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Abstract: We introduce a new concept of split-ball resonator and demonstrate a strong
omnidirectional magnetic dipole response for both gold and silver spherical plasmonic
nanoparticles with nanometer-scale cuts. Tunability of the magnetic dipole resonance throughout
the visible spectral range is demonstrated by a change of the depth and width of the nanoscale
cut. We realize this novel concept experimentally by employing the laser-induced transfer
method to produce near-perfect spheres and helium ion beam milling to make cuts with the
nanometer resolution. Due to high quality of the spherical particle shape, governed by strong
surface tension forces during the laser transfer process, and the clean, straight side walls of the
cut made by helium ion milling, magnetic resonance is observed at 600 nm in gold and at 565 nm
in silver nanoparticles. Structuring arbitrary features on the surface of ideal spherical resonators
with nanoscale dimensions provides new ways of engineering hybrid resonant modes and ultrahigh near-field enhancement.
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One of the main challenges in the field of plasmonics and metamaterials during the last decade
is to engineer nanostructures with strong magnetic and electric dipole resonances at optical
frequencies [1-5]. Getting these two resonances together in the same frequency range can lead to
unique material properties associated with near-zero or even negative effective refractive index.
The concept of split-ring resonator (SRR), which provides strong magnetic dipole response of
metallic structures, was theoretically introduces by Pendry et al. in 1999 [6]. Since then many
efforts to experimentally demonstrate magnetic resonance of metallic structures has been
reported, first at GHz [7], then at THz [8], and finally at optical frequencies [9, 10]. It has been
shown that scaling down the sizes of the split-ring resonator linearly increases the magnetic
resonance frequency. However, this linear dependence saturates close to the visible spectral range
mainly due to non-ideality of plasmonic metals at these frequencies [10, 11]. Further control of
the resonance position is possible using optimization of the design of SRRs [12, 13]. More
advanced designs, such as cut-wire pairs [14, 15], fish-net structures [16, 17], and nanoparticle
clusters [18, 19], have also been implemented to facilitate metamaterial fabrication and further
increase their magnetic resonance frequency. However, until now there were only several
experimental demonstrations of resonant magnetic response of metallic nanostructures in the
visible spectrum [18-25]. Strong losses of plasmonic structures in the visible spectral range
significantly limit the possibilities of shifting the magnetic resonance to higher frequencies.
These losses arise due to imperfections of the nanostructures at sub-100nm scale and intrinsic
losses inherent to plasmonic metals in this frequency range. The use of low-loss resonant highrefractive index dielectric nanoparticles having strong Mie resonances of both electric and
magnetic nature can partially solve this problem and shift the magnetic resonance frequency up to
the blue spectral range [26-28]. However, lower field enhancement around such nanoparticles
compared to metals makes them only a partial substitution for plasmonics.
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In this paper, we introduce and experimentally demonstrate a new concept of a strong magnetic
dipole resonance tuneable almost throughout the whole visible spectral range using standard
plasmonic metals such as gold and silver. The key aspect is a nanometer-size cut fabricated inside
an almost perfectly spherical plasmonic nanoparticle. Such 3D spherical design allows shifting
magnetic dipole resonance down to electric dipole resonance wavelength in the visible spectral
range. Experimentally this novel design is realized by combining the almost perfect spherical
nanoparticles achievable with laser-induced transfer method (LIT) with the unprecedented
patterning fidelity at nanometer-scale dimensions characteristic of milling with a focused helium
ion beam. Near-field enhancement and Poynting vector flow inside these unique nanostructures
are also discussed.

Results and Discussion
Simulations
Schematic representation of a metallic sphere with a cut, split-ball resonator (SBR), is shown in
Fig.1. The nanocut is introduced on top of the sphere making it similar to 3D upright split-ring
resonators [29]. In this case, the coupling of light to the magnetic resonance mode should be
more efficient due to both electric and magnetic fields contribution.
