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Abstract We reveal unusually strong polarization sensitivity of
electric and magnetic dipole resonances of high-index dielectric
nanoparticles placed on a metallic film. By employing dark-field
spectroscopy, we observe the polarization-controlled transformation from high-Q magnetic-dipole scattering to broadband
suppression of scattering associated with the electric dipole
mode, and show numerically that it is accompanied by a strong
enhancement of the respective fields by the nanoparticle. Our
experimental data for silicon nanospheres are in an excellent
agreement with both analytical calculations based on Green’s
function approach and the full-wave numerical simulations. Our
findings further substantiate dielectric nanoparticles as strong
candidates for many applications in enhanced sensing, spectroscopy and nonlinear processes at the nanoscale.
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1. Introduction
Recently, high refractive index dielectric nanoparticles have
attracted significant attention as a viable addition to plasmonics in the route to development of new nanophotonic
devices [1–13]. The important advantages of all-dielectric
over plasmonic platforms are full compatibility with complementary metal-oxide semiconductor (CMOS) technology and the presence of both magnetic and electric responses in the visible spectral range [3–5]. The interplay
of these resonances has already inspired all-dielectric-based
solutions for directional scatterers [9,10,14], superdirective
nanoantennas [8, 15], sensors [16], metasurfaces for efficient wavefront control and beam shaping [17–20], metadevices granting a substantial enhancement of nonlinear
effects [21–24], etc. Yet, arguably, the most important advantage of dielectric materials over metals is significanlty
lower level of non-radiative losses. In particular, this leads
to higher quality factor of the optical modes of nanoparticles [3, 25–27] as compared to localized plasmons [28, 29].
Still, high radiative losses limit the maximum Q-factor of
the low-order resonances of nanoparticles, forcing to employ higher order modes for applications requiring field
enhancement [25, 26, 30, 31], which means the increase of
the resonator size. Therefore, an efficient way to control
the quality-factor of the dipole resonances of high-index

nanoparticles could open new possibilities for integration
of dielectric nanoparticles in nanophotonic devices requiring compact yet effective concentrators of electromagnetic
fields.
The most convenient way to manipulate the optical response of high-index nanoparticles is by changing their size
and geometry [13, 17, 32–35]. Alternatively, recent studies [27, 30, 36] showed that the dielectric permittivity of
the environment (i.e., the substrate) also has strong impact on the optical properties of dielectric nanoparticles.
Namely, low-index glass substrate was reported to reduce
the scattering efficiency and Q-factors of optical resonances
of high-index nanoparticles [27, 30]. Of special interest is
the case of metallic substrate, which was shown to produce the enhancement of total scattering cross-section of a
silicon nanosphere governed by the interaction of the electric dipole induced in the particle with its mirror image
under normal excitation [36]. Furthermore, the complex interaction between the modes of the nanoparticle and the
plasmonic modes of the substrate could lead to substantial modifications of the near field [37] and appearance of
unusual optomechanical phenomena [38]. In particular, the
recent work by Huang et al. [39] revealed strong resonant
enhancement of local electric field below a silicon sphere on
a metallic substrate. This effect, corroborated with the measurements of enhanced spectroscopy, was associated with
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the interaction of a lateral electric dipole with its mirror
image generating an effective magnetic dipole response.
However, the studies of the impact of the substrate were
hindered by a lack of a concise analytical model allowing
to reliably address the complex problem for “particle on
a surface”. The solutions for this problem proposed earlier [40, 41], albeit finding their applications for modelling
the near-field of low-index nanoparticles on metallic substrates [42, 43], involve laborious calculations. Thus, most
of the analysis of the scattering of nanoparticles on substrates tends to be either qualitative or based on finite element methods [27, 36, 44]. A promising analytical model
was proposed recently in the work by Miroshnichenko
et al. [45], in which the authors unveiled the effects of
substrate-induced bianisotropic interaction between electric and magnetic dipole modes of a silicon nanosphere
using the approach based on Green’s function. Still, the full
potential of substrate as an instrument for manipulation of
resonant properties of dielectric nanoparticles remains to
be revealed.
In this paper, we manipulate both magnetic and electric dipole responses of a silicon nanosphere placed on a
gold film by controlling the normal (perpendicular to the
substrate surface) components sensitive to the polarization
change, switching between two distinctively different effects associated with the substrate-modified response of
these dipole modes. The first effect is a substantial (more
than two-fold) increase of the Q-factor of optical magnetic
dipole resonance that manifests itself under s-polarized
oblique excitation with the resulting Q-factor of the dipole
mode reaching experimental values as high as 25 and providing strong resonant enhancement of the magnetic field.
The second effect is the suppression of scattering associated with the normal electric dipole component, followed
by strong broadband enhancement of the electric field under
the sphere.
The experimental observation of these unique effects is
made possible with a custom-built dark-field microscope
that allows for selective measurements of the out-of-plane
electric or magnetic dipole responses of a nanoscale structure. We show that the observed effect is in perfect agreement with the predictions of analytical model for scattering
from a nanoparticle on substrate [45], which allows us to analyze the impact of the substrate on each dipole component
induced independently in the sphere. The demonstrated
possibility of the polarization control over magnetic and
electric dipole resonances of a dielectric nanoparticle enabling ample enhancement of the respective fields inspires
all-dielectric-based platform for applications in enhanced
sensing and spectroscopy and nonlinear processes.

