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Magneto-Optical Activity in High
Index Dielectric Nanoantennas
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The magneto-optical activity, namely the polarization conversion capabilities of high-index, non-
. absorbing, core-shell dielectric nanospheres is theoretically analyzed. We show that, in analogy with
Accepted: 07 July 2016 : their plasmonic counterparts, the polarization conversion in resonant dielectric particles is linked to
Published: 04 August 2016 : the amount of electromagnetic field probing the magneto-optical material in the system. However,
: in strong contrast with plasmon nanoparticles, due to the peculiar distribution of the internal fields in
resonant dielectric spheres, the magneto-optical response is fully governed by the magnetic (dipolar
and quadrupolar) resonances with little effect of the electric ones.
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The ability to externally control the propagation of light in the visible and near-infrared domain by means nano-
structured materials has been a matter of intense research in the last decade. This interest is explained by the
promising potential applications in different areas of technology, like telecommunications®? or sensing®*. A way
to modify the scattered light, such as intensity, directionality, phase and polarization is by using small metallic
particles compared with the wavelength. The interaction of light with these particles, usually referred as nano-
antennas, can be moulded by changing their characteristics such as size, material or shape®~'°. This is driven by
the possibility to excite localized surface plasmons and the subsequent strong near field interactions allow the
fabrication of systems with high directionality'"!? or obtain configurations where the electromagnetic field is
confined in small volumes®.

In the quest to exert certain degree of control of the plasmon properties using external parameters, the
so-called active plasmonics, some developments have been made using different “controlling agents”. Electric
fields', temperature'® or electromagnetic waves'® have been used as such external agents. An interesting alter-
native is the use of an external magnetic field, that can induce polarization conversion effects in non-magnetic
noble metals supporting localized surface plasmons, due to the enhanced Lorentz force acting over oscillating
charges'”!® or get a larger control when acting in combination with magnetic metals'®?. In this case, the reverse
effect is also very interesting, namely, to use the plasmon resonance to enhance the magneto-optical response*! -2,
An important aspect in this case is that the internal architecture of the plasmonic elements can largely modify the
way that the enhancement is realized**-?%, since the actual distribution of the electromagnetic field in the material
plays a crucial role*?’.

In the last years the concept of optical magnetic resonances in the visible domain has been put forward for its
evident interest in terms of scattering efficiency®®, and magneto-optical response?, this last based on the Babinet
principle for plasmonic entities®*!.

On the other hand, dielectric materials present themselves as a particularly interesting alternative to resonant
dipolar-like scattering elements. High refractive index dielectric nanoparticles were shown to present both strong
electric and magnetic dipolar resonances®** exhibiting weak dissipation in the visible and practically lossless
in telecomm and near-infrared frequencies. Linked to these properties, an increasing interest in the use of high
index dielectric nanoparticles as optical antennas has emerged>*.

In the context of magneto-optical activity these high refractive index systems extend the range of reso-
nant response into the near infrared, while simultaneously considering internal resonances with zero or very
low absorption. This last is in contrast with plasmonic nanoantennas where resonant excitation intrinsically
means dealing with absorption. Moreover, if one considers Si based materials (properly doped to get a sizeable
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Figure 1. (a) Extinction efficiency of the Silicon nanoparticle with 230 nm of radius, without external magnetic
field (continuous line) and with it (symbols); (b,c) spectral dependence of the x and y component of the
electromagnetic field in the backscattering direction; (d,e) spectral dependence of the x and y component of the
electromagnetic field in the forward direction; all fields in (b-e) have been normalized to the maximum value,
occurring for E™, (f) Integral of the electromagnetic field intensity inside the sphere, normalized to the sphere
volume. (g) sketch of the spherical nanoantenna with a MO core depicting the incoming field and the
orientation of the external static magnetic field.

magneto-optical activity) the systems here could be integrated in existing silicon optical systems, adding func-
tionalities to the existing modulators*2.

In this paper we address the magneto-optical effect in the context of these high index dielectric
nano-antennas. To illustrate the effect we will consider a practical case where the antenna is a silicon nanosphere
with non-negligible off-diagonal elements in the dielectric tensor. We show that, as expected, the magneto-optical
effect is controlled by the internal resonances of the nanosphere, but, contrary to the case of metals where elec-
tric dipoles dominate, the magnetic resonances are the ones that dominate the spectral dependence of the
magneto-optical response, having the electric dipolar resonance a small, even tiny, influence. Additionally, we
establish a clear correlation of the spectral magneto-optical response with that of the spatial field profile within
the nanosphere that is, in turn, linked to the nature of each resonance.

