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Abstract

The ability to control scattering directionality
of nanoparticles is in high demand for many
nanophotonic applications. One of the chal-
lenges is to design nanoparticles producing pure
high-order multipole scattering (e.g., octopole,
hexadecapole), whose contribution is usually
negligible compared to strong low-order mul-
tipole scattering (i.e., dipole or quadrupole).
Here we present an intuitive way to design
such nanoparticles by introducing a void in-
side them. We show that both shell and
ring nanostructures allow regimes with nearly
pure high-order multipole scattering. Exper-
imentally measured scattering diagrams from
properly designed silicon rings at near-infrared
wavelengths (∼800 nm) reproduce well scatter-
ing patterns of an electric octopole and mag-

netic hexadecapole. Our �ndings advance sig-
ni�cantly inverse engineering of nanoparticles
from given complex scattering characteristics,
with possible applications in biosensing, optical
metasurfaces, and quantum communications.

Keywords

multipole decomposition, all-dielectric nanopar-
ticles, scattering diagram, octopole, hexade-
capole
Modern photonic applications involve manip-

ulation of light at the nanoscale by means of
optical resonances. There are two main families
of such resonances: polaritonic resonances orig-
inating from strongly-dispersive negative di-
electric permittivities (for example, plasmon-
polariton resonances, supported by metallic
nanoparticles), and photonic resonances utiliz-
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ing high-refractive-index dielectric materials.1,2

The latter is highly bene�cial due to low, al-
most negligible absorption losses, compatibil-
ity with well-established semiconductor fabri-
cation processes, and abundance of di�erent
optical modes (and corresponding resonances)
even for simple symmetric shapes of dielectric
nanoparticles.3�5 The above advantages led to
a broad variety of applications utilizing dielec-
tric nanoparticles, including light manipulation
with metasurfaces,6�11 color printing,12,13 las-
ing,14,15 biosensing,16�18 strong coupling,19�22

and applications within quantum optics and
topological photonics.23�25

The optical properties of nanoparticles can be
analyzed in di�erent ways. One of the analyt-
ical tools is the multipolar decomposition, in
which a generally complex �eld scattered by a
nanoantenna is replaced by the superposition
of �elds (with relatively simple patterns) gen-
erated by basic point sources, called multipole
moments, corresponding to the nanoantenna`s
current distributions.26 The number and type
of multipole moments, which are su�cient to
faithfully describe the scattered �elds, are de-
termined by the size, shape, and composition of
nanoantennas. There are two basic approaches
to the multipole decomposition of the scattered
�elds. The �rst is obtained from the Taylor ex-
pansion for the retarded potentials of electro-
magnetic �elds generated by the induced elec-
tric currents in the nanoantennas. In this case,
the multipole moments are determined as coef-
�cients of the expansion and include ordinary
multipole moments27 and the so-called mean-
square radii28�31 or high-order toroidal mo-
ments.32,33 The far-�eld nanoantenna scatter-
ing is, on the other hand, rational to describe in
terms of angular distributions in the spherical
coordinate system with the nanoantenna being
in its center. Therefore, the second approach
is based on the decomposition of a scattered
far �eld into a series of the spherical harmon-
ics, which form a natural basis in the spherical
coordinate system and are assigned to the cor-
responding spherical multipoles.26 In this case,
the multipole moments are directly calculated
from the distribution of scattered electric �eld
on any spherical surface enclosing the nanoan-

tenna.34 By expressing the generated �eld on
the spherical surface through the source cur-
rents, the spherical multipole moments can also
be calculated using the current distributions in-
duced inside the nanoantenna.26,34�36 Recently
it was shown another point of view to the sim-
ilarity and di�erences between the abovemen-
tioned two approaches to the multipole decom-
position.37 In this work, we focus only on the
far-�eld scattering, therefore only the spherical
multipole decomposition is applied.
Similarly to Taylor series, where the �rst cou-