Figure 1 Polarization-resolved dark-field spectroscopy. (a) Experimental setup; a sample is excited by polarized white light at
an oblique incidence. Scattered light is collected from the top by
an objective with NA = 0.7 and filtered with an analyzer. The
inset shows an example of a dark-field image of a 170 nm silicon nanosphere (the image size is 5 × 5μm2 ). (b) Notations for
the directions of polarizer and analyzer used in the paper. Each
scheme shows the direction of the wave propagation and polarization of the transmitted light.

glass substrate. The method is described in detail elsewhere
[9].
The transfer of the nanosphere from a native glass substrate to an acceptor gold film is performed via nanomanipulations under electron beam. The sample (silicon
nanospheres on glass substrate) is placed in the vacuum
chamber of scanning electron microscope (SEM, CrossBeam Neon 40, Carl Zeiss) along with the gold-coated
substrate. The nanosphere is attached to the tip of a tapered
metallic wire via dielectrophoretic and van der Waals forces
and then moved to the acceptor substrate. The whole process is visualized in SEM. The method is described in more
detail in Ref. [46].

2.2. Cross-polarized dark-field spectroscopy
2. Methods
2.1. Preparation of silicon nanospheres
The silicon nanospheres are fabricated using femtosecond
laser ablation of silicon wafer and subsequent transfer onto a

C 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The detailed scheme of the dark-field spectroscopy setup
is presented in Figure 1a. Linearly polarized white light
(tungsten halogen source Ocean Optics HL-2000-HP) is
weakly focused with an objective (Mitutoyo MPlanApo
10×, NA = 0.28) on the sample surface at oblique incidence (25◦ to the sample surface). The light scattered
by a single particle is collected by the second objective
www.lpr-journal.org
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(Mitutoyo MPlanApo 100×, NA = 0.7) and filtered with
a linear analyzer. The signal is then either analyzed with a
spectrometer (Horiba LabRAM HR 800 UV-VIS-NIR) in
confocal arrangement or imaged with a video camera.

2.3. Full-wave numerical simulations
Numerical simulations of the scattering spectra and fields
near the nanoparticle were carried out in the frequency domain module of COMSOL Multiphysics software package.
Air space surrounding the silicon nanoparticle was simulated as a half-sphere with a radius of 1 μm with the outer
perfectly matched layer. The problem was solved using the
scattered field formalism representing the solution as a sum
of weak scattered waves (dipole radiation and SPP) and the
known background field. The background field was taken
as a sum of the incident, reflected, evanescent (into the gold
substrate) and transmitted waves, calculated analytically
from Fresnel equations.