Results and Discussion

Our model system will be a high index, non-absorbing, dielectric nanoantenna consisting of a spherical particle
with radius 230 nm made of Silicon (n= 3.5). This nanoantenna is further illuminated by a plane wave (with
intensity E,) impinging along the z-axis and with its polarization aligned along the x-direction. The Silicon par-
ticle is assumed to be a core-shell where the core is uniformly doped within a MO material [see sketch in Fig. 1].
In the presence of a static magnetic field along z (i.e. in parallel of the incident electromagnetic plane wave) the
dielectric permittivity of the, otherwise isotropic, material becomes a non-diagonal tensor of the form

€4 6xy(l‘) 0
€=|-¢€,) & 0}

0 0 g (1)
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wheree, = n* = 12.25and €4 (1) = iQeym, (r), which is proportional to the magnetization along z, m,, accounts
for the nonuniform distribution of magnetic impurities in the otherwise homogeneous Si sphere. For simplicity
we will assume a lossless response with e (r) ~ 0.1 i, a value that is easily achievable using dielectric MO active
materials such as garnets [The permittivity tensor is then Hermitian, i.e. e =€].

In order to obtain its electromagnetic response of the nanoantenna to the incident field, we will use an
extended discrete dipole approximation (DDA), where the particle is divided in N = 4224 elements with identi-
cal volume. The explicit expressions that allow calculating the electric field at any point in space, as well as the
extinction, absorption, and scattering cross sections can be found in the Methods Section [Eqs (12-18)].

In Fig. 1(a) we show the Extinction Efficiency (extinction cross section normalized to the geometrical cross
section) of our model system as a function of the wavelength of the impinging radiation. It displays the typical
peaked structure corresponding to the most fundamental excitations: magnetic dipole (A~ 1625nm), electric
dipole (A~ 1250 nm) and magnetic quadrupole (A= 1100 nm)*. In the same figure we present the scattering
cross section when a static magnetic field is applied in a way such that the permittivity tensor is MO active and
homogeneous affecting equally the whole sphere (i.e. all discretization elements present a dielectric tensor as in 1).
As it can be seen, and as it is commonly the case in magneto-optical effects in the visible and near-IR part of the
electromagnetic spectrum, the optical properties, in this case the cross sections, do not experiment a noticeable
modification. However, the presence of the non-diagonal (magneto-optical) elements in the dielectric tensor
implies that the polarizability of the sphere is also non-diagonal inducing a polarization conversion**?. From the
original incoming x-polarized wave E,, the back-reflected or transmitted wave will have a small, MO-induced
y-component E,. This effect is commonly known as the Polar Kerr effect, for reflected waves, or Polar Faraday
effect for transmitted ones. Thus in Fig. 1(b,c) we present the spectral dependence of the x and y components of
the electromagnetic (EM) field in the backscattered direction. E, presents the distinctive marks of the fundamen-
tal excitations (magnetic quadrupole and electric and magnetic dipoles) together with a zero-field point at
A= 1775 nm. This point corresponds to the first Kerker condition, where both electric and magnetic dipolar res-
onances scatter coherently, leading to a zero-backward field intensity in the radiated power***. E,, however, does
not follow that principle and displays only two well defined peaks, spectrally located at the position of the mag-
netic dipole and magnetic quadrupole, with a very weak shoulder the position of the electric dipole. This fact is
rather striking, since the excitation of electric dipoles is the basis of the extensively addressed enhancement of the
MO activity in metallic magnetoplasmonic systems. Similarly, in Fig. 1(d,e) the spectral dependence of the x and
y components of the EM field in the forward direction is shown. As it can be seen, E, contains basically the same
information as the cross section, with well defined peaks at the fundamental excitations, and preserving the same
relative intensities [Notice that from the Optical Theorem, the imaginary part of the amplitude of the forward
wave is proportional to the extinction cross section]. On the other hand, E, is very similar to the that in the back-
ward direction. In the context of magneto-optical activity in resonant systems, it has been pointed out that the
polarization conversion can be linked to the amount of electromagnetic field probing the magneto-optical mate-
rial in the system®*?”. Thus, in Fig. 1(f), we present the integral of the EM field Intensity (EM; = f |E(r)/E,[*d’r)
inside the sphere, normalized to the sphere volume. As it can readily be seen, the integration reveal only two clear
peaks in the spectrum, in almost perfect resemblance of the converted component of the backscattered and/or
forward far fields.

