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Abstract This paper discusses light scattering by a small
spherical particle with low dissipation rate and radial aniso-
tropy in optical and magnetic properties, according to the ex-
tension of the Mie theory to the diffraction by an anisotropic
sphere. It is shown that near plasmon (polariton) resonance
frequencies anisotropy can lead to an additional increase in
field enhancement.

PACS 42.25.Fx · 42.65.Es · 46.40.Ff · 78.67.Bf

1 Introduction

Ablation with nanoscale spatial resolution needs a special
tool to localize spot size on the scale below 100 nm. A few
methods were suggested for this purpose. The first method is
related to light focusing with high numerical aperture lenses
and the so-called subdiffractive optics, e.g. radially polar-
ized light, Bessel-Gaussian beams, etc. [1–4]. The second
method is to use field enhancement by a laser-illuminated tip
(AFM tip, SEM tip, etc.), see e.g. [5–7]. The third method is
related to application of the scanning near-field optical mi-
croscopy (SNOM) technique [8, 9]. Broad attention has also
been given to optical resonances and near-field effects with
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transparent particles [10–12]. Last but not least, we should
mention the method that uses field enhancement by plas-
monic nanoparticles [13–16].

Although all these methods permit us to localize laser ab-
lation on the scale below 100 nm, plasmonic particles are of
special interest for many plasmonic nanodevices [17], bio-
chemical applications [18], surface-enhanced Raman scat-
tering [19], etc. The majority of experimental works and
theoretical calculations were done with gold, silver and plat-
inum nanoparticles which have sufficiently big dissipation
near plasmon resonance frequencies. However, it is clear
that higher field enhancement effects can be seen in mate-
rials with weak dissipation. This examination was done in
[20–25] for isotropic materials. It was shown that materials
with weak dissipation have a lot of peculiarities in light scat-
tering. For example, Rayleigh scattering in these materials
is replaced by anomalous light scattering with inverse hier-
archy of optical resonances [22]; they demonstrated an ex-
traordinary scattering effect [25] that is similar to quantum
scattering by a potential with quasi-discrete levels and ex-
hibits Fano resonances [26], etc. Similar effects can be seen
during light scattering by nanowires [27] and, in principal,
in any nanostructures with localized plasmons.

New effects may arise in anisotropic materials. Scattering
of light by such anisotropic materials was previously ana-
lyzed in [28–32]. For this paper, we applied a modified Mie
theory for theoretical investigation of light scattering near
plasmon resonance frequencies.

2 Theoretical model

Following [32], we consider the material with radial aniso-
tropies. In [32], the authors directly equated the radial com-
ponents of electric and magnetic fields in the Maxwell equa-

mailto:Boris_L@dsi.a-star.edu.sg
mailto:eleqc@nus.edu.sg


774 B.S. Luk’yanchuk, C.-W. Qiu

tions to obtain the anisotropic wave potentials. However, we
prefer to start from rigorous Mie theory. We will discuss
anisotropic spheres characterized by constitutive tensors of
permittivity and permeability

ε =
⎡
⎣

εr 0 0
0 εt 0
0 0 εt

⎤
⎦ and μ =

⎡
⎣

μr 0 0
0 μt 0
0 0 μt

⎤
⎦ . (1)

As usual, light scattering by a spherical particle can be
expressed through Debye potentials (see, e.g. [33]). For the
material with ε and μ given by (1), the electric ψTM and
magnetic ψTE Debye potentials are presented by

εr

εt

∂2ψTM

∂r2
+ 1

r2 sin θ

∂
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(
sin θ
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∂θ

)

+ 1

r2 sin2 θ
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+ k2
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r2 sin θ

∂
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(
sin θ

∂ψTE

∂θ

)

+ 1

r2 sin2 θ

∂2ψTE

∂ϕ2
+ k2

0εtμrψTE = 0.

(2)

Here k0 = 2π/λ is the wave vector in vacuum. For
isotropic materials, (2) converts into a usual wave equa-
tion. Solving these equations with corresponding boundary
conditions one can find normalized scattering amplitudes a	

(electric) and b	 (magnetic):

a	 = ntψ
′
	(q)ψν1(ntq) − μtψ	(q)ψ ′

ν1
(ntq)

ntζ
′
	(q)ψν1(ntq) − μtζ	(q)ψ ′

ν1
(ntq)

, (3)

b	 = ntψ	(q)ψ ′
ν2

(ntq) − μtψ
′
	(q)ψν2(ntq)

ntζ	(q)ψ ′
ν2

(ntq) − μtζ
′
	(q)ψν2(ntq)

, (4)

where nt = √
εtμt is the complex refractive index and func-

tions ψν(x) and ζ	(x) are given by

ψν(x) =
√

πx

2
J

ν+ 1
2
(x), ζ	(x) =

√
πx

2
H

(1)

	+ 1
2
(x). (5)

Functions J	(x) and H
(1)
	 (x) are usual Bessel and Hankel

functions. The primes in (3)–(4) indicate differentiation with
respect to the entire argument of the corresponding function,
i.e. ψ ′

	(x) = dψ	(x)
dx

, etc. The value q = k0a presents the so-
called Mie size parameter, and a is the particle radius. For-
mulas (3)–(4) look quite similar to the usual ones of the Mie
theory [33]. One can see from these formulas that all the in-
formation about particle anisotropy is presented by the order
of spherical Bessel functions [28, 32]:

ν1 = ν1(	) =
[
	(	 + 1)Ae + 1

4

]1/2

− 1

2
, Ae = εt

εr
, (6)

and

ν2 = ν2(	) =
[
	(	 + 1)Am + 1

4

]1/2

− 1

2
, Am = μt

μr
. (7)

With Ae = Am = 1, we have ν1 = ν2 = 	 which returns to
standard formulas of the Mie theory. Extinction, scattering,
and absorption efficiencies are expressed through scattering
amplitudes in the usual way [33]:

Qext = 2

q2

∞∑
	=1

(2	 + 1)Re(a	 + b	),

Qsca = 2

q2

∞∑
	=1

(2	 + 1)
{|a	|2 + |b	|2

}
,

Qabs = Qext − Qsca.

