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The remarkably broad dielectric dispersions exhibited by solid dielectrics are well-known examples of the
failure of Debye’s relaxation theory; such dispersions are much better represented by a “fractional power law”
described by JonschgA. K. Jonscher, Natur@67, 673 (1977)] as the “universal dielectric response.” As it
happens, however, recent experimental advances in this field suggest that neither of the two approaches is
general enough to cope with the dielectric response of biological tissues, which combines striking features
from both types of behavior. A phenomenological function is therefore proposed, which not only reproduces
observations on biological tissues but also includes all of Jonscher’s “universal response,” the Debye, Cole-
Cole, and Davidson-Cole functions, as its special cd$k63-651X%99)15810-0

PACS numbd(s): 87.68+z, 77.22.Gm

The Debye theory1] of dispersion and absorption in di- sions may be properly simulated by the classicaly, the
electrics predicts frequency-dependent permitti¢ity ) and  Cole-Colg functions, but their prediction for the low-
conductivityo(f ) both varying between their low- and high- frequency plateaus of and o does not usually come true
frequency plateaus that correspond, respectively, to the pd18]; instead, due to electrical interactions between tissue
larized and relaxed states of the system. Deviations frongells[18], a CPA-type function seems to be a better descrip-
Debye’s ideal characteristics result in broadening of the distion of the data in the low-frequency region of the plots. |
persion, which has classically been correlated with some dig¥as therefore fully motivated to seek for a more general
tribution of relaxation times quantifiable in terms of the equa_tlon that includes the cla_ssmal dispersion functlons_as its
Cole-Colea [2] or the Davidson-Colg [3] parameters. This special cases, thereby enabling a better agreement with ob-
type of behavior, collectively termed as tbebye-typenere served curves. - : .
to include the Debye[1], the Cole-Cole[2], and the Several empmc_al funct_|ons were examined and the most
Davidson-Col€e[3] responses, is characteristic of some lig- general | have arrived at is
uids [3-6], colloidal dispersiong7—9], and biological cell . A o W
suspension§s,7,10-13. e =gpt ENE =7y T 7

Jonscher{14,15 has pointed out that, subject to strong [Gon®™Gon™ 7" jo
interactions among their constituents, a variety ofwhere subscriptsandh refer to the low- and high-frequency
materials—mostly solid§15]—exhibit a “universal” dis-  limiting values;a, 8, andy are real constants taking over the
persion pattern that departs markedly from the Debye-typinterval[0,1]; 7is the characteristic relaxation time; aAds
response. Accordingly, the complex permittivity* =¢ a dimensional constant which in some cats=e below is
—jolw [with j=(—1)"2 and w=2=f, the angular fre- called the dielectric increment(e;—¢,).
quency can be more aptly represented by tbenstant- Equation(1), which is symmetrical with respect @ and
phase-angléCPA) function having the form jw)"~* (with B, reduces to the above-mentioned particular functions upon
0<n<1) or by the superposition of two such functions. choosing proper values for the 3, and y parameters. For
Ngai, Jonscher, and Whifé6] further developed this ideato y=1 anda+B<1 (or alternatively,a+3>1), it has the
propose that solid dielectrics can be classified according t@symptotic behavior
the specific values o, which depend upon the relaxation
mechanisrfs) underlying the observed dielectric dispersion.

However, when it comes to the interpretation of the audio/

e—en~(o—o)/w~(w) * for

radio-frequency dielectric behavior of biological tissues, w<2ml7 (or w>2m/7) @
which is dominated by interfacial polarization across the cell