To verify this assertion, we present in Fig. 2 the profiles of the EM field norm (E(r)/E,|) inside the sphere in
the three principal symmetry planes XY = (x, y, 2=0), XZ=(x, y=0, z) and YZ=(x=0, y, 2) for the frequencies
corresponding to the three resonant modes. As it can be seen the weakest contribution comes from the region
where electric dipole is excited, whereas the strongest is from that where the excited mode is the magnetic quad-
rupole. This fact accurately coincides with the spectral distribution of the polarization conversion presented in
Fig. 1(c,e), and the integrated intensity within the sphere in Fig. 1(f). Moreover, the spatial distribution of the
intensities points to a higher localization towards the center of the sphere for the case of the electric dipole, being
the magnetic dipole basically absent at the sphere center. The case of the quadrupole is more complex, since being
weaker at the center, the field intensity is still larger than that of the electric dipole.

Let us now consider core@shell structures for the MO activity, i.e. the MO activity is only located within a cen-
tral region of the sphere, while keeping the rest non MO active. For small radii of the MO core, the contribution of
the electric dipole would be high, competing with that of the magnetic quadrupole. As the core radius increases,
this contribution loses relative weight with respect to the magnetic resonances, which will dominate for bigger
radii. For the magnetic dipole the situation should be close to complementary to that of the electric dipole, when
the core is small there should be a very weak contribution that increases as the radius of the core grows. We also
expect that the strongest contribution will always be from the quadrupole resonance irrespective of the radius of
the core, but with varying relative intensities.

This fact is nicely displayed in Fig. 3(a) where we present the polarization conversion (E /E|), normalized to
the amount of MO material for a better view, as a function of the core radius and of the wavelength. As the field
profiles of the resonances indicate, for small core radii the largest contribution is spectrally localized at the region
where the magnetic quadrupole and electric dipole are excited, being basically non-existent in the region of the
magnetic dipole. As the core radius increases the relative contribution of the electric dipole decreases, whereas
that of the magnetic resonances increases, being the magnetic quadrupole dominant irrespective of the value of
the core radius. Figure 3(b-e) present the same information for selected radii, displaying in this case the bare, not
normalized, intensities. The overall polarization increases as the amount of MO material does, whereas the rela-
tive weight is that inferred from the field profiles inside the nanoantenna.

Finally, to further verify that the local field intensity in the interior of the sphere actually governs, if not
fully, the overall polarization conversion, we present in Fig. 4 the integral of the EM intensity in the core region
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Figure 2. Spatial profiles of the EM field norm (|E(r)/E,|) inside the sphere in the three principal planes
(x,¥,2=0), (x, y=0, 2) and (x=0, y, z) for frequencies corresponding to the three resonant modes,
magnetic quadrupole (A= 1100 nm), electric dipole (A= 1250 nm), magnetic dipole (A= 1625 nm).
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Figure 3. (a) Polarization conversion (|E,/Ey|), normalized to the amount of MO material (volume of the core),
as a function of both the core radius and the wavelength. Polarization conversion for different core radii: 230 nm
(b), 184nm (c), 115nm (d) and 46 nm (e) showing the evolution of the contribution of the main resonances.

(normalized to its volume) as a function of core radius and wavelength, showing a remarkable agreement with the
actual polarization conversion.
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Figure 4. Integral of the EM intensity (normalized to the volume) in the core region as a function of core
radius and wavelength.