To analyze abilities of the SBR to support magnetic dipole resonance we performed numerical
simulations of its optical spectral properties using commercial CST Microwave Studio software.
Results are shown in Fig.2 for a gold sphere with diameter of 200 nm having a 50 nm wide cut
going down to the center of the sphere. The nanostructure is located in free space and excited by
a plane wave directed from the top (antiparallel to Z axis) with two different polarizations,
parallel (along Y axis) and perpendicular (along X axis) to the nanocut direction. Total scattering
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and absorption efficiencies by the nanostructure are shown in Fig. 2 (see section Methods for
details).
When the incident light polarization is parallel to the cut, only a single electric dipole
resonance is excited inside the SBR, similar to a spherical nanoparticle without a cut (Fig.2a).
The electric dipole nature of the resonant peak is confirmed by electric and magnetic field
distribution at the resonance wavelength (Fig.2b&c). When incident light polarization is
perpendicular to the cut, second resonant peak appears at the long wavelength side while initial
resonance is suppressed and slightly blue-shifted (Fig.2a). This second resonant peak corresponds
to a magnetic dipole excited in the SBR similar to the case of upright standing split-ring
resonators [29]. Electric field at this resonant wavelength is strongly enhanced inside the cut
generating circulating electric currents flowing around the nanocut inside the nanoparticle
(Fig.2d). On the other hand the magnetic field is strongly enhanced and oscillates inside the
nanocut parallel to its axis (Fig.2e).
Similar spectral behavior can also be observed in the SBR excited from the side facing the
nanocut (along Y axis) with light polarization parallel (along Z axis) and perpendicular (along X
axis) to the cut (Fig.2a, dashed lines). Intensities and spectral positions of both electric and
magnetic resonances in this case are almost unchanged compared to the case of excitation from
the top. This omnidirectional magnetic response of the SBRs can be advantageous compared to
the other nanostructures for design of isotropic metamaterials.
To show how both type of resonances behave with respect to the cut parameters, different cut
depths have been simulated at a fixed cut width of 20 nm (Fig.3a). The cut width has also been
gradually changed at a fixed cut depth of 100 nm (Fig.3b). As it is seen from the figures both
parameters strongly affects the magnetic resonance spectral position, while electric resonance
position is almost unchanged though its intensity is changing. When the cut depth is decreased
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the magnetic resonance is blue-shifted, reaching the electric dipole resonance position in the
visible spectral range (Fig.3a). This can be explained by decrease of the capacitance of the gap
(C) leading to increase of the resonance frequency (ω2 = 1 / LC) which is in line with the splitring resonators theory [9-11]. On the other hand decrease of the width of the gap increases the
gap capacitance, which leads to decrease of the resonance frequency and a corresponding redshift
of the resonance peak (Fig.3b). In both these cases the inductance (L) changes slowly due to the
large size of the sphere compared to the gap size. One should also note that the above LC-circuit
model initially developed for large split-ring resonators is not fully applicable to our case of very
small nanoparticles with nanocuts and is only used here as a simple illustration of the observed
effects. Similar behavior with respect to the depth of the gap has earlier been observed in flat split
ring resonators fabricated by focused ion beam milling of thin gold films [12]. It was shown that
controlling the depth of the gap it is possible to shift the magnetic resonance down to the electric
resonance wavelength. However, as the structures were flat the position of both resonances was
in the near-IR spectral range. In our case, the electric resonance position of the spherical particles
is located in the visible spectrum which gives a possibility to shift the magnetic resonance down
to visible wavelengths.

