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Theory of ac electrokinetic behavior of spheroidal cell suspensions with an intrinsic dispersion
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The dielectric dispersion, dielectrophoreti2EP), and electrorotationdER) spectra of spheroidal biologi-
cal cell suspensions with an intrinsic dispersion in the constituent dielectric constants are investigated. By
means of the spectral representation method, we express analytically the characteristic frequencies and disper-
sion strengths both for the effective dielectric constant and the Clausius-Mossotti f@béy. We identify
four and six characteristic frequencies for the effective dielectric spectra and CMF, respectively, all of them
being dependent on the depolarization fagtorthe cell shape The analytical results allow us to examine the
effects of the cell shape, the dispersion strength, and the intrinsic frequency on the dielectric dispersion, DEP,
and ER spectra. Furthermore, we include the local-field effects due to the mutual interactions between cells in
a dense suspension, and study the dependence of co-field or antifield dispersion peaks on the volume fractions.
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[. INTRODUCTION biological cell suspensions. The object of the present inves-
tigation is threefold. First, it is instructive to consider the
The polarization of biological cells has a wide range ofeffect of the intrinsic dielectric dispersion. Actually, such an
practical applications such as manipulation, trapping, ofntrinsic dielectric dispersion often occurs due to the surface
separation of biological cellgl,2]. Dielectric spectroscopy conductivity[13,14 or the inhomogeneous structure such as
[3], dielectrophoresi$DEP) [4], and electrorotatiofER) [5] the coated shells of b|olog|c.al (_;ells or colloidal suspensions
offer a unique capability of monitoring the dielectric proper- [15]- Second, many cells exist in the form of the nonspheri-
ties of dispersions of colloids and biological cells. Under thecal shape such as the fission yeast (&lland the red blood
action of external fields, these particles exhibit rich fluid-Cell [16], and hence the effect of cell shape needs to be
dynamic behaviors as well as various dielectric response§onsidered17,18. Third, the volume fractions of the bio-
Hence, it is of importance to investigate their frequency-'og'ca| cell suspensions are generally not in thg dilute limit
dependent responses to ac electric fields, which yields vali@nd can even exceed 0.6,8,19, thus the local-field effect
able information on the structuréMaxwell-Wagney polar- ~due to the average electrostatic interaction between cells
ization effects. The polarization is characterized by a varietynust be taken into accouf0]. In view of this, the effective
of characteristic frequency-dependent changes known as tifdelectric dispersion spectra will be studied based on
dielectric dispersion, whose spectra are helpful to analyze thélaxwell-Garnett—type approximatiof21], which involves
inhomogeneous systems, including biological cell suspen@n exact calculation of the field induced in the host medium
sions and tissuefs]. Many factors exert influences on the by @ single ellipsoidal cell and an approximate treatment of
effective dielectric behavior of the system such as orientatioffS distortion by the electrostatic interaction between differ-
of dipoles, surface conductance, and the cell sfi@gpadow-  ent cell suspensions. Moreover, the Clausius-Mossotti factor
ever, some factors can be dominant at certain ranges of fréCMF), which determines the DEP and ER spectra, will be
quencies(for example, the experimental data revealed thafhodified by replacing the dielectric constant of the host me-

the low-frequency subdispersions were dependent on the célium with the effective one. _ _
shapd8]). Being beyond this work, we noticed an alternative paper

The DEP is used to describe the motion of the particles22], in which the authors considered the electrorotation and

caused by the dielectric polarization effects in nonuniformlevitation of spherical cells or colloidal particles with or
electric field[9]. The DEP force drives the particles towards Without the membrane-covered shells in the dilute limit.

field intensity (negative DEP. Due to the interactiorfi.e., ~ SPherical cell suspensions without membrane-covered shells,
DEP force between the induced dipole and the external elecPut also for nondilute limit suspensions. Furthermore, we
tric field, the particles can be levitated in the medi[i)]. adopt the spectral representation methdd], which offers

The ER behavior is caused by the existence of a phas@e advantage_of the sgparation of _material parameters from
difference between the field-induced dipole moment and thé&he geometric information, to simplify the derivation of the
external rotating field, which results in a torque to cause th@nalytical expressions for the characteristic frequencies and
particle to rotate. In the dilute limit, the ER of individual cell dispersion strengths of the effective dielectric permittivity
can be predicted by ignoring the mutual interaction betwee@nd the CMF, respectively.
the cells, and hence may be considered as an isolated particle
in rotation[11]. Il. FORMALISM