In summary we have deeply analyzed the polarization conversion capabilities of high-index, non-absorbing,
core-shell dielectric nanoantennas. We have demonstrated that, in analogy with their metallic, plasmonic, coun-
terparts, the polarization conversion is controlled by the internal resonances of the nanosphere. However, in
strong contrast with plasmon nanoparticles, the magneto-optical response is fully governed by the magnetic
(dipolar and quadrupolar) resonances with little effect of the electric ones. Moreover, the spectral position and/
or the spectral width of these resonances can be further tuned by a proper selection of the material and radius.
For instance, increasing the refractive index while keeping the radius fixed the resonance will be red-shifted
and the spectral width will be reduced. We have also pointed out that this behavior arises from the particular
spatial field profile within the nanosphere that is, in turn, linked to the nature of each resonance. We would like
to mention that the systems described here, or similar ones with alternative geometries but supporting Mie res-
onances, are not far from being experimentally achievable. One suitable approach is to start with superparamag-
netic iron-oxide-doped silica nanospheres and proceed with a reduction treatment to end up with silicon instead
of silica® (it would be worth mentioning that the superparamagnetic silica nanoparticles are even commercially
available).

Methods

Fields and polarisation conversion results were computed using an extended discrete dipole approximation
(DDA) method*~*¢ for magneto-optical scattering calculations*”*¢, We consider a non-homogeneous finite target
characterised by a dielectric permittivity tensor e(r) embedded in an otherwise homogeneous media with
g, = nf (real). In absence of free currents, the total electric field is given by the solution of the integral equation

E(r) = Eo(r) + k2 f G(r, )[e(r) — g E()d* ®
v

where I is the unit tensor and E(r) is the solution of the Maxwell equations in absence of the target. We define

G(r, r,) as the Green tensor connecting (through the homogeneous media) an electric-dipole source p at a posi-

tion ry to the electric field at a position r by the relation®

k2
E(r)dipole = —G(l‘, l'0)p

€on (3)
Ger,rp = |p + R YIV] €
Y K Janlr — x| @)

wherek = ﬁ wlc, ky = w/c. Following Lakhtakia’s® theoretical discussion, the DDA is equivalent to a discre-

tised version of the integral formulation [Eq. (2)] of the Maxwell equations. The volume of the object, Vis consid-
ered as the union of non-overlapping, simply connected subregions of volume V,, (n=1, ..., N) withV = >, V.
Each subregion V, is homogeneous and so small that the electric field can be considered as approximately con-
stant. Assuming that r, represents a point centred in volume V,, (inside the object), Eq. (2) can be approximated
as

k2 N _
E(r) = Ey(r) + — ) G(r,r,)p, . P, =¢g(e(r,) —gD)V,E(r,).
0 €0€hnz::1 P P, =% n %)

where, G(r, r,) is the Green tensor averaged over V ,
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K*G(r, r) = v J:’,, G(r, r')d’r
_ |G, 1) if réV,
~L,/V, + ik* Im{G(x,, r,)} = —L,/V, + ik’/(6m) if r=r, 6)
where L, is the electrostatic depolarisation dyadic®**! that depends on the shape of the volume element V. For a

Rectangular parallelepiped of volume V,,=L,,L,,L,.”",

\% 3
[L,]. = 6,-1-2 arctan ! n sy Li=1
™

2 il
i L /[fo + L,fy + erz i=1 7

From Eqs (5) and (6) it is easy to find the self-consistent coupled equations for the internal field, E(r,,),

1

E(r,) = Ey(r,) + kZZG( I, m)MVmE(rm).
€h

m=n €h (8)

IEh +

k3
L,—iv, e ][E(l‘ ) — &1l

We can identify the left hand side of equation (8) as the field, E,, (r,,), exciting the (dipolar) #-volume element.
If we now define the polarizability tensor, c,, as

_{ LR }‘1
=10y — i—
6m 9)

o, = (er,) — e,D[(e(r,) — &) + L '%,] 'LV, (10)

[, is the quasistatic polarizability tensor], Eq. (8) can be rewritten as a set of couple dipole equations, for the
exciting fields at each element

N
E. (r,) = Ey(r,) + kZZG(rn, r, o, E  (r,). ()

Notice that in our approach, the so-called radiative corrections®*~>* [related to the imaginary part of the Green
Tensor] arise in a natural way and, as a consequence, the DDA results are found to be fully consistent with the
Optical Theorem as discussed below. For cubic volume elements, like for spheres, the depolarization tensor is
diagonal L, =1/3 and our approach is equivalent to previous extended DDA,

The numerical solution of the set of 3N coupled equations (11) give the set of “exciting” fields

{Eeo(r,); n=1,..., N} from which we get

exc (

Pn = goshanEexc(r ) (12)

E(r,) =

(e(r,) — ) 'p .

