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We study experimentally both magnetic and electric optically induced resonances of silicon

nanoparticles by combining polarization-resolved dark-field spectroscopy and near-field scanning

optical microscopy measurements. We reveal that the scattering spectra exhibit strong sensitivity

of electric dipole response to the probing beam polarization and attribute the characteristic asym-

metry of measured near-field patterns to the excitation of a magnetic dipole mode. The proposed

experimental approach can serve as a powerful tool for the study of photonic nanostructures pos-

sessing both electric and magnetic optical responses.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919536]

In recent years, dielectric nanostructures composed of

materials with high refractive index have been studied inten-

sively as promising building blocks for all-dielectric nanopho-

tonic devices.1–10 While applications of plasmonic components

are limited by a number of factors including high ohmic

losses,11 high-index dielectric nanostructures are practically

free from losses, and they can also exhibit optically induced

magnetic responses in the visible range bringing an additional

degree of freedom for light manipulation at the nanoscale.

Coexistence of tunable magnetic and electric responses4–6 in

high-index nanoparticles at optical frequencies triggers the de-

velopment of concepts for light-manipulating components

including impedance-matched metasurfaces,12 superdirective

antennas,13 and precise control over nanoparticle scattering,

including zero back-scattering.6–9

A basic nanostructure, which can exhibit both electric

and magnetic responses at optical frequencies, is a high-

index dielectric nanosphere.1–6,8 Magnetic scattering

resonances in the visible range were observed for nanopar-

ticles made of silicon4,5 and gallium arsenide.7

The most common way to characterize the optical prop-

erties of a single nanoparticle is to measure its scattering

spectra. The experimental results for the scattering spectra of

a single nanosphere are usually in a good agreement with the

predictions of Mie theory.4–6,14 The nature of observed fea-

tures in the scattering spectra can be interpreted via numerical

multipolar decomposition method, allowing to distinguish the

contributions of dipole and higher-order multipole modes and

resolve intriguing phenomena such as excitation of toroidal

or anapole modes.10,15,16 Otherwise, scattering near-field

scanning optical microscopy technique17 can be employed

for direct observation of high-order multipole modes in single

dielectric nanostructures.18

In this letter, we make the next step in the study of opti-

cally induced magnetic resonances of nanostructures and

propose an alternative experimental approach allowing to

distinguish the optical magnetic dipole (MD) and electric

dipole (ED) resonances directly from experiment. This is

made possible by combining the polarization-resolved dark-

field spectroscopy and near-field scanning optical micros-

copy (NSOM) measurements. We believe that the proposed

experimental approach can serve as a powerful tool for the

study of photonic nanostructures possessing both electric and

magnetic optical responses.

Silicon (Si) nanoparticles of various sizes are fabricated

by femtosecond laser ablation of a Si wafer as described in

Ref. 6. The laser beam passes through the glass substrate

placed on the top of the wafer and ablates the Si surface. The

ablated silicon nanoparticles are deposited and solidified on

the glass substrate. Then the nanoparticles of different sizes

are imaged using dark-field optical microscope and scanning

electron microscope (SEM).

Two experimental setups used to characterize the opti-

cal responses of single nanoparticles are sketched in Fig. 1.

To study the scattering properties of Si nanoparticles as a

function of wavelength and polarization of the incident

beam, we use a home-made dark-field microscope with in-

dependent excitation (side) and collection (upper) optical

channels, Fig. 1(a). Polarized white light is weakly focused

with an objective (Mitutoyo MPlanApo 10�, NA¼ 0.28)

on the sample surface at oblique incidence (25� to the sam-

ple surface). The light scattered by a single particle is col-

lected by the second objective (Mitutoyo MPlanApo 50�,

NA¼ 0.55) and analyzed with a spectrometer in confocal

arrangement. Similar experimental method was used for the

characterization of optical response of plasmonic nano-

structures in Refs. 19 and 20.

To obtain information on the spatial distribution of the

electromagnetic field in the vicinity of the particle, we use

the aperture-type NSOM instrument (AIST-NT, Inc., tapered

aluminium-coated fiber probe) operating in the collection

mode,21 Fig. 1(b). For sample excitation, we employ a
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supercontinuum source (Fianium WhiteLase SC400–6)

combined with the tunable bandpass filter (Fianium

SuperChrome) yielding a beam with a spectral width of

approximately 10 nm with tunable central wavelength. After

the filtering, the beam is polarized with a Glan prism and

weakly focused on the sample surface through the substrate

by an achromatic doublet lens (focal distance f¼ 5 cm) to a

spot with the diameter of approximately 30 lm, Fig. 1(b).

The scanning is performed in constant-height mode21 (height

h� 200 nm above the substrate surface) by using capacitive

sensor feedback loop.