Experiment
To verify this concept experimentally we first fabricated gold and silver nanoparticles using
laser-induced transfer method in combination with e-beam lithography [30] (see section Methods
for more details). This method allows producing nanoparticles with almost perfect spherical
shape and high surface quality. The size of the nanoparticles is controlled using initial
lithography step while their spherical shape and low surface roughness is assured by strong
surface tension forces of molten metal during the laser processing. Then nanocuts with straight
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side walls have been produced on top of the nanoparticles using focused helium (He) ion beam
milling. In comparison to standard FIB systems [31, 32], which use gallium (Ga) ions, HIM can
provide significantly higher structuring resolution [33-35]. Also, in contrast to standard galliumions based FIB systems, HIM does not significantly dope side walls of the materials during
milling and thus may keep good plasmonic properties of the nanoparticles [31, 36].
HIM images of two gold nanoparticles with cuts fabricated by this combined method are
shown in Fig.4 a&b. These nanoparticles have a similar diameter of around 170 nm and cut width
of around 15 nm. The structured cut can be controlled in depth and width (down to <5nm) but in
this case was varied to match the modeling predictions. Variable depth was achieved by varying
the dwell time at a fixed beam current. The dwell time was 25% longer for the particle shown in
Fig.4a compared to that shown in Fig.4b which resulted in a deeper cut (see section Methods for
details). Optical properties of these nanoparticles have been studied using single-nanoparticle
spectroscopy setup [26]. Measurements were performed in dark-field geometry with illumination
from one side facing the nanocut (k vector is in YZ plane). Two different polarizations of
excitation source have been studied: parallel and perpendicular to the nanocut (see Fig.1 and
section Methods for details). In this excitation geometry, p-polarization (lying in YZ plane)
should only couple to electric dipole resonance of the sphere while s-polarization (along X axis)
should excite both electric and magnetic dipoles. Results of these measurements for the two gold
particles are shown in Fig.4 c&d. For p-polarization, which is parallel to the cut, only a single
scattering peak corresponding to the electric dipole resonance of the sphere is observed. For spolarization, two resonances are detected, magnetic dipole on the long-wavelength side and a
left-over of electric dipole on the short-wavelength side. For the particle with a deeper cut
(Fig.4a&c) the magnetic resonance position is red shifted compared to the particle with a
shallower cut (Fig.4b&d). These results are in a very good agreement with theoretical predictions
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discussed in the previous section (Fig.3a). To the best of our knowledge, the wavelength of
magnetic resonance of 600 nm obtained for the gold SBR in Fig.4b&d is the shortest compared to
all gold-based nanostructures reported so far.
To show that this concept may also work at even shorter wavelengths the same approach has
been applied to fabricate SBRs made of silver. Plasmonic resonance of silver nanoparticles is
blue-shifted compared to gold. Thus one may expect further blue shift of the magnetic resonance
position in silver SBRs. Results of this study are shown in Fig.5. First, a silver SBR with a
particle diameter of around 170 nm and a cut width of around 15 nm, which is similar to the
earlier discussed gold SBRs, has been fabricated (Fig.5a). The magnetic dipole resonance
position in this case is around 640 nm (Fig.5d), which is similar to the above results for gold
nanoparticles. However, this resonance is more pronounced and well separated from the electric
dipole resonance located around 500 nm. To further shift both resonances to shorter wavelengths
a smaller silver nanoparticle with diameter of around 80 nm and a shallow cut of around 12 nm
width has been fabricated (Fig.5b). In this case, the magnetic resonance position is further blueshifted reaching the wavelength of 570 nm, which is noticeably smaller than earlier reported
results obtained with split-ring resonators [10-13] and coupled-nanoparticles [18, 19] and is
comparable to the best results obtained with multi-layer stripes and fishnets [21, 22]. However, in
contrast to the stripes, fish-nets and other multi-layer structures whose magnetic response can
only be obtained under a single excitation direction, split-ball resonators possess an almost
omnidirectional magnetic response, which may hold a bigger promise for metamaterial design
and fabrication.