Ve " (13)
and, assuming plane wave illumination, Ey(r) = Eye’**
Oy COSS sections can be shown to be given by

, the scattering, o, absorption, o, and total extinction,

k
Oy = Im{E}(r }
™ €o&n | 0‘2 Z (14)
k3 N
O = ———— 3 Pt Im{G(x, 1,)}p
o (€0en)’ B’ n,mz:=1 " e (15)
Oabs = Text — Oscatt (16)

k
———) {Im{E{(r,). p} — — ) _p: Im{G(r,, r,)}p,}
(fofh)| 0|2 Z ’ €o€ hmzl (17)
;Zlm{l’ [, - )}
(Eofh) ‘Eo‘ ! (18)
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For a lossless material, the dielectric tensor must be Hermitian e (r,) = e (r,) and so it is the inverse of the

quasistatic polarizability tensor [an_()l — 1] [Eq. (10)], which, from Eq. (18), leads do o, =0.

References

1.
2.
3.

17.
. Pineider, F. et al. Circular Magnetoplasmonic Modes in Gold Nanoparticles. Nano Lett. 13, 4785-4789 (2013).
19.
20.
21.

22.
23.

24.
25.

31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

Temnov, V. V. et al. Active magneto-plasmonics in hybrid metal-ferromagnet structures. Nat. Phot. 4, 107-111 (2010).

Belotelov, V. et al. Enhanced magneto-optical effects in magnetoplasmonic crystals. Nat. Nanotechnol. 6, 370-376 (2011).
Sepulveda, B., Calle, A., Lechuga, L. M. & Armelles, G. Highly sensitive detection of biomolecules with the magneto-optic surface-
plasmon-resonance sensor. Opt. Lett. 31, 1085-1087 (2006).

. Caballero, B., Garcia-Martin, A. & Cuevas, J. C. Hybrid magnetoplasmonic crystals boost the performance of nanohole arrays as

plasmonic sensors. ACS Phot. 3, 203-208 (2016).

. Link, S. & El-Sayed, M. A. Spectral properties and relaxation dynamics of surface plasmon electronic oscillations in gold and silver

nanodots and nanorods. J. Phys. Chem. B 103, 8410-8426 (1999).

. Kelly, K. L., Coronado, E., Zhao, L. L. & Schatz, G. C. The optical properties of metal nanoparticles: the influence of size, shape, and

dielectric environment. J. Phys. Chem. B 107, 668-677 (2003).

. Aizpurua, J. et al. Optical properties of gold nanorings. Phys. Rev. Lett. 90, 057401 (2003).
. Lee, K.-S. & El-Sayed, M. A. Gold and silver nanoparticles in sensing and imaging: sensitivity of plasmon response to size, shape, and

metal composition. J. Phys. Chem. B 110, 19220-19225 (2006).

. Bryant, G. W,, Garcia de Abajo, E J. & Aizpurua, ]. Mapping the plasmon resonances of metallic nanoantennas. Nano Lett. 8,

631-636 (2008).

. Rodriguez-Oliveros, R., Sinchez-Gil, J. A. et al. Gold nanostars as thermoplasmonic nanoparticles for optical heating. Opt. Express

20, 621-626 (2012).

. Taminiau, T. H., Stefani, E. D. & van Hulst, N. E. Enhanced directional excitation and emission of single emitters by a nano-optical

yagi-uda antenna. Opt. Express 16, 10858-10866 (2008).

. Novotny, L. & Van Hulst, N. Antennas for light. Nat. Phot. 5, 83-90 (2011).

. Gonzalez-Diaz, J. B. et al. Plasmonic au/co/au nanosandwiches with enhanced magneto-optical activity. Small 4, 202-205 (2008).

. Dicken, M. J. et al. Electrooptic modulation in thin film barium titanate plasmonic interferometers. Nano Lett. 8, 4048-4052 (2008).
. Nikolajsen, T., Leosson, K. & Bozhevolnyi, S. I. Surface plasmon polariton based modulators and switches operating at telecom

wavelengths. Appl. Phys. Lett. 85, 5833-5835 (2004).