In this paper, we will apply the spectral representation ) ) _ ] _ ]
theory[12] to investigate the ac electrokinetic behavior in- ~ We consider a composite system in which biological cells
cluding the dielectric dispersion, DEP, and ER spectra obf dielectric constant; with the volume fractiorp are dis-
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persed in an isotropic host medium with dilectric constant p(1+3L,—6x,) p(1+43L,—6X,)
‘€,=€e,+ 0, /(j27f) with j= =1, f being the frequency of Wi= 60G—x) 2T B(x—xp) (5)
the applied fielde, is assumed to exhibit an intrinsic dielec-
tric dispersion, i.e., It is easy to check thatV,; andW, satisfy the sum ruléV,
+W,=p.
~ oY o] In order to obtain the analytic expressions for the dielec-
€1= €t m“L j2mf’ @D yic dispersion strengths and the characteristic frequencies of
the dielectric dispersion spectra, we then introduce two con-
where €; (o) is the limiting high-frequency (low-  trast parameters=e,/(e,—¢€;) andt=o0,/(o,—0y), de-
frequency dielectric constanfconductivity, A e, represents fined by Leiet al. [7], and derive an equality for biological
the dielectric dispersion strength with a characteristic frecells possessing an intrinsic dispersion
quencyf,. Biological cells are further assumed to be sphe-
roidal in shape. Such an assumption is supported by Bohren 1 1 A(X) B(x)
and Huffman[23] who suggested that dielectric dispersion T x" T+ /T (X) | 1+ jH /T op(X)’ ©)
spectra of particles of arbitrary shape can be approximated
by these of spheroidal particles. whe
Then we will adopt the spectral representation to mvestl-
gate the ac electrokinetic behavior such as the dielectric dISr 62(X)
persion, dielectrophoretic, and electrorotational spectra of an®

inhomogeneous system, in which spheroidal biological cells f ot fofat fafyF \(Fifotfofatfafy)2—4af f2f3
are randomly distributed. 2f,
A. Dielectric dispersion spectrum ()

Generally, for cell suspensions of arbitrary shape, thexnd
spectral representation can only be solved numerically. How-

ever, for randomly oriented spheroidal cell suspensions, A(X)= st (fl_fﬂ)
within the mean-field theory, the effective complex dielectric (s=x)(t=x) | fifes
constante, can be written a§21] Los 1 f,f, ©
~ 1+p[by(1—L,)+2by,(1—L,y)] ? (s=x)x f3] fea(X) = Fea(x)’
¢ e 1_p(bz|-z+2bxy|-xy) , B(x)— s—t f fq
- o~ - - - , (x)= (s=x)(t=x) | fife
where b,=(e;—€,)/(3[es+Li(e1—€)]) (k=2zxy) is
called the CMF, and., [L,,=(1—L,)/2] are the depolariza- _ s i fifs )
tion factors along the (x or y) axis of the spheroids. These (s—x)% fg| fep(X)—fop(X)’
depolarization factors depend on the aspect rgtec/a
[21], wherea(=b) and c are the semiaxes of a spheroid with
along the Cartesian axes. For the prolate-spheroidal gell ( 1 so(t—x) 1 oy(t—x%)
>1), we have &L,<1/3; while for the oblate-spheroidal > == =
), we have 2 while for the oblate-spheroida fo(x)= 27 h(5—%) 3(X) om xhed (10

one @<1), we have 1/L,<1. Actually, once aq is
given,L, can be obtained uniquely and thus used to indicate

the shape of spheroidal particles. After simple manipulations, we can express E).as

4

By invoking the spectreil rspre;seniation and introducing - Aeg oL Te
the dimensionless parametes e, /(e,— €;), we rewrite Eq. €e™ EH+i:1 1+ (f/fa) + j2umf =€et j2mt (1)
(2) as
with
1M W (3) W, W,
2 S—X; S—Xp) 6H262<1_ s—xl_s—xz)’
where the poles; andx, are given as (1 A W, ) 12
OL=0> - - y
t_Xl t_XZ
+
X127 12[3 2p+3l, and
— 2_ — _
+\(3=2p+3L,) 7= 72A1-p)L(1-L,)]. A e =W,A(Xy) —MUZ(X )—ez>, fer="fea(x),
cl\A1
Correspondingly, the residu&¥; andW, have (13
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(o2

AGezz\NlB(Xl)( ) _62)- feo="Tca(Xp).