ple of terms represents usually the largest con-
tribution in the expansion, only low-order mul-
tipole terms (dipoles, quadrupoles) contribute
most to the total scattering from small nanoan-
tennas, while contributions from high-order
multipole terms (octopoles, hexadecapoles, and
so on) are generally negligible. It is thus a non-
trivial problem to �nd a nanoparticle, whose
scattering is dominated by a contribution from
high-order multipole moments. One way to get
a considerable high-order multipole response is
to increase the scatterer size. However, even
for large scatterers, the high-order multipole
contribution appears to be weak compared to
strong contributions from the low-order multi-
pole moments. Only when the multipole res-
onances are narrow enough and spectrally well
separated, one might get a pure high-order mul-
tipole scattering in a narrow wavelength range
(which, we believe, is the case for whispering
gallery resonators). Here, we provide a direct
method for designing high-order multipole scat-
terers by introducing a void inside a nanoparti-
cle without modifying its external dimensions.
First, using numerical simulations we consider
the evolution of multipole moments when in-
creasing the diameter of a concentric spheri-
cal void inside a dielectric sphere, transform-
ing eventually the latter into a shell nanopar-
ticle. We �nd that, by introducing the void,
the total scattering strength as well as the
contribution from each multipole moment de-
creases. However, the reduction is stronger for
the low-order multipole terms so that the rel-
ative contribution from the high-order multi-
pole moments grows with the increase of the
void. The same trend is also found for disk
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nanostructures, and we show that certain Si
ring nanostructures scatter practically as the
pure electric octopole or magnetic hexadecapole
at the wavelength of 800 nm. This is veri-
�ed by direct experimental measurements of the
scattering diagram from individual nanoparti-
cles. Our �ndings can be applied in biosens-
ing, where narrow-band resonances and com-
plex scattering patterns can boost the sensitiv-
ity and resolution. In a more general sense, our
results signi�cantly advance inverse engineering
of nanoparticles, where the nanoparticle shape
is to be obtained from given scattering prop-
erties. Finally, nanoparticles with such pecu-
liar scattering properties can advantageously be
used as meta-atoms for the design of metasur-
faces exhibiting required complex functionali-
ties. Particularly, it was recently shown that
the high-order multipole term of scatterers is
required in order to achieve full 2π phase cov-
erage of Huygens' metasurface elements.38

Scattering of sphere and shell

nanoparticles

We begin by numerically analyzing the scatter-
ing produced by a Si nanoparticle of the sim-
plest morphology � a sphere, where we intro-
duce a void in the center and gradually trans-
form the solid sphere into a shell (Figure 1).
Throughout the rest of the work, the refrac-
tive index of Si is taken from measurements of
a deposited amorphous Si (see Supporting in-
formation, Figure S1), and the outer diameter
of the sphere and shell particles is �xed to 400
nm. Mie theory39,40 was used to calculate the
total scattering cross-section (SCS) and mul-
tipole decomposition (see Supporting informa-
tion, Figures S2-S3). We found that the contri-
bution from each multipole (except for the elec-
tric dipole) to the total SCS has a resonance-
shape dependence on the wavelength, i.e., there
is a well-de�ned peak (see Supporting infor-
mation, Figure S2), whose position was deter-
mined for every void diameter and plotted on
top of the total SCS map (Figure 1d). These
resonances are narrow and well separated, so
one can get nearly pure high-order multipole

scattering (electric and magnetic quadrupole,
and magnetic octopole) for a solid Si sphere
(Figure 1a). A nearly pure electric octopole
(EO) scattering can be found for the Si shell
particle with the void diameter of 160 nm (Fig-
ure 1b, at λ ≈ 800 nm). Finally, by increas-
ing the void diameter further to 280 nm, one
can enable a magnetic octopole (MO) reso-
nance well-separated from all other multipole
resonances, thus having its dominant contribu-
tion in a broad wavelength range (Figure 1c, at
λ ≈ 870 nm). The dominant multipole and its
relative contribution to the total SCS for var-
ied void diameter can be found in Supporting
information, Figure S3.
In order to analyze the in�uence of the void