. Pacifici, D., Lezec, H. J. & Atwater, H. A. All-optical modulation by plasmonic excitation of cdse quantum dots. Nat. Phot. 1, 402-406

(2007).
Septlveda, B. et al. Plasmon-induced magneto-optical activity in nanosized gold disks. Phys. Rev. Lett. 104, 147401 (2010).

Martin-Becerra, D. et al. Enhancement of the magnetic modulation of surface plasmon polaritons in au/co/au films. Appl. Phys. Lett.
97, 183114 (2010).

Armelles, G., Cebollada, A., Garcia-Martin, A. & Gonzalez, M. U. Magnetoplasmonics: combining magnetic and plasmonic
functionalities. Adv. Opt. Mater. 1, 10-35 (2013).

Maccaferri, N. et al. Ultrasensitive and label-free molecular-level detection enabled by light phase control in magnetoplasmonic
nanoantennas. Nat. Comm. 6 (2015).

Lodewijks, K. et al. Magnetoplasmonic design rules for active magneto-optics. Nano Lett. 14, 7207-7214 (2014).

Maccaferri, N. et al. Polarizability and magnetoplasmonic properties of magnetic general nanoellipsoids. Opt. Express 21, 9875-9889
(2013).

Meneses-Rodriguez, D. et al. Probing the electromagnetic field distribution within a metallic nanodisk. Small 7, 3317-3323 (2011).
Armelles, G. et al. Mimicking electromagnetically induced transparency in the magneto-optical activity of magnetoplasmonic
nanoresonators. Opt. Express 21, 2735627370 (2013).

. de Sousa, N. et al. Interaction effects on the magneto-optical response of magnetoplasmonic dimers. Phys. Rev. B 89, 205419 (2014).
. Rollinger, M. et al. Light localization and magneto-optic enhancement in ni antidot arrays. Nano Lett. 16, 2432-2438 (2016).

. Alu, A. & Engheta, N. The quest for magnetic plasmons at optical frequencies. Opt. Express 17, 5723-5730 (2009).

. Armelles, G., Caballero, B., Cebollada, A., Garcia-Martin, A. & Meneses-Rodriguez, D. Magnetic field modification of optical

magnetic dipoles. Nano Lett. 15, 2045-2049 (2015).

. De Abajo, E G. & Sdenz, J. J. Electromagnetic surface modes in structured perfect-conductor surfaces. Phys. Rev. Lett. 95, 233901

(2005).

De Abajo, E. G, Sdenz, J. J., Campillo, I. & Dolado, J. S. Site and lattice resonances in metallic hole arrays. Opt. Express 14, 7-18
(2006).

Evlyukhin, A. B., Reinhardt, C., Seidel, A., LuK'yanchuk, B. S. & Chichkov, B. N. Optical response features of si-nanoparticle arrays.
Phys. Rev. B 82, 045404 (2010).

Garcia-Etxarri, A. et al. Strong magnetic response of submicron silicon particles in the infrared. Opt. Express 19, 4815-4826 (2011).
Gomez-Medina, R. et al. Electric and magnetic dipolar response of germanium nanospheres: interference effects, scattering
anisotropy, and optical forces. J. Nanophotonics 5, 053512-053512 (2011).

Geflrin, J.-M. et al. Magnetic and electric coherence in forward-and back-scattered electromagnetic waves by a single dielectric
subwavelength sphere. Nat. Comm. 3, 1171 (2012).

Krasnok, A. E., Miroshnichenko, A. E., Belov, P. A. & Kivshar, Y. S. All-dielectric optical nanoantennas. Opt. Express 20,
20599-20604 (2012).

Schmidt, M. K. et al. Dielectric antennas-a suitable platform for controlling magnetic dipolar emission. Opt. Eexpress 20,
13636-13650 (2012).

Rolly, B., Stout, B. & Bonod, N. Boosting the directivity of optical antennas with magnetic and electric dipolar resonant particles.
Opt. Express 20, 20376-20386 (2012).

Marinchio, H., Carminati, R., Garcia-Martin, A. & Saenz, J. ]. Magneto-optical Kerr effect in resonant subwavelength nanowire
gratings. New. J. Phys. 16, 015007 (2014).

Tribelsky, M. L, Geffrin, J.-M,, Litman, A., Eyraud, C. & Moreno, F. Small dielectric spheres with high refractive index as new
multifunctional elements for optical devices. Sci. Rep. 5, 12288 (2015).