ZWfCZ(Xl (14)

Similarly, A es; andf,; for i=3,4 can be easily obtained by
our replacingW; andx; with W, andx, from the above two
equations.

Thus, within the spectral representation, for spheroidal
suspensions with one intrinsic dispersion, we successfully .
obtain four characteristic freqenciég (i =1,4) with the dis-
persion strength& €,; in terms of the geometric parameters
(L, andp) as well as physical parameters, t, Ae;, o5,
ande,).

In Fig. 1, we numerically calculate four characteristic fre-
guencies and dispersion strengths agalinstAs is evident
from the figure, the characteristic freqencies and the corre-
sponding dispersion strengths are strongly dependent on th 4
shape of cell suspensions and exhibit nonmonotonical behav 2
ior with increasing.,. For these four characteristic frequen- -]
cies, two of them are located at frequencies higher thar
10° Hz, while another two are at frequencies lower than§
10° Hz. Such a separation results from the fact that we takeZ |
into account one intrinsic dispersion in the dielectric cell £
suspensions. Furthermore, due to the nonspherical shape |
cell suspensions, there are two characteristic frequencies i” : 0
the high-frequency(or low-frequency region. When the 00 02 04 06 08 10 00 02 04 06 08 10
shape is far from sphericéayL,—0 or 1), the difference L, L,
between these two frequencies becomes large. Conversely, - . . .
for spherical inclusions L(,=1/3), only two dispersion FIG. 1. T_he characterlst_lc frequenmes and the dispersion

. . - strengths against the depolarization fadtgrfor p=0.2 and(a) s
strengths are nonzero, leading to two main steps in the di-

TS . . . © ©'21.625,t=—0.053, €,=78¢,, 0,=10"° S/m, Ae;=200¢,, and
electric dispersion spectra, as will be shown in the foIIowmgf — 150107 Hz: (b)) s=-0.031, (=125 e,=6ey, o
1= 4. , = . ) — L.E9, 27 Y€0, 2
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section. —0.02 S/m, A e;= 1000, and f,;=2.65x 10° Hz; (c) s=2.78, t
=1.053, €,=78¢y, 0,=2%X10"3S/m, Ae;=2500, and f,
B. Dielectrophoretic and electrorotational spectra =1.9x10° Hz.
The spectral form of Eq(6) also allows us to investigate L
the dielectrophoretic and electrorotational behavior. b.(% %) 1 €,— € 1 1 16
. : €1,60)= 5= ~ =~ .- T 3=
It is known that the time average DEP fore¢f) and the 2\ €1 3 st Le1—ey) 351,

ER torquel'(f) exerted on the spheroidal cell suspensions
with z orientation parallel to the electric field are expressedequation(16) is independent of the volume fractignand

as[24,25 thus is valid only in the dilute limif22]. However, for non-
F(f)=1.5'¢, Rgb,(¢; 122)]|VE(2rms)|' dilute volume fractions, we must consider the local-field ef-
- o fect due to mutual interaction between the spheroidal cells
I'(f)=—3ve, Im[b,(e1,€) 1E, (19  and modify Eq.(16) as
wherev is the volume of spheroidal cell, ) is the root- by(%, ep) = E €1~ € 17
mean-square magnitude of the imposed ac electric field and 22l g et L, (€€

Rg---], Im[---] represent the real and imaginary parts of
b,, which can be written under the spectral representation as Substituting Eq(2) into Eq. (17), we have

_ 2(p—1)s?+(1-p)(1+Ly)s—(1-p)L(1-L,)
6s%—(3+4p+9L,—6pL,)s?+(p+6L,—3pL,)s+3(p—1)L3(1-L,)

z

-1 4 +—, (18)
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wheres; (i=1,2,3) are three roots of polynomial equations simutaneously, we predict four characteristic frequencies,
characterized by four nonzero dispersion strengths even for
3 3+4p+9L,—6plL, ) p+6L,—3pL, L,=1/3.
y - 6 y°+ 6 y

(p—1LI(1-L,)
+ 2 =0, (19 We are now in a position to calculate the dielectric dis-
persion spectrum, DEP and ER spectra based on the model

while the residue®/;, V5, andV; can be obtained from ~ Put forward in the preceding section. o

In Figs. 3-5, we investigate the effect of depolarization
Vi+Vo+Va=1(p—1), factorL, on the dielectric respon$denoted by, /ey, ando,
defined in Eq(11)], and the DEP and ER spectra using Egs.
_lin_ (22) and (23).

