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1. Introduction

Recently, studies on the analysis of the effective properties of electromagnetic fields in bian-
isotropic and chiral mixtures[1-6]. The effective constitutive parameters of chiral mixtures con-
taining chiral particles and background medium have been analyzed by Maxwell-Garnett(MG)
method, Bruggeman effective medium approximation, and the applications of these methods[1-
6]. However, these methods are suitable for low dielectric constant of chiral particles[7].

Up to now we have analyzed the effective dielectric constant (eqf) of a medium containing
randomly distributed dielectric particles using the approach presented by one of authors[8-9].
This approach is an unconventional multiple scattering method by which wave scattering can
be systematically treated in a medium whose dielectric particles are randomly displaced from a
uniformly ordered spatial distribution. We also have shown that our method is more powerful
for the analysis of €. than the conventional methods[7]. However, we have not so far analysed
the effective properties of a medium containing anisotropic particles by this approach.

In this paper, we have analysed the effective constitutive parameters for a medium containing
randomly distributed chiral particles embedded in an achiral background medium, changing
the fractional volume and dielectric constant of particles. These computed results have been
compared with those of conventional method: MG method.

2. Effective parameters of chiral mixture

Consider a mixture with ng chiral particles per unit volume and achiral background medium
of dielectric constant €y and permeability pg. It is assumed in this paper that particles are
randomly displaced from a uniform distribution, independent of each other. For simplicity, we
assume that all the particles are the same chiral sphere of radius bs, dielectric constant egeq,
permeability pgpo and chirality xs. In addition, we assume that the mean length between each
sphere is a in all directions: a, = a, v = z,y, z, and that the variance from the uniformity is
homogeneous and isotropic in all directions: o2 = 2. Therefore the fractional volume of chiral
particles f = novs = a 3vg, where vy = 47rb§/3.

The chiral particle is of the following constitutive relations for electromagnetic fields and
displacements

D = eseoE — iks\/eouoH (1)
B = pspoH + iks/eopo 0 (2)
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Define the effective constitutive parameters of the chiral mixture by coefficients in the macro-
scopic constitutive relations between the average flux densities and the average fields

(D) = ecrco(E) — iker/fio€0(H) (3)
(B) = petpio(H) + ikicsiv/Ho€o(E) (4)

On the basis of the quasistatic version of our method[7-9], we can derive €qf, lef and Keg in
the low frequency approximation. Then, €.g, teg and kg are expressed in the following forms:

€eff€0 = €av€0 + N0(Qeel — ee2) (5)

Pefflo = flavfo + 10(Cmm1 — Qmm2) (6)
Keffv/HO€0O =  Kavy/H0€0 + 10(Qeml — Ctem2) (7)
where €.y, [tay and kg, are the constitutive parameters in a continuous chiral medium of which

the dielectric constant, permeability and chirality are the average of each material parameter of
the chiral particles and the background medium at the rate of each space occupation:

€0 = €0+ €ocaf = feseo+ (1 — fleg = eo(1 + feq) (8)
pavio = po+ popaf = frsto + (1 — f)uo = po(1 + fra) 9)
Kay = [Ks (10)

Here, dtge1 ,tmm1, and aemi are each component of the polarizability of one chiral sphere with
radius by located in an unbounded chiral medium (€€, fay 40, Kav). The chiral sphere is of the
following medium parameters|7].

dielectricconstant : €,y (1 + €q/€av )€ (11)
permeability : Nav(l + Nd/:uav):uo (12)
chirality : Kay(1 + Ks/Kav) (13)

Similarly, cee2, mmeo, and aemo are each component of the polarizability of the other chiral
sphere with radius [W (o))~ /3b,[7] located in an unbounded chiral medium (€ay€o, ftay 10 Fay)-
This chiral sphere has the following medium parameters[7].

dielectricconstant : €, [1 + €W (0)/€av]€o (14)
permeability 1 fiay[1 + paW(0)/ pav] o (15)
chirality : Ray[l + ksW(0)/Kay] (16)

where W (o) is the following distribution function of particles|7].

\/7 /ep(——) 27, (17)

Here, W(o) = 1 for 0/a — 0 and W(o) ~ 0 for o/a — 1. In this paper, we assume that
o/la=1-f.

With these specified parameters, both cee1, mmi, Qem1 and Qee2, mm2, Gem2 can be cal-
culated from the general formula given in [9]. We recapitulate the formula here for the sake
of completeness. Suppose a chiral inclusion with parameters (ezeq, oo, k2) is located in an
unbounded background (e;€g, (41110, %1). Then each component of the polarizability read:

e1(e2 — e1)(p2 + 2u1) — €1 (w2 — K1)* — 3(e2 — €1)A7

noo = 3 18
0%ce Jeo (2 +2p1) (€2 + 2€1) — (K2 + 2K1)2 (18)
pa(p2 — pa)(e2 4 2e1) — pa (k2 — K1) = 3(p2 — g7
noo = 3 19
0mm Tho (2 + 2p1) (€2 + 2€1) — (K2 + 2K1)2 (19)
3 - - —e1) — (K2 — 2
notem = 3f/E0TES pr€i(re — w1) 4 m1f(p2 — p1)(ea — €1) — (ko — K1) (K2 + 2K1)] (20)

(2 +2p1) (82 + 261) — (K2 + 2K1)?



3. Numerical results

According to [4], effective constitutive parameters of MG method are expressed in the fol-
lowing form on the same assumption used for getting those of our method:

(fs_1>[ﬂs+2_f(ﬂs_1>]_’ig(l_f)

€off = 1+3f[us+2_f('us_1)][es+2—f(€s—1)]_“s )
_ (s = Dles +2— fle = D] = 621~ f)

Ueff = 1+3f[us+2_f(lus—l)][es—i-Q—f(fs_l)]_K“S )

Reff = b !

s +2 = fps — D)[es +2 — fles — 1)] — ks

Figure 1 and 2, respectively, show €. and ke as a function of f for ¢ = 3 and ¢; = 30. All
numerical results are valid for f < 0.6, because chiral particles are completely packed at about
f = 0.6 and deformed for f > 0.6. From figure 1, we can see that e.g of our method becomes
large for increasing the volume fraction of chiral particles, while €. of MG method does not.
Figure 2 shows that kg of our method changes only a little with €, while ke of MG method
does not.

4. Conclusion

Using our method[7-9] we have analyzed the effective constitutive parameters of a medium
containing randomly distributed many chiral particles embedded in an achiral background
medium. Consequently, our method is shown to be more valid for the analysis of a chiral
mixture containing chiral particles than MG method; in particular, the difference between both
methods becomes remarkable for chiral particles with high dielectric constant.
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Figure 1: Effective dielectric constant: €. as a function of the volume fraction of chiral
particles(es = 3 and 30, pus = 1 and ks = 0.1)
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Figure 2: Effective chirality: keg as a function of the volume fraction of chiral particles(es = 3
and 30, pus = 1 and ks = 0.1)