To show how the surface quality of the nanoparticles influences their resonant properties, HIM
cut have also been introduced into a commercial chemically synthesized silver nanoparticle
(NanoComposix) of 80 nm size (Fig.5c&f). In this case, the electric resonance position is further
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blue-shifted, which may probably be explained by a higher crystallinity of the chemically
synthetized silver nanoparticles. However, the magnetic resonance is less pronounced due to the
inferior surface quality of these nanoparticles compared to the nanoparticles obtained by LIT
method.

Poynting vector flow
Finally, light energy flow inside and outside the SBR at the magnetic resonance wavelength
has been simulated by CST Microwave Studio software. This study is useful to understand the
high scattering and absorption efficiencies of the nanostructures. Similar SBR parameters as in
Fig.2 have been taken for simulations. The Poynting vector lines at the magnetic resonance
wavelength of 882 nm are shown in Fig.6a and b in two different cross-section planes. The color
map corresponds to the distribution of the modulus of the Pointing vector. It is seen from Fig.6a
that in the XZ plane the Poynting vector lines spanning an area exceeding the nanoparticle crosssection by several times are collected and concentrated inside the nanocut. This generates
significant field enhancement of the order of 20 inside the cut. Similar simulations performed for
a silver SBR with diameter of 170 nm and a cut width of 15 nm (similar to the one shown in
Fig.5a) demonstrate even larger field enhancement inside the cut around 45 (not shown here).
This energy flow passing the cut does not come out of the SBR forming optical vortices from
both sides of the nanostructure. This explains strong absorption resonance at this wavelength. On
the other hand, in YZ plane most of the Poynting vector lines are strongly deviated and passing
around the SBR without penetrating into it, resulting in a strong scattering efficiency at the
magnetic resonance. Fig.2c shows separatrix absorption surface of the SBR in XY plane. All
Poynting vector lines inside the separatrix surface go into the SBR and are absorbed inside [37,
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38]. Strong asymmetry of the separatrix surface in X and Y direction supports our discussion
above.
As a comparison, energy flow at the wavelength of the minimum scattering of 785 nm is also
shown in XZ and YZ planes in Fig.6d and e respectively. In this case, the Poynting vector lines
pass through the SBR with only a very small absorption and scattering making the nanostructure
almost invisible. The separatrix surface in this case (Fig.6f) has a different geometry compared to
the resonance (Fig.6c) and is smaller than the geometrical cross-section of the particle. This
behavior is associated with destructive Fano-type interference between electric and magnetic
dipoles inside the SBR [18, 39-41].
Strong field-enhancement and magnetic dipole resonance of the split-ball resonators make
them promising for future applications in metamaterials, surface-enhanced Raman scattering
(SERS), heat-assisted magnetic recording (HAMR), and nanoantennas.
In conclusion, a novel concept to realize optical magnetism at visible frequencies with
standard plasmonic materials such as gold and silver is proposed. This concept is based on a
spherical nanoparticle with a precision patterned nanocut. Due to a volumetric 3D shape of the
proposed design a strong omnidirectional magnetic response tunable through the visible spectral
range can be obtained. Experimentally this unique design was realized using laser-induced
melting of nanostructures to obtain an almost perfect spherical nanoparticles and helium ion
beam milling to make cuts with nanometer resolution and straight side walls. Magnetic resonance
wavelength down to 600 nm for gold and 565 nm for silver is experimentally demonstrated,
which corresponds and exceeds previous experimental results. This novel approach to engineer
resonant modes of perfect spherical nanoparticles at nanoscale opens new possibilities to design
novel nanostructures with unique modes and high field enhancement regions which may be
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promising for applications to metamaterials, surface-enhanced Raman scattering (SERS), heatassisted magnetic recording (HAMR), and nanoantennas.