V(S 8g) F V(3 81) +Va(S1+5,) =5 (P~ (1 +Lo), The dielectric response mainly exhibits two subdisper-
sions characterized by two-step rapid decrease in Figs. 3
4(a), and Fa). It is evident that the influence df, (the
shapé on the effective dielectric constaor the effective
conductivity is significant in the low-frequency region,
where f<10* Hz (or in the high-frequency region wheffe
>10® Hz). This is in agreement with previous experimental
conclusions that the low-frequency subdispersioneode-

. (2)) pends on the cell shape, whereas the high-frequency is inde-
pendent of if8]. The dielectric permittivity for oblate sphe-
roidal particles, say,=0.95, in the low-frequency region

The normalized DEP forcef() and the normalized ER can be four times of the one for spherical inclusions. Thus,
torque (") can be defined as

IIl. NUMERICAL RESULTS

V18,834 V581S3+VasS,= 5 (P—1)L,(1—L,). (20)

Note that these residues again satisfy the sum Wle V,
+V3=—(1-p)/3.
Introducing Eq.(6) into Eq.(18) leads to

Vi n ViA(s)) n ViB(s)
s—s; 1+ jf/fa(s)  1+jflf(s)

3
b,=>,
i=1

84 r1.0

fn=Reb,(e; €;)] £ ) | o
:i Vi + ViA(Si) + ViB(si) , g 6 -0.6%
=1[S7Si 1+[f/fe(s)]®  1+[f/fa(s)]? L 5 g
= S
(22 7 ap H
and 3
8-
Ty=—Im[b,(e; €] < b
.g o]
3 c =
:2 ViA(Si)f/fcl(Siz)+ViB(si)f/fc2(si2) 23 é . %
Sl 1) L+ fEea(s)] s g
0 [}

Based upon the spectral representation, the expressior
for the dispersion strengths and characteristic frequencies @
the CMF are also explicitly obtained. Six CMF characteristic
frequencies and dispersion strengths agdinstre shown in
Fig. 2.

Again, L, plays an important role in determining the CMF
characteristic frequencies and the corresponding strength<s
Within our model, six CMF characteristic frequencies are%
predicted; three of them are located below’ Hx and an-
other three are above 461z, similar as that observed in Fig.

1. Due to this, the DEFor ER) spectra are mainly charac-

quencies (Hz)
sipbuans JWO

T
)
Y

i B L DY
00 02 04 06 08 10 00 02 04 06 08 1.0

terized by two-step rapid changés two dominant peaks & &
For three typical cases, we also find that six CMF strengths  gjG. 2. The characteristic frequencie,;=fcy(Sy), fop
are all positive in Fig. @); all negative in Fig. &), and  —f ,(s;), fos=fei(Ss):, Toa=Fca(S2), Fos=Tc1(Ss), Fus

three strengths are negative and three are positive in Fig=f_,(s;), and the dispersion strengthab,=V,A(s;), Ab,
2(c). Such behavior will result in co-field or antifield rotation =v,B(s,), Abs=V,A(S,), Ab,=V,B(S,), Abs=V3A(s3), and
of the particle for the ER spectra. We remark that as both the\b,=V;B(s;) for the CMF (b,) versusL,. The parameters are
intrinsic dispersion and local-field effects are consideredhe same as those in Fig. 1.
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FIG. 3. Effective dielectric responses{/e, and o) (a) and FIG. 4. Same as Fig. 3, but for the parameters in Fig).1
normalized dielectrophores{BIDEP) and electrorotatiofNER) (b)
versus the frequendyfor the parameters in Fig(a). In the insetof ~ for the ER will be blue shifted accompanied with the de-
(b), the crossover frequendy, s is plotted against, . crease of the dispersion strengths. However, when the ER

torque is negativéthe particle exhibits the antifield rotatign
by taking into account the shape of cell suspensions, it ivoth the ER characteristic frequencies and the strengths de-
possible to reduce some discrepancies between the theoref€ase concomitantly with,. Moreover, we find that the
cal and experimental results on the dielectric dispersion spedariation of the geometric parametey does not change the
tra[8,19]. polarity of the ER peak.