3. Results and discussion
3.1. Experimental approach
For our studies, we use silicon nanospheres fabricated by
femtosecond laser ablation of Si wafer and subsequently
transferred onto a glass substrate [9]. We then place the
nanospheres on a gold film (40 nm layer on top of the glass
substrate) via nanomanipulations under electron beam as
described in Methods section. Importantly, this technique
is very delicate, and it damages neither the nanosphere nor
the acceptor substrate. Note also that the thickness of the
film we use exceeds the skin depth for gold in the visible
spectrum, thus the film behaves nearly as a bulk substrate.
We study the scattering properties of Si nanoparticles
as a function of wavelength and polarization of the incident
light beam using a custom-built dark-field microscope with
independent excitation (side) and collection (upper) optical channels [47, 48], Figure 1 (see also Methods section).
Normally, such a setup allows to efficiently detect the scattering from in-plane (lateral) dipole modes excited in the
nanoparticle [48], while using a high NA objective in the
collection channel also enables more effective collection of
light scattered by the normal dipole components. However,
the responses of different dipole components are mixed in
the detected signal.
In this study, we use a linear polarizer in the collection
channel (see Figure 1). This enables us to selectively detect
the scattering from the normal dipole components. Indeed,
a cross-polarized analyzer (either s→p or p→s configuration, see Figure 1b) in the collection channel completely
filters out the linearly polarized scattering from the induced
lateral magnetic and electric dipoles. At the same time, the
scattering from the normal electric and magnetic dipole
components (which has radial and azimuthal polarization,
respectively) is reduced only by a factor of 2 (see Section
www.lpr-journal.org
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1 of Supporting Information for details). While the possibility to selectively excite normal dipole components of a
nanoparticle was recently shown by using tightly focussed
cylindrical vector beams [49, 50], a dark-field setup with
independent excitation and collection channels allows for
selective analysis of the modes excited in a nanostructure
without the need for complex polarization engineering and
tight focusing, thus greatly facilitating the experimental
studies of the optical properties of nanoscale systems.
The experimental results for a 170 nm silicon
nanosphere are presented in Figure 2a,b which shows the
dark-field scattering spectra for all four combinations of
the orientations of polarizer and analyzer for glass and gold
substrates, respectively. For gold substrate (Figure 2b), one
can immediately see the pronounced narrow peak in the
longer wavelength region for both spectra with s-polarized
excitation. It can be unambiguously associated with the
normal magnetic dipole response (mz ) both due to its spectral position and the data for cross-polarized configuration
(s→p, solid blue line in Figure 2), which should allow to
detect only the out-of-plane dipole components. The comparison of these data with the spectra for glass substrate
(Figure 2a) shows strong modification of both intensity and
the quality factor of the normal magnetic dipole mode, the
latter reaching an exceptional value of 25 for gold substrate. At the same time, the scattering signal for crosspolarized configuration under p-polarized excitation (p→s,
Figure 1a) is extremely low, which indicates the suppression
of radiation losses of pz mode driven by the gold substrate.
We model the observed spectra analytically via the
Green’s function approach (discussed in more detail below)
and numerically using finite element method (see Methods for details). In both cases we calculate the integral of
Poynting vector over a spherical dome corresponding to
the numerical aperture of 0.7 with account for the direction of the analyzer. The analytical and numerical spectra
presented in Figure 2c,d and e,f respectively, demonstrate
excellent agreement with the experimental data, accurately
reproducing all spectral features for each combination of
polarizer-analyzer directions both for glass and gold substrates.