To gain further insight into the nature of the observed

peaks as compared to previously reported results on unpolar-

ized dark-field spectroscopy,4,5 we improved the setup by

introducing a polarizer to the excitation channel, thus achiev-

ing polarization resolution. Since in our dark-field spectros-

copy setup (see Fig. 1(a)), we use relatively low numerical

aperture objective (NA¼ 0.55) in the collection channel, the

scattering from the x- and y-projections of the overall dipole

moments induced in the nanoparticle dominate in the col-

lected signal. (This follows from the fact that the point-like

dipole emission is suppressed along the direction of the

dipole itself.22) Accordingly, we can expect the collected ED

response to be stronger for s-polarized rather than for

p-polarized excitation and vice versa for the MD resonance,

which is indeed true for scattering in free space (see scatter-

ing cross-section simulations in Fig. 2(c), dashed lines). Note

that large angles of incidence are beneficial since they ensure

bigger difference between the magnitudes of induced in-

plane dipoles moments for s- and p-polarizations.

The dark-field spectra obtained from a single Si nano-

particle for s- and p-polarized incident beam are shown in

Fig. 2(b). In order to verify the experimental results, we cal-

culated the scattering cross-sections (SCS) for Si nanopar-

ticle on a glass (refractive index 1.5) substrate using

analytical solution.23 The diameter of the sphere was set to

be 150 nm, as it is estimated from the SEM image shown in

the inset to Fig. 2(b). The crystalline silicon dielectric per-

mittivity model used in the simulations was taken from Ref.

24. The sphere was illuminated by a linearly polarized

plane wave at oblique incidence (25� to the sample surface,

same as in the experiment). The collected signal was mod-

elled by integration of the scattered radiation within the

cone with half-angle of 33.4�, which corresponds to the col-

lection objective NA of 0.55. The scattering spectra calcu-

lated in such manner for both excitation polarizations are

presented in Fig. 2(c) (solid lines) and demonstrate excel-

lent agreement with the experimental curves (Fig. 2(b)).

Comparing s- and p-polarized spectra obtained both

experimentally and numerically, one can immediately see

that the feature corresponding to ED resonance exhibits

the expected polarization sensitivity. The peak becomes

pronounced for s-polarization and is suppressed for

p-polarization. On the contrary, MD resonance does not

demonstrate such polarization dependence.

To provide even better distinction between the magnetic

and electric dipole contributions, we complemented our dark-

field measurements with NSOM experiments performed at

ED and MD resonant wavelengths. Importantly, NSOM is

known to have different sensitivities to different components

of the electromagnetic field.25–28 Moreover, recent papers29,30

provide experimental evidence that NSOM signal can be

interpreted in terms of lateral (perpendicular to the probe axis)

electromagnetic field components, while in Ref. 31 we have

shown that the maps of lateral magnetic or electric field meas-

ured above a point-like dipole demonstrate different symme-

try for electric and magnetic dipoles. This makes NSOM a

promising tool for distinguishing the magnetic and electric or-

igin of dipole responses of nanoscale systems.

In order to check the possibility to distinguish electric

and magnetic responses of Si nanoparticle in NSOM

FIG. 1. (a) Experimental setup for the polarization-resolved dark-field spec-

troscopy. A sample is excited by polarized white light from the side.

Scattered light is collected from the top. The inset shows dark-field image of

the sample (10� 10lm2). (b) Schematic of NSOM experimental setup. Si

particle is excited from the bottom by a weakly focused supercontinuum

laser beam with tunable central wavelength.

FIG. 2. (a) Sketch of the electric field of s- and p-polarized incident wave in dark-field experimental geometry. The dominating lateral dipole moments of a

nanoparticle for both cases are shown. (b) Experimental dark-field scattering spectra of a nanoparticle with diameter d� 150 nm obtained for s- and p-

polarized incident beam. The images of the particle obtained using SEM (angle of view 50�, scale bar 200 nm) and dark-field microscope (scale bar 1 lm) are

shown in the left and right insets, respectively. (c) Simulated scattering cross section spectra calculated for a spherical silicon nanoparticle (d¼ 150 nm) on a

glass substrate (solid lines) and in free space (dashed lines).
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experiments, we performed full-wave electromagnetic field

simulations using finite-difference time-domain method

(Lumerical FDTD Solutions). In the simulations, the particle

was excited by a plane wave propagating along the

z-direction, the field monitor was placed at 50 nm above the

silicon sphere. We also ensured that the change of the angle

of incidence did not take strong effect on the scattering

resonances’ frequencies

The simulated patterns of the lateral electric and mag-

netic field intensities at the wavelengths of ED and MD

resonances are shown in Figs. 3(a)–3(d). The observed inten-

sity modulation originates from the interference of the radia-

tion scattered by the particle with the incident plane wave. A

closer look reveals that these maps demonstrate different

“degree of asymmetry” (DOA). Defined as the ratio between

magnitude of interference pattern modulation along and per-

pendicular to polarization of incident beam, DOA can be used

to quantitatively characterize the contribution of certain dipole

(either ED or MD) to the scattering of the particle. As dis-

cussed in Ref. 31, only the presence of MD response can lead

to asymmetry in lateral magnetic fields, while asymmetry in

electric field map is a signature of ED contribution. Since all

maps (Fig. 3(a)–3(d)) demonstrate azimuthal angle depend-

ence, we can conclude that the nanoparticle possesses both

electric and magnetic responses at the selected wavelengths.

