
2 2
2

1

2 (2 1)( )sca n n
n

Q n a b
x





   

2
1

2 (2 1)Re( )ext n n
n

Q n a b
x





   

A NEW POLARIMETRIC INDICATOR IN SENSING APPLICATIONS BASED ON MAGNETO-
DIELECTRIC NANOPARTICLES

Ángela I. BARREDA, Juan M. SANZ, José M. SAIZ*, Fernando MORENO and Francisco GONZÁLEZ

Departamento de Física Aplicada, Universidad de Cantabria, Santander, 39005, España

*Corresponding author: saizvj@unican.es

Abstract
The spectral evolution of the linear polarization degree

(PL) is analytically studied at right-angle scattering
configuration (θ=90º) for magneto-dielectric spherical
nanoparticles. The behavior of PL(90º) is analyzed as a
function of the refractive index of the surrounding
medium, and it is compared with the extinction efficiency
(Qext). This study has been done by focusing on the spectral
pattern of quadrupolar magnetic, and dipolar electric and
magnetic resonances of various semiconductor materials.

1 Introduction
Nanotechnology has revolutionized science of last years

causing important theoretical and practical developments.
Particularly, interaction of light with nanoparticles (NP’s)
has been a very active field in optics and sensing [1]. When
incident light illuminates a metallic NP, free electrons start
to oscillate generating localized surface plasmons (LSP’s).
These coherent oscillations of electronic plasma, which
depends on optical properties, particle size and shape, and
wavelength of incoming radiation, will originate surface
charge distributions [2]. For certain frequencies,
resonances can be observed and strong enhancements of
the electric field in the surroundings of the nanoparticles
happen. Although most studies have been based on
metallic NP’s due to their good response in visible range,
its metallic nature also shows important disadvantages
due to Joule’s losses.

High refractive index dielectric NP’s have been
proposed as a solution for this problem because light can
interact with these materials with negligible absorption [3].
In fact, instead of LSP’s, whispering gallery modes are
responsible for resonances in dielectric NP’s. These
resonances are located in well-defined spectral ranges, and
depend on the NP’s size and shape [4].

Another important feature is the magnetic response that
these non-magnetic materials are able to exhibit. Although
for these materials μ=1, being μ their magnetic
permeability, magnetic resonances can be observed.
During the last years this behavior has been vastly
explored for some elements, such as Silicon or Germanium
[5], while other semiconductor compounds are beginning
to be studied recently [6], and all of them are so-called
magneto-dielectric materials [7].

Depending on NP’s size, resonances will be located at
different spectral ranges. For a given magneto-dielectric
material, resonances are red-shifted as NP’s size increases.
Resonances are also influenced by the relative refractive
index of the NP and the surrounding media, but in this
case twice: firstly, they can be red-shifted (blue-shifted) as
the relative refractive index increases (decreases,
respectively); and secondly, they are reinforced
(weakened) [6].

In this research, spherical NP’s of Silicon (Si),
Germanium (Ge), Aluminum Arsenide (AlAs), Aluminum
Antimonide (AlSb) and Gallium Phosphide (GaP) are
theoretically analyzed for a set of refractive indexes of the
surrounding media (mext) varying from 1 to 2. The spectral
evolution of the linear polarization degree of the scattered
light at right-angle detection, PL(90º) [8], is established as
polarimetric observer for mext sensing. Although results
have been obtained for the five former materials, Si has
been chosen as the representative one for this presentation.
The most important feature of these materials is their low
absorption. In fact, in a range that varies from VIS to IR
their absorption can be considered insignificant in most
cases.