For the DEP force, it exhibits strong sensitivity to the ~We emphasize to point out that, although we analytically
depolarization factorthe shape When the DEP force is predict four and six characteristic frequencies for the dielec-
positive (the particles will be attracted towards the field- tric dispersion and ER spectra, these frequencies are mainly
generating electrodgswith increasing-,, such an attractive located in two regions or some of their dispersion strengths
force becomes weak. However, when the DEP force is negd'® quite small in comparison with others, resulting in only
tive (the particles will be repelled from the electrogethe  two effective characteristic frequencies at which the rate of
largerL, is, the stronger repulsion will be. Furthermore, we ¢hange of the dielectric permittivitfor the DEP forcg and
predict one or two shape-dependent crossover frequencies € rotational torque peak attain their maxima. This can be
which there is no net force on the cell particle. The crossoveWell understood from Fig. 6. _
frequency is a monotonically increasing or decreasing func- As we have included the dielectric dispersion formein
tion of L,, dependent on whether the variation of the DEPit would be interesting to investigate how the dispersion
force around it is negative or positiysee the insets in Figs. strengthA e; and the intrinsic frequenck, affect the dielec-
3(b), 4(b), and Ja)]. This is an interesting result. To the best tric dispersion and ER spectra.
of our knowledge, the dependence of crossover frequency on In Fig. 7, we examine the effect df €; on the dielectric
the spheroidal shape is reported here for the first time. response(the left panel and ER spectrdthe right panel

For the ER spectra, they exhibit two ER characteristicClearly, one common feature of all these dielectric spectra is
frequencies with both positive strengths in Figb)3 both  that increasing) e, yields increasing dielectric permittivity
negative strengths in Fig.(d), and negative and positive in the low-frequency region. As previous models do negelect
strengths in Fig. &) (This has been observed in experimen-the intrinsic dispersion effect, the theoretical results in the
tal electrorotational spectra of the yeast ¢&6,27]). Posi- low-frequency region are less than experimental reports
tive ER torque means the co-field rotation of the particle. In[8,19]. We think it would be helpful to give the closest fit
this case, with increasing, , the ER characteristic frequency with experimental data by suitable adjustment of bdth,
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FIG. 5. Same as Fig. 3, but for the parameters in Fig.. Note FIG. 6. Contributions of dielectric respongg;/ey=~A¢€;/[1

that two shape-dependent crossover frequencies are predicted. +(f/f¢)?] (i=1,4) to the dieletric spectraef—e€,)/ €, (a), and
contributions ofith strengthsly;=Ab;ff,; /(f2,+f2) to 'y (b)

_ . versusf for L,=0.05. Other parameters are the same as those in
andL,. For the ER spectra, whefie; =0, only one domi- Fig. 1(c). Note that the effective dieletric spectra and the NER

nant peak is predicted as expected. For a fidite;, tWo  gpectra mainly exhibit two-step rapid decrease and two dominant
dominant peaks at low and high characteristic frequenciegeaks, respectively, although four and six characteristic frequencies
arise. With increasing\ €;, the characteristic low frequency are analytically predicted.

shifts towards a long wavelength; while the characteristic

high frequency shifts towards a short one, leading to furtheslight blue shift(or redshify in the characteristic low fre-
separation between two characteristic frequencies for largeguency(or high frequency

A€;. At the same time, the adjustment dfe; can also

change the peak value much or less and even dominate the IV. DISCUSSION AND CONCLUSION

co-field or antifield rotation through changing the polarity of

the peak(see the upper right column In this work, we have investigated both analytically and

numerically the ac electrokinetic behavior, i.e., the dielectric
: . _ adispersion behavior, and the DEP the ER spectra of non-
Versus the frequengﬁlfor dlfferentfl._ lF IS QV|dent thatf spherical cell suspensions with an intrinsic dispersion based
mainly play a role in the characteristic high frequency foryp, yhe spectral representation method. The dependence of the
both the effective dielectric dispersion and ER spectra. Gense glectrokinetic behavior on the depolarization factor is
erally speaking, the characteristic high frequency increasegydied in detail. We find that an intrinsic dispersion in the
with increasingf,, in accord with the analytical formula gjelectric constant of spheroidal cells can lead to four and six
from Eq.(7). Interestingly, the increase in can also lead to  dispersions in the effective dielectric constant and the CMF,
the change of the polarity of the ER peak in the high-respectively. We also find that both the intrinsic dispersion
frequency regior(see the middle right pannel strength/ €; and the characteristic frequenty can change