3.2. Theoretical approach
To gain further insight in the observed substrate-driven
modification of dipole resonances of the nanosphere, we
employ the analytical approach based on Green’s function
suggested earlier [45]. In this model, the nanoparticle is
regarded as a superposition of point electric and magnetic
dipoles located at the center of the nanoparticle, and their
respective polarizabilities are calculated with account for
substrate-driven modifications.
Importantly, the model allows to easily retrieve the information on contributions of different components of the
dipole moments induced in the nanoparticle to the scattering and extinction spectra. These contributions along with
the full extinction cross-sections of a nanosphere made of
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crystalline silicon (diameter 170 nm) on glass (ε=2.25) and
gold substrates under s- and p-polarized excitation are presented in Figure 3 (dielectric permittivity data for silicon
was taken from Ref. [51], for gold - from Ref. [52)]. The
full extinction cross sections of a sphere on glass substrate
and their decompositions (Figure 3a, c) for both polarizations are in good agreement with previously reported results
[45, 48].
The extinction cross-sections are substantially modified
for the case of gold substrate. For both polarizations, the decompositions clearly show the further build-up of the effects
of surface-induced bianisotropy at magnetic and electric
resonances for lateral dipole components [45]. However,
the dipole components that undergo the strongest modification are the normal ones. For normal magnetic dipole component, excited under s-polarized irradiation, the presence
of metallic substrate leads to both drastic spectral narrowing
of the resonance and an increase of its absolute scattering
intensity (compare solid blue lines in Figure 3a, b). For
the studied case of 170 nm silicon nanoparticle, the theoretical Q-factor is increased from 13.4 on glass to 32.7
on gold, a 2.4-fold increase. Here we recall that the experimentally measured Q-factor of the normal magnetic
dipole resonance is 25, which corroborates an almost twofold enhancement as compared to theoretical limit for glass
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Figure 2 Scattering spectra of a
silicon nanoparticle on glass and
on a gold film. Top row: experimental data for a 170 nm silicon
nanosphere on (a) clean glass
substrate and (b) 40 nm gold
film sputtered on a glass substrate. Note that the measurements were performed independently and thus the absolute values of the scattering intensities for
different substrates cannot be directly compared. Middle row: Analytical results for a nanoparticle
placed on a semi-infinite (c) glass
and (d) gold substrate calculated
via Green’s function approach.
Bottom row: Numerical results for
silicon sphere on (e) glass and (e)
40 nm gold film obtained with the
finite element method. For all panels, different curves correspond
to different combinations of excitation and detected polarizations
(see the scheme in Figure 1b).

substrate. Quite contrary, the normal electric dipole, exclusive for p-polarization, experiences further broadening
on gold substrate, so that its contribution to the extinction
cross-section becomes non-resonant throughout the whole
visible range (see Figure 3d).

3.3. Q-factor modification
The modifications of the scattering and absorption cross
sections of nanoparticles driven by metallic substrates are
often described in the framework of mirror images approach [29, 36, 39]. Yet, the classic mirror image theory [53, 54] inherently cannot explain the changes of the
Q-factor of optical resonances since it does not imply
the interaction between the system and its mirror image. As we have already shown above, such modifications are accurately predicted using the approach based
on Green’s function. However, this theory is not so intuitive and does not allow to immediately deduce how the
substrate will affect the quality factor of the nanoparticle
resonances.
Conveniently enough, it appears possible to draw qualitative predictions for the observed phenomena if we modify
the mirror image theory by accounting for the interaction
www.lpr-journal.org
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Figure 3 Total extinction cross-sections for a silicon sphere placed on glass (top row) and gold (bottom row) substrates under (a, b)
s-polarized and (c, d) p-polarized excitation (angle of incidence 65◦ ) decomposed into magnetic (blue lines) and electric (red lines)
dipole contributions. Note the difference in the vertical axis scale for gold and glass substrate spectra.

between the dipole and its image. Indeed, the radiative lifetime of a system of two interacting dipoles is modified with
respect to that of a single dipole and depends on the relative
phase of the interacting sources (see also discussion in Section 2 of Suppoprting Information). Since both charge and
current are inverted in the mirror image, the “dipole-image”
pairs of normal magnetic and lateral electric moments are
counteraligned, that is, out of phase (see Figure 4, top row).
The interaction of anti-phase dipole sources leads to the
decrease of radiative losses and, therefore, increase of the
resonance Q-factor. Quite contrary, normal electric and lateral magnetic dipoles have aligned (in phase) images (see
Figure 4, bottom row), which suggests increased radiation
losses and, consequently, broadening of the resonance. This
simple model accurately predicts the modification of the
resonances Q-factor for the case of a nanosphere on perfect
electric conductor (PEC) substrate. The comparison of the
extinction cross-section spectra for a silicon sphere in free
space and on PEC substrate can be found in Section 3 of
Supporting Information.