(8)

In practical detection problems, the so-called radar
backscattering cross-section (RBS) is of great interest. This
cross-section is presented by

QRBS = 1

q2

∣∣∣∣∣
∞∑

	=1

(2	 + 1)(−1)	(a	 − b	)

∣∣∣∣∣
2

. (9)

Thus, we investigate peculiarities of light scattering by
a small anisotropic particle near plasmon resonance fre-
quencies. First, we want to present coefficients in (3)–(4)
in a more convenient form

a	 = �(a)
	

�(a)
	 + i�(a)

	

, b	 = �(b)
	

�(b)
	 + i�(b)

	

, (10)

where �	 and �	 functions are given by

�(a)
	 = ntψ

′
	(q)ψν1(ntq) − μtψ	(q)ψ ′

ν1
(ntq),

�(a)
	 = ntχ

′
	(q)ψν1(ntq) − μtψ

′
ν1

(ntq)χ	(q),

�(b)
	 = ntψ	(q)ψ ′

ν2
(ntq) − μtψ

′
	(q)ψν2(ntq),

�(b)
	 = ntχ	(q)ψ ′

ν2
(ntq) − ψν2(ntq)χ ′

	(q).

(11)

Here χ	(x) =
√

πx
2 N

	+ 1
2
(x), where N	(x) is the Neu-

mann function. The scattering amplitudes a	 and b	 depend
on parameter q and the real and imaginary parts of the di-
electric permittivities εr, εt and permeabilities μr and μt.
To simplify further consideration we’ll discuss the nonmag-
netic media with μr = μt = 1 and, additionally, consider
the limiting case of nondissipative media, where Imεr =
Im εt = 0. For this case the scattering amplitudes depend on
three parameters: Re εr,Re εt and q . For fixed εr and εt am-
plitudes a	 and b	 oscillate versus size parameter q . They
reach maximal values at some points (the so-called optical
resonances [33]). One can see immediately from (10)–(11)
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that, for nondissipative media, maximal values of ampli-
tudes are a	 = 1 and b	 = 1. They are reached at the points
where �(a)

	 (q, ε) = 0 and �(b)
	 (q, ε) = 0, respectively. These

equations present the trajectories of optical resonances on
{q, ε} plane. There are two different branches of optical res-

Fig. 1 Variation of surface plasmon resonance (for dipole mode 	 = 1)

versus the particle size at different anisotropies

Fig. 2 Variation of the dipole resonance trajectory for different aniso-
tropies. We consider the same values of ε and μ as in Fig. 1

onances. The first one is related to usual Mie resonances
which are associated with excitation of volume waves in
the spherical cavity [33]. These resonances typically arise
at rather large values of the size parameter q > 1 and for
this case resonances of electric and magnetic amplitudes
are overlapped. Another branch is associated with excitation
of surface electromagnetic waves (plasmons). For isotropic
case these resonances at the limit of small particle q → 0 oc-
cur in electrical amplitudes a	 at ε = ε	 = −(	 + 1)/	. One
can see in Fig. 1, that the anisotropy influenced the positions
of surface optical resonances while positions of volume res-
onances remain practically unchanged.

In Fig. 2 we show the variation of the dipole electric res-
onance a1(εr, εt, q) = 1 trajectory for different anisotropies.
As we mentioned, the anisotropy mainly influenced posi-
tions of the surface modes. Both values of εr and εt in Fig. 2
are negative. One can see that for fixed εt value surface
plasmon resonance moves into the smaller q values with
εr/εt < 1 and into the larger q values in the opposite situ-
ation with εr/εt > 1.

As one can see in (8)–(9), the scattering efficiencies are
inversely proportional to q2, thus, a shift in the resonance
positions strongly influences the scattering efficiencies, as
shown in Fig. 3. With a 10% variation of anisotropy para-
meter we have a variation of the resonant value of q about
two to three times which, in turn, leads to a variation of the
scattering efficiencies by an order of magnitude.

Thus, we can see that even a small variation in the aniso-
tropy plays an important role in enhancing or prohibiting
scattering efficiencies. It can be shown that similar vari-
ations arise in the field enhancement also. However, it is
necessary to emphasize that such a big impact due to ra-
dial anisotropy can only be seen in nondissipating materi-
als. With dissipation (both in εt or in εr), this enhancement
becomes less pronounced. Anisotropy may lead to some
unusual effects, e.g. nonzero absorption Qabs �= 0 within

Fig. 3 Scattering efficiencies
associated with surface plasmon
resonances
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nondissipative Im εr,t = 0 and nonmagnetic μr,t = 1 mate-
rials with opposite signs of dielectric permittivities εr > 0
and εt < 0.

Having in mind the practical realization of the anisotropy
effect we should mention the graphitic multishell structures
[34], spherically stratified medium [35], and indeed the cell
membranes containing mobile charges [36].

3 Conclusion

We demonstrated theoretically that the anisotropy can addi-
tionally enhance the surface plasmon resonance effect, when
both εr and εt are negative and |εr| < |εt|. A corresponding
field enhancement in weakly dissipating materials can reach
about the order of magnitude for small particles.
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