size on the response of each multipole, we cal-
culated their contribution to the total SCS at
the resonance wavelength of the multipole (Fig-
ure 1e). By increasing the void size, the to-
tal SCS and contributions from each multipole
at its resonance decrease with a blueshift of
their peaks (Figure 1d,e). This is expected,
since the total volume of Si is reduced. How-
ever, the scattering contributions from the low-
order multipoles decrease faster compared to
the high-order multipoles. Additionally, the
contributions from electric multipoles decrease
faster compared to magnetic multipoles. This
can be explained as following: the multipole
moment is proportional to the volume integral
of jm (kr)Π (rm, j) /rm, where jm is the m-th
order spherical Bessel function of the �rst kind,
k = 2πn/λ is the wavenumber in the surround-
ing environment, j is the induced electric cur-
rent density, r is the radius vector of the obser-
vation point, Π(rm, j) is the combination of vec-
tor and scalar product between j and m-times
r, and the integration is done over the volume of
the particle.35,37 In the above expression m = n
for magnetic multipoles of order n, where n = 1
means dipole, n = 2 � quadrupole, etc. Elec-
tric multipole moments of order n consist of
two terms, each having the above expression,
but with m = n − 1 for the �rst term (which
is usually dominating), and with m = n + 1
for the second term (which is usually a small
correction, relative to the �rst term). Thus,
the spherical Bessel function acts as a weight
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Figure 1: Evolution of scattering upon nanoparticle transformation from a solid sphere into a
shell. (a-c) Total scattering cross-section (black) and individual contributions from electric (blue)
and magnetic multipoles (red) for a silicon sphere without a void (a) and with a void diameter of
160 nm (b) and 280 nm (c). Here ED, EQ, EO, and EH stand for electrical dipole, quadrupole,
octopole and hexadecapole, respectively, while MD, MQ, MO, MH stand for the corresponding
magnetic multipoles. The outer diameter of Si sphere/shell is 400 nm. The refractive index of the
surroundings and inside the void is assumed to be n = 1.48. (d) Total SCS as a function of the
free-space wavelength and void diameter for the Si sphere/shell particle. Resonances for electric
(blue) and magnetic multipoles (red) are shown with lines. (e) Contributions of electric (blue) and
magnetic multipoles (red) to the total SCS along their resonance curves as a function of the void
diameter.

inside the integration, therefore the lower the
multipole order, the smaller it is in�uenced by
the suppression of the central part. The zero-
order spherical Bessel function is the only one
having non-zero value at the origin (see Sup-
porting information, Figure S2i), therefore it
is only the electric dipole contribution, which
is signi�cantly in�uenced by the introduction
of a small void (Figure 1e). The interplay be-
tween the order-dependent suppression of the
multipole contribution and shifts of the reso-
nances results in the complex variation of the
high-order multipole purity (see Supporting in-

formation, Figure S3).

Scattering of disk and ring

nanoparticles

In order to test the generality of our �ndings,
we replaced a sphere with its �at analog � a disk
� and transformed it into a ring by introducing
a void in its center (Figure 2). It appeared that
for the disk/ring structure multipole spectra
does not have simple resonance shapes as for the
sphere/shell particle, and an evolution of these
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Figure 2: Multipole analysis of disk and ring scattering. (a,d) Total SCS of the disk (solid black) and
ring (dashed orange) with (a) 400/800 nm and (d) 800/1000 nm inner/outer diameter, respectively.
(b,c) Relative contributions from electric (blue) and magnetic multipoles (red) to the total SCS for
the disk (b) and ring (c) with the inner/outer diameter of 400/800 nm. (e,f) Relative contributions
from electric (blue) and magnetic multipoles (red) to the total SCS for the disk (e) and ring (f)
with the inner/outer diameter of 800/1000 nm. The ring thickness is 80 nm, and the refractive
index of surrounding is assumed to be n = 1.48. Magenta line indicates the wavelength, at which
the scattering is dominated by electric octopole (c) or magnetic hexadecapole (f) contribution.

spectra with a change of the void size is rather
complicated (see Supporting Information, Fig-
ures S4-S7). However, the general trend re-
mains the same: with the increase of the hole
the contributions from low-order multipoles de-
crease faster, compared to the high-order mul-
tipoles. Additionally, due to the symmetry and
small thickness of the particle, the contributions
from electric multipoles of the odd order and
magnetic multipoles of the even order are neg-
ligible, simplifying the quest to �nd a regime
with nearly pure high-order multipole scatter-
ing. We found that at the wavelength around
λ ≈ 800 nm and ring thickness of 80 nm, the
scattering is dominated by the electric octopole
(EO) for the ring with the inner/outer diameter
of 400/800 nm (Figure 2c), and it is dominated
by the magnetic hexadecapole (MH) for the ring
with the inner/outer diameter of 800/1000 nm