www.lpr-journal.org

However, a careful reader can notice that in the case
of gold substrate this simple model does not provide an
accurate prediction for the lateral electric dipole resonance
(dashed red lines in Figure 3), which broadens instead of
the anticipated pronounced spectral narrowing (see also
Ref. [29] and the results for PEC substrate provided in
the Supporting Information, Figure S3). This inconsistency
can be explained by the dominant role of non-radiative
losses. The first factor contributing to the increase of the
non-radiative decay is ohmic losses, which are high due to
substantial field penetration depth for gold at the frequency
of electric dipole resonance of the sphere (see discussion in
Section 4 of Supporting Information). The second factor is
the excitation of surface plasmon polariton [38]. The same
mechanisms add up to the broadening of normal electric
and lateral magnetic dipole resonances predicted by the
modified mirror image theory.
Normal magnetic dipole is the only component that does
not suffer from the increase of non-radiative losses, since it
radiates mainly along the substrate and does not couple to
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Figure 4 Schematic view of different dipole components excited
in the nanoparticle and their respective mirror images induced by
metal substrate illustrating the relative phase of the dipoles. In the
absence of Ohmic losses, out-of-phase “dipole-image” pairs (top
row) demonstrate reduced radiative losses and narrowing of the
resonance, while in-phase pairs (bottom row) have increased radiative losses, which produces the broadening of the resonance.

the surface plasmon polariton mode. Therefore, its Q-factor
modification is governed predominantly by the interaction
with the mirror image. Careful analysis via Green’s function
approach shows that the extent of Q-factor modification of
this resonance strongly depends on the refractive index of
the sphere. Namely, it can be shown that in the limit of
the large refractive index n (π/n  1) the Purcell factor
induced by the PEC substrate is proportional to (π/n)2 .
The explicit expressions for the Purcell factor and the Lamb

shift for the case of lateral and normal magnetic dipoles are
presented in Section 2 of Supporting Information.

3.4. Full-wave numerical study of nanoparticle
modes
Finally, we illustrate the spectral evolution of the field of
the nanoparticle modes for both excitation polarizations via
full-wave simulations as described in Methods section. The
data for s-polarized excitation are presented in Figure 5a.
The spectra of magnetic field enhancement inside the particle for both glass and gold substrates demonstrate two pronounced peaks corresponding to magnetic quadrupole and
normal magnetic dipole resonances. Remarkably, the data
reveal that the substrate-modified Q-factor of the magnetic
dipole resonance nearly matches that of the quadrupole
mode. Moreover, the magnetic dipole mode of a sphere on
gold substrate becomes the one providing the best magnetic
field enhancement, reaching values as high as 38.
The numerical calculations for p-polarized excitation
show that the suppression of scattering cross-section of
normal electric dipole is accompanied by efficient broadband localization of electric field underneath the sphere
(Figure 5b). This localization is quite similar to the electric
hotspot observed in a dielectric dimer [11, 13]. However,
the nanosphere-on-metal system is free from technological constraints on the fabricated gap size, which limits the

Figure 5 Numerical results for 170 nm silicon sphere on gold and glass substrates for (a) s- and (b) p-polarization. The XZ sections (top
row) show the distribution of scattered electric and magnetic field amplitudes at a wavelength of 670 nm, which roughly corresponds to
the wavelength of magnetic dipole resonance of the sphere. The plots in the bottom row show the spectral dependence of maximum
magnetic field enhancement inside the sphere and maximum electric field enhancement in the gap below the sphere for s- and
p-polarizations, respectively. 670 nm wavelength is marked with dashed lines in both plots. The gap between the nanosphere and the
substrate is set to 2 nm, which corresponds to the thickness of native oxide layer on silicon [55]. The colorbars of the maps of field
distribution in panels (a) and (b) are adjusted for the best visibility of the characteristic field localization.
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maximum field enhancement for a silicon dimer [13]. The
effective distance between the sphere and the metallic substrate is defined by the thickness of the oxide layer on the
nanoparticle. In the numerical calculations, the corresponding gap was set to be 2 nm [55], which allowed for electric
field enhancement of up to 70 in the visible spectral region for the given excitation geometry (Figure 5b). Most
importantly, the effect of electric field localization is both
strong and broadband, covering essentially all the visible
spectrum. This robustness provides a significant advantage
as compared to localization associated with lateral electric
dipole components [39], which is resonant, thus forcing
to carefully tune the size of the nanoparticles to match
the wavelength for certain applications. The comparison of
the electric and magnetic field enhancements at normal and
oblique excitations are presented in Section 5 of Supporting
Information, while the full spectral dynamics of the electric
field scattered by the sphere for both polarizations under
oblique excitation can be found in Supporting Information
(Movies S1 and S2).

