the distribution function of the damping
coefficient (equivalent of h inthe Cole-Cole formula)
and the parameter . Thus, the relaxation time 7 is
not needed for the dielectric description. We know,
however, that the experimental relaxation timeis de-
termined from wmay™ = 1. In our case, wmax IS a
function of « and w; (5). It is easy to obtain for
<~ > 10 (the range of values == corresponding to
the dielectric relaxation, see F|g 1), the simplified
relation wmax =~ 3“2. Thus the damping coefficient o
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can be related to the relaxation time 7 by o & 17w?.

Hence, the coefficient «vislinearly related to therel ax-
ationtime 7. Therefore al known relations connected
with the relaxation time will be true for the damping
coefficient, among others the relation concerning the
viscosity coefficient 7 [22 - 24].

One can also interpret the damping coefficient
with the use of Frohlich’s model [6]. Namely, from
Frohlich’s interpretation of Eyring’s formula we ob-
tain 7 = 70ef4/EL where AH is the height of the
potential barrier between the equilibrium positions of
dipoles. And since there is a relation between « and
7, one can say that the distribution function of the
damping coefficient results from the distribution of
the height of the potential barrier between the equi-
librium positions of dipolesin adielectric.

Concluding one can say:

The assumption that a dielectric is a set of
molecules with different degrees of motion free-
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dom is a good basis for further scientific considera-
tion.

The application of a proper distribution function
of the damping coefficient leads to the description of
the diel ectric relaxation and the resonance absorption
peak.

Dielectrics described by the Debye's formula (3)
(one relaxation time) can also be described by the
Gaussfunction as adistribution function of the damp-
ing coefficient (Table 1).

The problem of description of the relaxation maxi-
mum in dielectrics, which cannot be described by one
relaxation time (Debye relaxation), still remainsto be
solved (Table 2).
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