(Figure 2f). Here, the total scattering is calcu-
lated by numerical simulations (see Methods),
from which multipole contributions are calcu-
lated, using the electric �eld inside the particle
(in a same way as in our previous works41,42).
The peak purity of high-order multipole scat-
tering, i.e., their relative contributions to the
total SCS, was found to be ∼ 45% for EO (Fig-
ure 2c) and ∼ 65% for MH (Figure 2f).
Even though the particle size is compara-

ble to the operating wavelength, it does not
prohibit the use of such particles as building
blocks of metasurfaces. The main design tar-
get is that the metasurface con�guration fun-
nels most of the incident radiation into only
one di�raction order. This can be achieved ei-
ther by assembling small di�erent meta-atoms
into periodic supercells or by using large iden-
tical meta-atoms with complex responses.7 De-
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spite the high-order multipole response being
not resonant, one could still employ these par-
ticles in sensing by arranging them into a pe-
riodic array that would support lattice reso-
nances with sharp features in transmission or
re�ection spectra.
To con�rm such selective scattering, we fab-

ricated a series of isolated 80-nm-thick Si rings
with varied inner (void) diameter and �xed
outer diameter of 800 and 1000 nm. The fab-
rication was done by deposition of amorphous
Si on a glass substrate, followed by etching
through the mask (see Methods). First we mea-
sured the far-�eld transmission T for each ring
(see Methods), plot it as extinction 1− T , and
compared with simulated total scattering (Fig-
ure 3).
One can already note from Figure 2 that the

region with the dominant scattering by a sin-
gle high-order multipole is not re�ected in the
total scattering spectrum. However, there are
still some distinct features in spectra (dips and
peaks), therefore by comparing them in mea-
surements and simulations (Figure 3), one can
indirectly verify the correspondence between
simulations and experiments.
Then we proceeded to direct measurements of

the scattering diagram of Si rings (see Meth-
ods). The experimentally measured scatter-
ing diagrams of rings with 400/800 nm and
800/1000 nm inner/outer diameter are shown in
Figure 4, compared with simulated total scat-
tering diagram and analytically calculated ra-
diation pattern of an isolated multipole. Re-
garding the latter, one can directly calculate
contributions of the selected multipoles to the
scattering diagram,37 when their multipole mo-
ment is known (traceless and symmetrical ten-
sors of rank 3 for octopole and rank 4 for hex-
adecapole). However, to simplify the analysis,
we used direct expressions for the scattering di-
agrams of these multipoles for a perfect sphere
in an even dielectric environment:40,43

σEO (θ, φ) ∝ cos2φ
[(
5cos2θ − 1

)]2
+ sin2φ

[
cos θ

(
15cos2θ − 11

)]2
,

σMH (θ, φ) ∝ sin2φ
[
cos θ

(
7cos2θ − 3

)]2
+ cos2φ

[(
28cos4θ − 27cos2θ + 3

)]2
,

where θ and φ are the polar and azimuthal an-
gles, respectively, and E (M) stands for electric
(magnetic) multipole (see Supporting informa-
tion, Supplementary Note 1). Though depen-
dence of multipole contributions on the wave-
length and void size for disk/ring structure is
quite di�erent from the one of the sphere/shell
particle, we expect similar scattering diagrams
for isolated multipoles of these particles due to
the same mirror symmetry of the sphere and
the ring. The above assumption and the va-
lidity of simulations in general are veri�ed by
a good agreement between experiment, simula-
tions, and analytical calculations (Figure 4).
Moreover, the scattering diagrams have a

well-pronounced feature � scattering side-lobes
along (Figure 4a) or across the orientation of
the incident beam polarization (Figure 4b),
which is a clear indication of the electric or mag-
netic multipole scattering. In case of the small
ring with the inner/outer diameter of 400/800
nm (Figure 4a), scattering side-lobes are at
around NA ≈ 1.25 in the Fourier plane, cor-
responding to the angle of arcsin(1.25/1.48) ≈
π/3, clearly con�rming its electric octopole ori-
gin (see Supplementary Note 1). As for the
other ring with the inner/outer diameter of
800/1000 nm (Figure 4b), scattering side-lobes
reach the maximum at around NA ≈ 1 in the
Fourier plane, corresponding to the angle of
arcsin(1/1.48) ≈ π/4, which is in accordance
with the magnetic hexadecapole. Interestingly,
the number of principal scattering lobes (6 for
octopole and 8 for hexadecapole) cannot be an-
ticipated from the multipole name, but it rather
follows 2n, where n is the multipole order. This
is not a contradiction, because the multipole
name re�ects the minimum number of oscillat-
ing point charges required to produce the given
multipole moment, while it doesn`t state the
number of scattering lobes. The deviation be-
tween scattering diagrams of each ring and the
radiation pattern of the corresponding isolated
multipole is due to the interference with other
multipoles' contributions (16% from EQ, 13%
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Figure 3: (a,c) Experimental far-�eld extinction spectra (1 − T ) and (b,d) simulated scattering
spectra of Si rings with varied internal hole diameter Din and external diameter of 800 nm (a,b) and
1000 nm (c,d), respectively. In experiments the substrate is glass (n ≈ 1.45), and the superstrate
is immersion oil (n = 1.518). The rings are illuminated from the glass side (illustrated with red
arrow). In simulations the ring is embedded in even surrounding with the refractive index of
n = 1.48. Insets show SEM images of the structures, with labeled inner void diameter (panel size:
1500 nm).