4. Conclusions and outlook
We have revealed fascinating modifications that are imposed upon normal dipole components of a high-index dielectric nanoparticle under the influence of a metallic substrate. We have shown that by controlling the polarization
of the beam obliquely incident on the nanoparticle we can
switch from high-Q magnetic dipole scattering to broadband suppression of scattering associated with the normal
component of the electric dipole mode. We have employed
cross-polarized dark-field spectroscopy which allowed for
selective detection of scattering from normal electric and
magnetic dipole modes induced in a nanoscale system. The
experimental data for silicon spheres are in excellent agreement both with the results of analytical calculations based
on Green’s function approach and full-wave numerical simulations. Our study has revealed that the modifications of
the Q-factor of the out-of-plane magnetic and electric dipole
resonances are accompanied by a strong enhancement of
the respective fields by the nanoparticle. These properties
call for further expansion of the scope of applications of
high-index dielectric nanoparticles, suggesting new ideas
for sensing and enhancement of nonlinear processes.
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Mackowski, and J. Aizpurua, Opt. Express 20(13), 13636–
13650 (2012).
[8] A. E. Krasnok, A. E. Miroshnichenko, P. A. Belov, and Y. S.
Kivshar, Opt. Express 20(18), 20599–20604 (2012).
[9] Y. H. Fu, A. I. Kuznetsov, A. E. Miroshnichenko, Y. F. Yu,
and B. Luk’yanchuk, Nat. Commun. 4, 1527 (2013).
[10] S. Person, M. Jain, Z. Lapin, J. J. Sáenz, G. Wicks, and L.
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1. Selective measurements of dipole responses of nanoparticles with cross-polarized dark-field spectroscopy
1
Plane #2
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Figure S1: The illustration for the principle of operation of cross-polarized dark-field spectroscopy setup. The scheme on the left shows the collection channel of the polarization-resolved
dark-field microscope (see also Figure 1 in the main text) measuring the scattering from a single
silicon nanoparticle. The linear analyzer in the collection channel transmits the light polarized
along the y axis. The inset on the right shows the analytically calculated distributions of the
electric field amplitude in the k-space (back focal plane images of the infinity-corrected collection objective) induced by scattering from different dipole components of the nanosphere. The
bottom and top row images show the distributions before (Plane #1) and after (Plane #2) the
light is filtered with the analyzer, respectively. The polarization directions are shown with grey
arrows in each image.
In this section, we illustrate the principle of operation of cross-polarized dark-field microscope described in the main text. The light scattered by lateral electric and magnetic dipole
components of the nanosphere (either px or my , first two columns in Figure S1) is linearly polarized and is thus completely filtered by the analyzer in the collection channel. Quite contrary,
the scattering collected from normal dipole components of the nanosphere is polarized either
radially (for electric dipole pz , third column in Figure S1) or azimuthally (for magnetic dipole
2

mz , last column in Figure S1). Therefore, after the analyzer the integral signal is modified only
by a factor of 2, allowing to selectively detect the scattering from normal dipole components of
the nanoparticle.

2. Magnetic dipole response of a sphere above perfect
electric conductor
Let us consider analytically the modification of magnetic dipole response of a high index dielectric sphere placed above a perfect electric conductor. Note that not unlike the mirror image
theory, the problem of the plane wave scattering by a dipole placed over the perfectly conducting plane maps directly to the problem of the plane wave scattered by a system of two dipoles,
where the second (auxiliary) dipole is polarized only by a field scattered from the first dipole
and is not polarized by the incident field.
We start from the general expression for the magnetic dipole cross-section:

σm =

ω
Im(mH∗0 ),
2Pin

(1)

where Pin is the incident power and m is the magnetic dipole polarization, and H0 is the full
magnetic field at the point of the dipole, which in the case of TE polarization is given by:

H0 = [cos α(1 + exp[2ik0 R cos α]), 0, sin α(1 − exp[2ik0 R cos α])],

(2)

where α is the angle of incidence.
Recalling that m = αhh H0 , we can rewrite:

σm = 4k0 Im αhh,xx cos2 α cos2 (k0 R/ cos α) + αhh,zz sin2 α sin2 (k0 R/ cos α) .