membrand7,12], a mere application of either the Debye or

the Jonscher treatmeft2,17] is of limited assistancgl8]. e—ep~(o—o)w~(w)k 1 for

In fact, with a few exceptiongotably, the lung experimen-

tal curves[12,19,2Q combine features fronboth typesof w>27lT  (or w<2mw/7), (3

dispersions(i.e., the Debye-type and the CPA-typ&lore
specifically, the high-frequency tails of the observed disperwhich is apparently Jonscher's “universal” response
[14,21,22. Equation(1) also reduces to the Debye dispersion
function for a=B=0 andy=1, to the Cole-Cole function
*FAX: +81 888 802310. Electronic  address: for =0, 0<B<1, and y=1, and to the Davidson-Cole
vraicu@pop.med.kochi-ms.ac.jp function fora= =0 and 0<y<1. In all of the Debye-type
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~ 105[ ' T g frequencies. A much better simulation of the data could be
@ -2 {06 E achieved when nonzero values were allowed for bath
L - ) (=0.248 and B (=0.120 parameters in Eq(1), whose

2 10* L l = asymptotic behavior at low frequencies is of the CPA-type
é 10.4 S (see above According to our previous account of the dielec-
£ ! B tric relaxation in liver tissue, the marked departure of data at
& 10° 1 3 low frequencies from the Debye-type response most prob-
o F {02 5 ably reflects interactions between neighboring induced di-
D (2l O (multi)poles[18]. Contributions originating from the polar-
x 10 pooo ization of electrodes—a common artifact in dielectric

10° 10 1 05' “":1“06: 1'07 - 108 measurements on conduc_tive samp@&g—should be r_uled_
out as a possible explanation for the observed behavior, since
Frequency (Hz) the data plotted in Fig. 1 have already been corrected for

_ _ . electrode polarizatiof26]. In any case, the linear portion of

FIG. 1. Experimental data of relative permittivity®) e/eq the log-log plot shows a slope 0f0.41 instead of some

— —12 Y
(.80_8'854* 10 F/m) and conductlwty(Q) g Vs frquengy for —1.5, a value characteristic of the electrode polarization phe-
liver tissuein vivo (from Ref.[26]), and their comparative simula- nomena[ 28]

tion by the functior{ Eq. (1)] (solid line) and the Cole-Cole function

dashed ling P t loyed art/e,=4.28<10% f . o . S
E:azsﬂi):'rl‘%‘l ka;arze:%r;grga:ogizoa;: ioo-|=0 0956 S/n°] can be identified in most of the biological tissiiég,20—22

en=48 for Eq. (1), and Asleg=5.80x10%, f(=2m/7) and also in nonbiological systems, either natiead., rocks

=54.1KkHz,a=0, 8=0.162,y=1, 0, =0.101 S/m.s, =40 for the  [23] and sand29]) or artificial [15,30. Common to all of
Cole-Cole function. these materials is the high volume fraction of their constitu-

ent particles and/or the presence of particle aggregates, con-
cases, the dispersion functions have finite limits at low freditions that are highly supportive to the above-mentioned

quencies, for which reason becomes identical with the Nypothesis of interparticle interactions.
well-known dielectric incremenmhe=¢,— &y, . As already mentioned in the introductory paragraphs, de-

Another special case, still more general than the above/iations of dielectric dispersion curves from the simple De-
can be made foy=1 and for bothw and 3 taken arbitrarily bye characteristics are traditionally quantifig?3,6,29 in

A dispersion pattern similar to the one presented in Fig. 1

over [0, 1], in which situation one readily obtains ':)erms of the distribution of relaxation timeB(y), defined
y
* + - + 2 4 F(y)
g” =gy - e =3t —. ® y a)
wr)+(joT * = —
(jon)*+(joT) jo e sh+6sfiw1+jw7dln(y)+jw, (6)

If, further, a=1— B, we get again the CPA law
wherey= 7/7, with 7, the most probable relaxation time.