from MH, 11% from MO, and 10% from MQ
for the small ring; and 19% from ED, 12% from
MQ, and 6% from EO for the large ring, as
follows from Figure 2 at λ = 800 nm). This
interference can lead to a strong suppression
of some scattering lobes, but their angular po-
sitions are only slightly a�ected, which is an
indication of the dominating single high-order
multipole contribution (see Supplementary In-
formation, Figure S9, for more discussion). The
resulted asymmetry in forward/backward scat-
tering is the so-called Mie e�ect,39,44 which is a
transition between symmetric Rayleigh scatter-
ing and di�raction.
Finally, we compiled animations showing the

evolution of simulated scattering for the above
structures by gradually decreasing the wave-
length (see Supplementary Movies S1 and S2),
where one can verify that the strongly pro-
nounced and polarization-dependent scattering
lobes is indeed a feature of the nearly pure high-
order multipole scattering.

Conclusion

In summary, we demonstrated that the rela-
tive contribution of high-order multipoles can
be boosted by introducing the void inside a
high-refractive index nanoparticle. Using such
a method allows �nding a composition of the
nanoparticle, whose scattering will be domi-
nated by a single high-order multipole. We
proved this method on a disk/ring shape, us-
ing Si as a high-refractive index material with a
thickness of 80 nm. First we numerically found
two structures producing nearly pure electric
octopole and magnetic hexadecapole scatter-
ing. Then we fabricated such structures, di-
rectly measured their scattering diagrams, and
�nally veri�ed the dominant high-order multi-
pole contribution. Additionally to providing an
intuitive understanding of the relation between
shape and multipoles, our results can directly
bene�t applications in metasurfaces, sensing,
quantum communications, and topological pho-
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Figure 4: Scattering diagrams of Si rings. (a,b) Experimentally measured and simulated scattering
diagrams of Si rings with (a) 400/800 nm and (b) 800/1000 nm inner/outer diameter, respectively,
compared with radiation diagrams of isolated (a) electric octopole (EO) and (b) magnetic hex-
adecapole (MH). The incident polarization is illustrated with a red arrow in (a). Magenta line in
Fourier plane images shows the experimental limit for the collection angle and corresponds to the
NA of the immersion-oil objective (1.25).

tonics.

Methods

Fabrication. The rings were fabricated by
etching amorphous silicon, deposited on a sil-
ica wafer. First the fresh silica wafer was
cleaned using a standard RCA clean, without
the HF steps. Then 80 nm of Si was deposited
using low pressure chemical vapor deposition
(LPCVD). Depending on the growth tempera-
ture, the LPCVD can grow crystalline or amor-
phous Si. In our case we grew Si at 560 ◦C, a
standard recipe for our lab that grows amor-
phous Si. The polycrystalline Si is typically

grown at 620 ◦C. Other process parameters are:
80 sccm Silane �ow, 200 mTorr pressure. The
growth rate is typically 2.5 nm/min. The pro-
cedure implies growing on a test wafer to mea-
sure the actual growth rate and then calibrate
the growth time. The obtained thickness is
generally within 1% of the desired one. The
Si thickness of 80 nm was chosen from prac-
tical considerations, because at this thickness
the lateral size of structures with dominating
high-order EO and MH response at the operat-
ing wavelength of ∼800 nm is large enough for
a precise control of the void size, but not much
larger than the operating wavelength. Standard
re�ectometry (FilmTek 4000TM) was used to
measure Si thickness and refractive index (Sup-
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porting Information, Figure S1). After the Si
deposition, AR-P 6200 resist from Allresist was
spun at 200 nm, followed by thermal evapora-
tion of 20 nm Al to be used as discharge path
during the exposure. The structures were de-
�ned by electron-beam exposure. The next step
involves Al layer removal in diluted phosphoric
acid and development of the resist. The pat-
terned resist is then used as a mask for etching
the Si layer using a Bosch process and then re-
moved using low power oxygen plasma.
Numerical simulations. Scattering spec-