3

(3)

We can now consider each term of the Eq. (3) separately. The z component is given by:

αhh,zz =

αh
,
1 − αh Ghh,zz

(4)

where Ghh,zz is the zz component of the reflection part of the Green’s function which reads

Ghh,zz

i
= − k03
4π

Z
0

∞

√
x3
e2ik0 R (2ik0 R − 1)
2
√
e2i 1−x k0 R dx =
,
16πR3
1 − x2

(5)

and αh is the bare polarizability of the dielectric sphere, αh = −6πi/k03 b1 , where b1 is the Mie
coefficient which can be expanded in the vicinity of the resonance as:

b1 ≈

−iγh
,
(ω − ωh ) + iγh

(6)

where ωh is the dipole resonance, and γh is the peak width. Rewriting the expression for
polarizability we get:

αh = −

6π
γh
3
k0 (ω − ωh ) + iγh

(7)

We then assume that the Green’s function changes slowly in the vicinity of the magnetic
resonance and we substitute k0 R → kh R ≈ π/n, where kh is the wavevector corresponding
to the magnetic dipole resonance and n is the sphere refractive index. The expression for the
dressed polarizability is then given by:

αhh,zz ≈

−6π/k03 γh
.
3
2iπ/n (2iπ/n − 1)
ω − ωh + iγh + γh 8(π/n)
3e

(8)

The above expression can be rewritten as

αhh,zz

−6π/k03 γh
≈
,
ω − ω˜h + iγ˜h

4

(9)

where



3 cos(2π/n) + (2π/n) sin(2π/n)
ω̃h = ωh 1 +
,
Q
(2π/n)3


sin(2π/n) − (2π/n) cos(2π/n)
,
γ̃h = γh 1 − 3
(2π/n)3

(10)
(11)

where Q = ωh /γh is the quality factor of magnetic dipole resonance. In the limit π/n  1 the
expression can be simplified to


3
ω̃h = ωh 1 +
Q(2π/n)3
 2
γh 2π
γ̃h =
10 n


,

(12)
(13)
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Figure S2: Scattering cross-sections of the magnetic dipole in vacuum (black line), z component
over PEC (green line) and x component over PEC (red line)
For the case of x-polarized dipole the procedure is fully analogous up to the picking another
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component of the Green’s function which we introduce as:

Ghh,xx =

e2ik0 R (2ik0 R − 1 + 4k02 R2 )
.
32πR3

(14)

Substituting k0 R → kh R ≈ π/n, gives us expressions for the dressed resonance frequency
and linewidth:

3 cos(2π/n)(1 − (2π/n)2 ) + (2π/n) sin(2π/n)
ω̃h = ωh 1 +
,
2Q
(2π/n)3


3 sin(2π/n)(1 − (2π/n)2 ) − (2π/n) cos(2π/n)
.
γ̃h = γh 1 −
2
(2π/n)3


(15)
(16)

These expressions can also be simplified for the case of large refractive index 2π/n  1:



3
ω̃h = ωh 1 −
,
Q(2π/n)3

γ̃h = γh 2 − (2π/n)2 /5

(17)
(18)

The plot of the scattering cross sections for a magnetic dipole in vacuum, x component of the
dipole over PEC and z component of the dipole over PEC are shown in Figure S2.

3. Scattering from a sphere in free space and on perfect
electric conductor substrate
We compare the predictions of mirror image approach (see Figure 4 in the main text) for the
metal substrate-driven modifications of the Q-factor of magnetic and electric dipole modes
with the results of the analytical model. Figure S3 shows the comparison of extinction cross
section (ECS) spectra of different dipole components calculated via Green’s function approach
for a sphere in free space and on PEC substrate (PEC is modelled with a permittivity of
−0.1 + 100000i for all wavelengths). In full agreement with the predictions of the modified
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Figure S3: Comparison of the extinction cross sections from different components of electric
and magnetic dipoles induced in a 170 nm silicon sphere in free space (solid black lines) and on
PEC substrate (dashed red lines). The size of the silicon sphere and the excitation geometry
correspond to those discussed in the main text. The insets in each plot show the scheme of the
correscponding dipole and its respective mirror image induced by PEC substrate.
mirror image approach, the spectra show the narrowing of normal magnetic and lateral electric
dipole resonances and the broadening of lateral magnetic and normal electric dipole modes for
the case of PEC substrate as compared to free space. This demonstrates good applicability of
the modified mirror image approach for qualitative predictions for scattering from a dielectric
particle on metal in the absence of Ohmic losses.