Bl gy Although its physical meaning seems quite a bit difficult to
+ jo' (5 fully grasp, | will derive a distribution function for the relax-
ation times involved in Eq(1) in order to make a compari-
wheres s a scaling factor given by=(A/2)Y(-# ;=1 The  son with previous studies. To this end, we shall make use of

CPA behavior is believed to refleft7,21—-24, though not  the relationshif6]
exclusively[22], hierarchically organize@fracta) structures,
and it follows mathematically from various models of infi- F(y)=
nite networks of resistors and capacitors or from more gen- 2mde
eral considerations of transport of charge in disordered sys- L ) o
tems[21,22,25. Some biological materiaksuch as the lung~ Where e*[1/(ye”’")] can be obtained by substituting
[12,19 and plant leavefl7]) apparently fall into this same 1/(ye™'™) for jor in Eq. (1) which, after some algebraic
category. manipulation, gives

To illustrate the potential of the new function for predict- (14 a—B)yl2
ing experimental data in the context of comparison between F(y) =

w

. .
e =¢gpt|] <
h JS

le*[1U(ye™)]—e*[Ll(ye ™),

the above two approaches, literature data on liver tif86p PX

may serve as a typical example. Upon inspection of data in Isin(y0)|

Fig. 1, we notice that the simulation by the Cole-Cole func- % Y

tion [i.e., EQ.(1) with =0, 8=0.162, andy=1] can ad- {costi(1—a—p)Iny]+cod m(1—a—p)]}""?
equately reproduce the liver’'s dielectric response in the high- 7
frequency range; this is an expected outcome of the

interfacial polarization occurring in systems of membrane-with

bounded particlegin this case, cells and organellesub-

jected to variable electrical field40]. Nevertheless, the low- B yesinm(1-p)]+y' Psinma]
frequency plateau ine predictable from the Cole-Cole H—arctanya co§ m(1-B)]+y* Pcod mal’

function is clearly at variance with the experimental data,
which, in the log-log plot, suggest a linear behavior at lowThis distribution reduces to
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F(y)= ysinm(1-p)]+y* #sinma] 10°
V)= 5 Coshi(i—a=p)iny]+cog m(i-—a—B)]
(8)

in the particular case of Eq4), to the Cole-Cole and -~ 107 3

Davidson-Cole distributiong2,3,6] for «=0, and to the dis- D g

tribution function associated with the universal response [x,

(i.e., the Pareto distributiof22]) for «=1—8 and y=1. 102
The distribution functions for relaxation times corre-

sponding to the theoretical simulations in Fig. 1 are plotted

againsty in Fig. 2, together with the Pareto distribution. It is

worth noting that the distribution implied by the best simu- 1073 bt s vt s s

lation of the experimental dataeesolid lines in Figs. 1 and 102 10" 10° 10! 102

2) appears as an intermediate step toward the “degenera-

tion” of the Cole-Cole distribution into the Pareto distribu- y

tion asa increases from 0 to-% 3. This fact comes to bridge FIG. 2. Distribution functions for relaxation tim¢gq. (7)] cor-

once again the apparent gap between the Jonscher and thg,onding to the theoretical curves in Fig. 1. TieB, and y
Debye (or Cole-Cole approaches, at the basic level of their h3ameters as well as the type of the lines are exactly as in Fig. 1.

distribution functions for relaxation times. _ Also added, for comparison, is the Pareto distribufidatted line,
In summary, | suggest that the Debye-type., the De-  ,=1-3=0.880,y=1).

bye, the Cole-Cole, and the Davidson-Qadéspersion func-
tions and the universal response, which are otherwise usefdispersion functions by including them as its limiting cases.
in emphasizing the specific differences between classes @fhese features taken together may shed light on the manner

polarizable materials, are often too particular to completelyn which we presently classify electrically polarizable mate-
describe the dielectric behavior of such complex systems agjg)s.

but not restricted to, biological tissues. By contrast, a disper-

sion function proposed herein reproduces typical experimen- The author is very grateful to Professor A. Irimajiri for his
tal data with excellent accuracy over a broad range of freexpert advice and helpful criticism during the elaboration of
guencies, and appears to unify the two different types ofhis work.
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