However, while the “main” (resonant) dipole contributions

(ED in Fig. 3(a) and MD in Fig. 3(d)) are equally strong, the

comparison of DOA in Figs. 3(c) and 3(b) shows that the

“secondary” dipole contribution is stronger at the MD reso-

nance wavelength (ED response at MD resonance is stronger

than MD response at ED resonance). This is in good agree-

ment with previous results of multipole decomposition

reported elsewhere,1,5 which demonstrate that ED response is

spectrally broader than MD response.

To understand whether the asymmetry related to the

contributions of dipole responses can indeed manifest itself

in NSOM experiments, we performed the reconstruction of

near-field signal from rigorous FDTD simulations. To

account for the sensitivity of the NSOM probe to different

electromagnetic field components, we applied a method

based on the electromagnetic reciprocity theorem.30,32 The

maps of NSOM signal simulated in such manner for tip aper-

ture size of 200 nm are shown in Figs. 3(e) and 3(f) for the

wavelengths of ED and MD, respectively. Though the model

takes into account both electric and magnetic fields in the vi-

cinity of the sample, the NSOM maps closely resemble the

patterns of the in-plane magnetic fields, especially at some

distance from the nanoparticle (Figs. 3(e) and 3(f)). This

indicates that for the considered experimental geometry the

aperture-type optical fiber NSOM probe acts as a “magnetic

analyzer” collecting mainly lateral magnetic fields.27,28

The results of the NSOM experiments performed at the

wavelengths of ED and MD resonances are shown in Fig. 4.

The obtained NSOM maps closely match the numerical simu-

lations (Figs. 3(e) and 3(f)). In the case of ED resonance, the

NSOM pattern does not demonstrate strong dependence on

azimuthal angle, indicating weak magnetic response at this

wavelength. This is best illustrated by radial NSOM map pro-

files, which were obtained by averaging the radial sections of

the maps within 45� sector along and across the polarization

direction (see Fig. 4(c) for ED map profile). On the contrary,

FIG. 3. Numerical results for Si sphere with the diameter of d¼ 150 nm

excited by plane wave at the wavelengths of electric (k¼ 510 nm, left col-

umn) and magnetic (k¼ 610 nm, right column) dipole resonances. The maps

of in-plane electric (a) and (b), in-plane magnetic (c) and (d) field intensities

and calculated NSOM signal picked up by a probe with the aperture of

200 nm (e) and (f) at the elevation of 50 nm above the nanoparticle. The size

of each image is 8� 8lm2.

FIG. 4. (a) and (b) NSOM scans of Si nanosphere at the wavelengths of ED

(k¼ 510 nm, (a)) and MD (k¼ 610 nm, (b)) resonances. Red and blue arrows

in the center of each plot illustrate the induced electric and magnetic dipole

moments, respectively. The size of each image is 8� 8lm2. Dashed lines on

panel (b) mark the sectors with maximum interference pattern modulation.

(c) and (d) Respective averaged radial profiles of NSOM maps for ED (c)

and MD (d) wavelengths showing the magnitude of signal modulation along

(red line) and across (blue line) the polarization direction (indicated by a

black arrow in the top row panels).
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at the MD resonance the NSOM signal (Fig. 4(b)) shows dis-

tinguishable asymmetry with the lobes aligned along the inci-

dent beam polarization (Fig. 4(d)), confirming the magnetic

nature of the observed scattering resonance.

In conclusion, we have studied, both experimentally and

numerically, the scattering properties of an isolated silicon

nanosphere. We have employed an experimental approach

which comprises polarization-resolved dark-field spectroscopy

and near-field scanning optical microscopy. Polarization-

resolved dark-field spectroscopy allows to determine spectral

positions of optical scattering resonances and demonstrates

strong sensitivity of electric dipole response to the incident

polarization. In turn, the magnetic dipole response of the nano-

particle can be directly identified through the asymmetry in the

NSOM patterns obtained using an aperture-type probe operat-

ing as an effective magnetic field analyzer.

The presented results confirm that the proposed experi-

mental approach allows for discrimination of the dipole optical

responses of both magnetic and electric nature. Importantly,

this can be done directly from the experimental data without

employing complementary numerical simulations.
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