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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 (εeff) 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 εeff 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 n0 chiral particles per unit volume and achiral background medium

of dielectric constant ε0 and permeability µ0. 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 εsε0,
permeability µsµ0 and chirality κs. In addition, we assume that the mean length between each
sphere is a in all directions: aν = a, ν = x, y, z, and that the variance from the uniformity is
homogeneous and isotropic in all directions: σ2

ν = σ2. Therefore the fractional volume of chiral
particles f = n0vs = a−3vs, where vs = 4πb3

s/3.
The chiral particle is of the following constitutive relations for electromagnetic fields and

displacements

D = εsε0E − iκs
√

ε0µ0H (1)

B = µsµ0H + iκs
√

ε0µ0E (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〉 = εeffε0〈E〉 − iκeff
√

µ0ε0〈H〉 (3)
〈B〉 = µeffµ0〈H〉+ iκeff

√
µ0ε0〈E〉 (4)

On the basis of the quasistatic version of our method[7–9], we can derive εeff , µeff and κeff in
the low frequency approximation. Then, εeff , µeff and κeff are expressed in the following forms:

εeffε0 = εavε0 + n0(αee1 − αee2) (5)
µeffµ0 = µavµ0 + n0(αmm1 − αmm2) (6)

κeff
√

µ0ε0 = κav
√

µ0ε0 + n0(αem1 − αem2) (7)

where εav, µav and κav 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:

εavε0 = ε0 + ε0εdf = fεsε0 + (1− f)ε0 = ε0(1 + fεd) (8)
µavµ0 = µ0 + µ0µdf = fµsµ0 + (1− f)µ0 = µ0(1 + fµd) (9)

κav = fκs (10)

Here, αee1 ,αmm1, and αem1 are each component of the polarizability of one chiral sphere with
radius bs located in an unbounded chiral medium (εavε0, µavµ0, κav). The chiral sphere is of the
following medium parameters[7].

dielectricconstant : εav(1 + εd/εav)ε0 (11)
permeability : µav(1 + µd/µav)µ0 (12)

chirality : κav(1 + κs/κav) (13)

Similarly, αee2, αmm2, and αem2 are each component of the polarizability of the other chiral
sphere with radius [W (σ)]−1/3bs[7] located in an unbounded chiral medium (εavε0, µavµ0, κav).
This chiral sphere has the following medium parameters[7].

dielectricconstant : εav[1 + εdW (σ)/εav]ε0 (14)
permeability : µav[1 + µdW (σ)/µav]µ0 (15)

chirality : κav[1 + κsW (σ)/κav] (16)

where W (σ) is the following distribution function of particles[7].

W (σ) =
√

2
π

1
σ3

∫ b

0
exp

(
− r2

1

2σ2

)
r2
1dr1 (17)

Here, W (σ) = 1 for σ/a → 0 and W (σ) � 0 for σ/a → 1. In this paper, we assume that
σ/a = 1− f .

With these specified parameters, both αee1, αmm1, αem1 and αee2, αmm2, αem2 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 (ε2ε0, µ2µ0, κ2) is located in an
unbounded background (ε1ε0, µ1µ0, κ1). Then each component of the polarizability read:

n0αee = 3fε0
ε1(ε2 − ε1)(µ2 + 2µ1)− ε1(κ2 − κ1)2 − 3(ε2 − ε1)κ2

1

(µ2 + 2µ1)(ε2 + 2ε1)− (κ2 + 2κ1)2
(18)

n0αmm = 3fµ0
µ1(µ2 − µ1)(ε2 + 2ε1)− µ1(κ2 − κ1)2 − 3(µ2 − µ1)κ2

1

(µ2 + 2µ1)(ε2 + 2ε1)− (κ2 + 2κ1)2
(19)

n0αem = 3f
√

ε0µ0
3µ1ε1(κ2 − κ1) + κ1[(µ2 − µ1)(ε2 − ε1)− (κ2 − κ1)(κ2 + 2κ1)]

(µ2 + 2µ1)(ε2 + 2ε1)− (κ2 + 2κ1)2
(20)



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:

εeff = 1 + 3f
(εs − 1)[µs + 2− f(µs − 1)]− κ2

s (1− f)
[µs + 2− f(µs − 1)][εs + 2− f(εs − 1)]− κs

(21)

µeff = 1 + 3f
(µs − 1)[εs + 2− f(εs − 1)]− κ2

s (1− f)
[µs + 2− f(µs − 1)][εs + 2− f(εs − 1)]− κs

(22)

κeff =
9fκs

[µs + 2− f(µs − 1)][εs + 2− f(εs − 1)]− κs
(23)

Figure 1 and 2, respectively, show εeff and κeff as a function of f for εs = 3 and εs = 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 εeff of our method becomes
large for increasing the volume fraction of chiral particles, while εeff of MG method does not.
Figure 2 shows that κeff of our method changes only a little with εs, while κeff 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: εeff as a function of the volume fraction of chiral
particles(εs = 3 and 30, µs = 1 and κs = 0.1)
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Figure 2: Effective chirality: κeff as a function of the volume fraction of chiral particles(εs = 3
and 30, µs = 1 and κs = 0.1)