4.

Influence of non-radiative losses on the substrate-

induced modification of dipole resonances
We study the influence of the level of non-radiative losses on the extinction spectra using lateral
electric dipole as an example. Figure S4 shows the comparison of ECS from lateral electric
7

dipole component of the silicon sphere in free space and on different metallic substrates: PEC,
gold and aluminium (The dielectric permittivity data is taken from Ref. 1). The spectra clearly
show the spectral narrowing of the resonance for aluminium and PEC substrate, while there
is no pronounced narrowing for gold substrate, which is due to higher level of absorption by
gold. Indeed, while the imaginary part of dielectric permittivity is higher for aluminium (12.3
versus 1.9 for gold at 550 nm), the field penetration depth defined by the wave impedance of
the material is much higher for gold due to huge absolute value of the real part of permittivity
(-5.3 versus -40 for aluminium at the same wavelength). 1 Thus, the absorption is higher for
gold, which leads to loss-driven broadening of the lateral electric dipole resonance “overriding”
the narrowing mechanisms.
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0.06
0.04
0.02
0
500
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Wavelength, nm
Figure S4: Comparison of the extinction cross sections of lateral electric dipole component of
170 nm silicon nanosphere in free space and on Al, Au, and PEC substrates.
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5. Field enhancement by silicon nanosphere on gold at
normal and oblique excitation
Here, we compare the potency of field localization by a silicon nanosphere on gold excited at
either oblique or normal incidence. The key difference is that while linearly polarized light
at normal incidence is only capable of generating lateral dipole response from the nanosphere,
obliquely incident beam can also induce electric and magnetic dipole components of the nanosphere
which are normal to the substrate. The results of numerical calculation of the maximum magnetic field inside the sphere and the maximum electric field in the gap between the sphere and
the gold substrate for these two geometries are summarized in Figure S5. It unambiguously
shows the advantages of utilizing normal magnetic and electric dipole modes of a nanosphere
on gold substrate for achieving maximum local concentration of the respective fields.
For s-polarization of the obliquely incident beam, the substrate-driven modification of the
magnetic dipole resonance Q-factor provides eminently better resonant magnetic field enhancement, which reaches a value of 38 as compared to a moderate maximum of 20 for normal
excitation (Figure S5 a). As for the electric field enhancement (Figure S5 b), in the considered
case of 170 nm silicon nanosphere the normally incident beam provides a competitive maxiMagnetic field enhancement
(a) 40

Electric field enhancement
(b) 80
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normal
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60
Emax/E0
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Figure S5: Comparison of the enhancement of (a) magnetic and (b) electric fields by a 170 nm
silicon nanosphere on gold substrate for normal (black lines) and oblique (angle of incidence
65◦ , red lines) excitation geometries.
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mum electric field enhancement of 60, corresponding to effective magnetic dipole generated by
substrate-driven modification of lateral electric dipole resonance of the sphere. 2 However, it is
not as strong and not nearly as broadband as the enhancement provided by the normal electric
dipole mode of the nanoparticle induced for p-polarized oblique excitation, which essentially
covers all the visible spectrum. This robust enhancement greatly facilitates the application of
silicon nanoparticles for enhanced sensing and spectroscopy, since the effect provided is both
strong and extremely broadband.

Captions for movies S1 and S2
Movie S1 Spectral dependence of the distribution of the amplitude of magnetic field scattered
by a 170 nm silicon sphere on 40 nm gold film in the plane of incidence for s-polarized excitation.
The counter shows the maximum electric field amplification within the section for the current
wavelength normalized by the amplitude of electric field in the incident wave. The calculated
spectral dependence of scattering signal for a collection objective with a numerical aperture of
0.7 is shown on the right.
Movie S2 Spectral dependence of the distribution of the amplitude of electric field scattered
by a 170 nm silicon sphere on 40 nm gold film for p-polarized excitation. The counter shows
the maximum electric field amplitude within the section for the current wavelength normalized
by the amplitude of electric field in the incident wave. The plot on the right shows the full
spectral dependence of the maximum electric field enhancement.
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