In order to take into account the mutual interaction be-the polarity of the ER torque and thereby causing the co-field
tween the suspended particles, we adopt(E@) instead of  or antifield rotation. Furthermore, by taking into account the
Eqg. (16). When the mutual interaction is taken into account,local-field effect from the mutual interaction, we examine the
the ER peak must be reduced, as expected in Fig. 9. WitER spectra for various volume fractions, and find that in-
further increasing, the mutual interaction becomes strong, creasing volume fractions can result in the decrease of both
leading to the serious depression of the ER peak and thine strengths and the difference between two characteristic

021910-6



THEORY OF AC ELECTROKINETIC BEHAVIOR @ . .. PHYSICAL REVIEW E 67, 021910 (2003

800
600-
>:\I 400+~
200-
0
2
8.0x10°%-
6.0x10°-
Yo 4.0x10%
2.0x10°
0.0
2
3x10*
2x10* s
\wo _____ A81=0-5*10 80
,nu? L T A81=2'5*1 0380
\“.Lm P~ L A— Ae,=5.0"1 038
4 | 4 1 0
1x10 \‘.‘ __________ A81=1 .0*1 0480
...... A
A
\.'~.
Y s R
2 4 6 80 2 4 6 8 10
09, (H2) log, () (H2)

FIG. 7. (e.— ey)/ €g and T versusf for L,=0.95 and varioug\ ;. Other parameters are the same as those in Fig. 1.

low and high frequencies indeed. Thus, it is possible to obas the polex; andx, [Eq. (4)] are quite different from the
tain a good agreement between theoretical predictions angbless;, s,, ands; of CMF. In the dilute limit and for
experimental data by the suitable adjustment of both the geapherical inclusions, both Eqé&3) and (17) yield two char-
metric parameterg¢for example, the particle shapand the acteristic frequencies; the smallgis, the lesser are the dif-
physical parametersfor example, the dispersion strength ferences between these frequendi@S]. Numerically, the
and the characteristic frequency of cell suspengiods the  dielectric dispersion, DEP, and ER spectra mainly exhibit
contrary, such a fitting is very useful to obtain the relevanttwo rapid changes or two dominant peaks. Here, we also
physical information of cell suspensions. show a four-step rapid decrease in dielectric dispersion spec-
Here, a few comments are in order. We obtain four and sixra (see Fig. 10 However, due to small differences between
characteristic frequencies for the effective dielectric permitthe CMF frequencies or small strengths of some frequencies
tivity and CMF. Generally, none of the characteristic fre-in comparison with others, it is difficult to show all six char-
guencies for the dielectric spectra is equal to those of CMFacteristic frequencies in the ER spectra clearly. A possible
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FIG. 8. (e.— €4)/ €g and 'y versusf for L,=0.95 and various,. Other parameters are the same as those in Fig. 1.

way to achieve this is to consider cell suspensions with largenent on fission yeast cells still exist. We believe that our

volume fractions while being far from the spherical shape. present formula can be applied also and the discrepancies
We demonstrate theoretically that the shape effect of thbetween theoretical and experimental results may further be

effective dielectric constant is significant in the low- reduced.

frequency region, in accord with experimental conclusions For shelled spheroidal particles dispersed in the host me-
[8]. In previous work, one of the authors have presented aium, we have found one peak in the electrorotation assay,
first-principles study of the dielectric dispersion of fission under the assumption that the ratio of shell to the host dielec-
yeast cell suspensiong]. As the derivation is based on the tric constant is redl11]. The theory yields a good agreement
assumption that cell suspensions are in the dilute limit andvith the experimental results only in the high-frequency re-
do not exhibit an intrinsic dispersion, the predicted two char-gion. In fact, for such kind of three-component system, the
acteristic frequencies are independent of the volume fraceffective dielectric response for the coated shells can be
tions and some discrepancies between the theory and expefirst obtained in a self-consistent wgg1] and will exhibit at
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2.
O Eq.(17)for p=0.0
O Eq.(17) for p=0.2
1{ & Eq(
(

Z
14
-2 . . .
3 6 9
log, (f) (Hz) log, (f) (Hz)

FIG. 10. (e.— €y)/ g andI'y versusf for p=0.2,L,=0.95, and
Ae;=1X10%,. Other parameters are the same as those in Fig.
1(c). There are four characteristic frequencies, at which the dielec-
tric spectra exhibit rapid decrease.

FIG. 9. '\ versusf with Egs.(16) and(17) for L,=0.05. Other
parameters are the same as those in Fig. 5. Note thaflBpis
independent op.
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