tra, diagrams, and the electric �eld inside the
structures (for multipole decomposition) were
calculated using a 3D simulation with the �nite-
element method (FEM) implemented in a com-
mercial software (COMSOL Multiphysics). A
simulation sphere with a diameter of 2.4 µmwas
used with the perfectly-matched layer at the
outer boundary and a tetrahedral mesh with
a wavelength-dependent mesh size of ∼ λ/24
inside the silicon and ∼ λ/9 for the rest. The
convergence of the numerical results was ver-
i�ed with �ner mesh. The silicon ring was
excited by a normal-incident CW plane wave,
whose wavelength was swept to calculate spec-
tra. For all calculations the permittivity value
of Si was taken from measurements (Supporting
Information, Figure S1), the refractive index of
surrounding environment was set to 1.48. Ad-
ditional simulations for the Si disk/ring struc-
tures with the asymmetric environment (n =
1.518 for the cladding and n = 1.45 for the sub-
strate) showed no noticeable di�erence in the
total scattering cross-sections and scattering di-
agrams, compared to the simulation results for
the even surrounding with n = 1.48. We ex-
pect that the asymmetry in the surrounding
will have a noticeable e�ect only when the re-
fractive index contrast between the substrate
and the cladding will be of the same order of
magnitude as the contrast with the nanoparti-
cle (whose refractive index is ∼4).
Measurements of the scattering dia-

gram. Schematic diagram of the experimen-
tal setup for measuring scattering diagrams is
shown in Supporting Information, Figure S8.
The sample was illuminated using a linearly
polarized Ti:Sapphire laser, tuned at a wave-

length of ∼800 nm. The laser beam was weakly
focused onto the sample using a 10× objec-
tive of numerical aperture NA = 0.20. The
full-width-at-half-maximum (FHWM) of the fo-
cused beam spot was ∼5 µm. The scattered
light was collected using a 63× oil-immersion
collection objective, with a NA = 1.25. The
structures on the sample were positioned fac-
ing the oil-immersion objective, embedded in
the index-matching oil (n = 1.518). An imag-
ing system, which consists of two lenses and two
spatial �lters, was used to image the back fo-
cal plane (BFP) of the collection objective with
a charge-coupled device (CCD) camera. The
BFP and its image are also referred to here as
the Fourier plane, because it shows angular dis-
tribution of the scattering (i.e., scattering dia-
gram). The two spatial �lters have the follow-
ing important functionalities. The �rst �lter
is a micrometric metallic ball (diameter ∼300
µm), glued on a glass substrate, and is used to
stop the directly-transmitted light from reach-
ing the CCD camera to avoid saturation. It
is a Fourier-plane �lter, and ideally it should
be placed at the BFP inside the collection ob-
jective. Nevertheless, since the objective col-
limates the scattered light, the �lter can be
placed at the rear aperture of the objective and
still produce the same �ltering e�ect. The sec-
ond �lter is a pinhole, positioned at the image
plane (focal point of the �rst lens), and is used
to stop all the unwanted scattering from the
surroundings of the nanostructure (i.e., from
impurities in the glass substrate and oil). The
images are captured with the CCD camera, lo-
cated at the focal distance of the second lens,
which matches with the Fourier plane.
Far-�eld spectroscopy. Transmission spec-

troscopy was performed on a standard in-
verted optical microscope (Zeiss Axio Ob-
server), equipped with a halogen light source,
modi�ed detection path, and �ber-coupled
spectrometer (Ocean Optics QE Pro). The
light was collected using a ×100 immersion-oil
objective (Zeiss α Plan-FLUAR, NA = 1.45)
and the same index-matching oil (n = 1.518).
Schematically the setup is similar to the one
for measuring scattering diagrams (Supporting
Information, Figure S8), allowing �ltering both
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in Fourier and direct image planes. We used
an iris diaphragm for Fourier plane to limit de-
tected NA to ∼0.3 (in order to replicate mea-
surements of transmitted plane wave), and an-
other iris diaphragm was set as a �lter in the
image plane, corresponding to the area with a
diameter of ∼3 µm in a sample plane (that
is, when image plane was recorded by a cam-
era, the opening was ∼3 times larger than the
ring with the outer diameter of 1 µm). The
measured transmission spectra were normalized
on the transmission spectrum through the glass
substrate without any structure.
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Multipole Scattering
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Experimentally measured and simulated scattering di-
agrams of the 80-nm-thin Si ring with 800/1000 nm
inner/outer diameter at the wavelength of 800 nm,
compared with the radiation diagram of the isolated
magnetic hexadecapole.
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