2 Theory
Following Mie’s theory for scattering and absorption of

light by small particles, scattering and extinction
efficiencies by a NP can be defined as [9]:

(1),

where an and bn are the well-known diffusion coefficients
of Mie’s theory (which depend on the particle size and
shape, and on the electric and magnetic properties of the
NP and its surrounding medium), and x the size
parameter, defined as (2π·mext·R)/λ, being λ the
wavelength of incident light. Coefficients an and bn,
respectively, are related to electric and magnetic effects on
the NP. In particular, a1 (b1) corresponds to the electric
(magnetic) dipolar mode, and a2 (b2) corresponds to the
quadrupolar one.
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In the same way, intensities of light scattered by NP’s
are also related to an and bn through the scattering matrix
elements, which depends on the scattering direction. For
linearly polarized light, the components parallel and
perpendicular to the scattering plane of the scattered
electric field are related to the incident ones by a diagonal
scattering matrix. In this case, PL(90º) for a NP size smaller
than the wavelength can be obtained in a straight-forward
way [8]:

(2)

Equation 2 may provide information about the NP’s
surrounding medium based on the value of the
polarimetric observer PL(90º).

3 Results

3.1 Qext vs. PL(θ =90º)
A recent study evaluates both the evolution and the

sensitivity of Qext with the variation of mext for magneto-
dielectric NP’s [6]. Figure 1 shows the spectral behavior of
Qext and PL(90º) for a Si NP (R=200 nm, mext=1.0).
Resonances (a1, b1 and b2) can be identified in both patterns
for given R and mext, so that PL(90º) should be able to
reproduce the information contained in Qext, but in a
experimentally feasible way [7].

Figure 1 Spectral behavior of Qext (red dashed line, left axis)
and PL(90º) (blue line, right axis) for a Si NP (R=200 nm,
mext=1). Resonances location is shown with vertical dotted lines.

3.2 PL(θ =90º) as a sensing indicator.
Figure 2 shows the spectral evolution of PL(90º) as a

function of mext. As can be seen, values of all resonances
evolve with the refractive index of the surrounding media.
An estimate of mext can be obtained through the evolution
of PL(90º), for those wavelengths where resonances occur.

Although Si has no absorption in the studied wavelength
range, there are some materials, such as Ge, that have tiny
absorption traces in the NIR region. The right choice of
materials and sizes for each sensing application will lead
to better results in sensing devices. Nevertheless, even in
the worst case, electric resonances are less sensitive with
the absorption than magnetic ones [10], so that their
fingerprint in PL(90º) can still be followed in sensing.

Figure 2 Spectral evolution of PL(90º) for a Silicon nanoparticle
(R=200 nm) as a function of mext.

3.3 Sensitivity of PL(θ =90º)
In order to establish the accuracy of PL(90º) as an

indicator of mext, its sensitivity as a function of mext is
evaluated by analyzing its values at the wavelengths
where resonances take place. This can be done through the
expression:

(3),

which evaluates the sensitivity in PL(90º) with respect to
tiny changes in mext. Results of the average sensitivity in
the studied spectral range for all semiconductors analyzed
are shown in Fig. 3. As can be seen, Ge shows low
sensitivity at short wavelengths (magnetic quadrupolar
resonance). This is due to the absorption of Ge in this
spectral range [11]. Apart from this, the main result is the
high sensitivity values obtained for all the materials,
regardless of the analyzed resonance, which are big
enough as to consider PL(90º) an experimentally feasible
indicator.

Figure 3 Sensitivity of PL(90º) with mext at the wavelengths
where resonances take place for isolated nanoparticles of Ge,
GaP, AlAs, AlSb and Si (R=200 nm).
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4 Conclusions
The linear polarization degree of the scattered light at

right-angle detection, PL(90º), is proposed as a new
polarimetric indicator for sensing applications by using
magneto-dielectric nanoparticles. Its fingerprint is able to
inform about the electric and magnetic effects in the NP, in
the same way as Qext. Furthermore, its high sensitivity
values made PL(90º) an experimentally reliable indicator
even for ‘in vivo’ examinations. The right choice of
materials and sizes may allow monitoring mext by means of
PL(90º), in spite of the spectral range or the chosen
resonance.
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