Paniagua-Dominguez, R. et al. Generalized Brewster effect in dielectric metasurfaces. Nat. Comm. 7, 10362 (2016).

Reed, G. T., Mashanovich, G., Gardes, F Y. & Thomson, D. J. Silicon optical modulators. Nat. Phot. 4, 518-526 (2010).

Ibisate, M., Golmayo, D. & Lopez, C. Silicon Direct Opals. Adv. Matter. 21, 2899-2902 (2009).

Draine, B. T. & Flatau, P. ]. Discrete-dipole approximation for scattering calculations. J. Opt. Soc. Am. A 11, 1491-1499 (1994).
Tsang, L., Kong, J. A., Ding, K.-H. & Ao, C. O. Scattering of Electromagnetic Waves: Numerical Simulations (John Wiley & Sons, New
York, 2001).

Yurkin, M. A. & Hoekstra, A. G. The discrete dipole approximation: an overview and recent developments. J. Quant. Spectrosc.
Radiat. Transf. 106, 558-589 (2007).

Smith, D. A. & Stokes, K. L. Discrete dipole approximation for magneto-optical scattering calculations. Opt. Express 14, 5746-5754
(2006).

SCIENTIFICREPORTS | 6:30803 | DOI: 10.1038/srep30803 7



www.nature.com/scientificreports/

48. dela Osa, R. A., Albella, P, Saiz, ]. M., Gonzalez, F. & Moreno, F. Extended discrete dipole approximation and its application to
bianisotropic media. Opt. Express 18, 23865-23871 (2010).

49. Novotny, L. & Hecht, B. Principles of nano-optics (Cambridge university press, 2012).

50. Lakhtakia, A. General theory of the purcell-pennypacker scattering approach and its extension to bianisotropic scatterers. Astrophys.
]394, 494-499 (1992).

51. Yaghjian, A. D. Electric dyadic green’s functions in the source region. Proc. IEEE 68, 248-263 (1980).

52. Sipe, J. & Van Kranendonk, J. Macroscopic electromagnetic theory of resonant dielectrics. Phys. Rev. A 9, 1806 (1974).

53. Belov, P,, Maslovski, S., Simovski, K. & Tretyakov, S. A condition imposed on the electromagnetic polarizability of a bianisotropic
lossless scatterer. Techn. Phys. Lett. 29, 718-720 (2003).

54. Albaladejo, S. et al. Radiative corrections to the polarizability tensor of an electrically small anisotropic dielectric particle. Opt.
Express 18, 3556-3567 (2010).

Acknowledgements

This research was supported by the Spanish Ministry of Economy and Competitiveness through grants FIS2012-
36113-C03, FIS2015-69295-C3-3-P, and MAT2014-58860-P, and by the Comunidad de Madrid (Contract No.
$2013/MIT-2740). L.S.E.-P. acknowledges funding from the Swiss National Science Foundation through the
National Centre of Competence in Research Bio-Inspired Materials.

Author Contributions
All authors, N.d.S., L.S.E-P, J.].S. and A.G.-M. contributed equally to this work, participated in the scientific
discussions of the results and in the writing of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: de Sousa, N. et al. Magneto-Optical Activity in High Index Dielectric Nanoantennas.
Sci. Rep. 6,30803; doi: 10.1038/srep30803 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:30803 | DOI: 10.1038/srep30803 8


http://creativecommons.org/licenses/by/4.0/

	Magneto-Optical Activity in High Index Dielectric Nanoantennas

	Results and Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Extinction efficiency of the Silicon nanoparticle with 230 nm of radius, without external magnetic field (continuous line) and with it (symbols) (b,c) spectral dependence of the x and y component of the electromagnetic field in the ba
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Spatial profiles of the EM field norm (|E(r)/E0|) inside the sphere in the three principal planes (x, y, z = 0), (x, y = 0, z) and (x = 0, y, z) for frequencies corresponding to the three resonant modes, magnetic quadrupole (λ ≈ 1100 nm),
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Polarization conversion (|Ey/E0|), normalized to the amount of MO material (volume of the core), as a function of both the core radius and the wavelength.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Integral of the EM intensity (normalized to the volume) in the core region as a function of core radius and wavelength.