Methods
Gold and silver nanodisks with various diameters were fabricated on the quartz substrates by
electron beam lithography (Elonix 100KV EBL system). First 120 nm positive resist (ZEP) was
coated on the sample. After baking it at 180 °C for 2 min, a 20 nm Espacer was coated on the top
of the resist to avoid charging effect. The structural geometries were defined by electron-beam in
the resist followed by a standard development. Then a thin Ti film (2 nm thick) was deposited on
the substrate by e-beam evaporation to ensure good adhesion between the evaporated in the
following 50 nm Au/Ag layers and the substrate. Lift-off procedure was the last step to generate
the nanodisks.
Following the first nanofabrication steps femtosecond laser irradiation has been applied to the
nanostructures. In these experiments, commercial 1 kHz femtosecond laser system
(Tsunami+Spitfire, Spectra Physics) delivering 1 mJ, 100 fs laser pulses at a central wavelength
of 800 nm has been used. The laser beam with diameter of 4 mm was directed onto a squareshaped pinhole with 300 µm size. The beam just after passing through the pinhole was imaged
onto the sample surface using a 20× long-distance microscope objective (Mitutoyo, MPlan NIR
20) and a 200 mm focus tube lens. This image transfer results in a square-shape 15 µm size flattop laser beam profile on the sample surface. The laser beam power was attenuated by a neutralglass filter (15%) and a half-wave plate + polarizer to get the fluence of around 0.5 J/cm2 on the
sample surface. The nanostructures have been melted by the laser irradiation, transformed into
spherical nanodroplets by surface tension forces and transferred onto an ITO-coated glass
substrate. After solidification the molten droplets form almost perfect spherical nanoparticles.
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More details about laser-induced transfer method and its application to nanostructures and
continuous metal films for nanoparticle generation can be found in [30, 42-44].
The Helium Ion Microscope (HIM) (Zeiss Orion Plus) was employed in conjunction with a
Nabity Pattern Generator to further structure the surface of the fabricated nanoparticles. HIM is
capable of milling extremely high resolution structures with lateral dimensions of less than 5nm.
When combined with a sophisticated pattern generator and custom writing strategies, near
arbitrary control of the surface features is possible. In this work, the ion fluence across the cut
was varied and optimized with a multi-pass writing strategy to prevent over-milling at the edges,
and eliminate residual metal redeposition while maintaining the pattern fidelity. The beam dwell
time was modulated throughout the length of the cut, with commensurately longer milling time at
the center of the cut compared to the edges to compensate for the center's increased metal
thickness, as well as mitigate secondary effects such as decreased redeposition at the edges. For
gold particle in Fig.4a, the ion fluence was about 5x1016 ions/cm2 at the edges with intermediate
sections having a varying fluence of 7.5x1017, 3.25x1018, 5.25x1018 and 6.75x1018 ions/cm2
towards the center. The ion fluence was decreased by 25% for particle in Fig.4b. For the silver
particle in Fig.5a, the fluence at the edges was about 8x1017 ions/cm2 with intermediate sections
having a range of 2x1018 to 5x1018 ions/cm2 and 8x1018 ions/cm2 at the center. Silver particles in
Fig.5b&c were patterned with fluence scaled down by 3 times. The helium ion beam landing
energy of ~ 35keV with ion beam current of ~0.5 pA was employed.
Spectral analysis of the fabricated split-ball resonators was performed using single-nanoparticle
spectroscopy setup (see [26] for details) in dark-field geometry (Fig.1). The sample was
irradiated by a halogen lamp source from one side facing the gap at an angle of 58.5° to the
surface normal (see [28] for details of dark-field spectral measurements). The scattering by the
nanostructure has been collected from top into a solid angle corresponding to the microscope
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objective with 0.55 NA. Two different incident light polarizations have been studied: spolarization – perpendicular to the nanocut and parallel to the substrate surface, and ppolarization – parallel to the nanocut and at an angle to the substrate surface (Fig.1).
Numerical simulations of the SBRs were performed using commercial CST Microwave Studio
software. Scattering and absorption efficiencies by the nanostructures were obtained by dividing
the corresponding cross-sections by overall geometrical cross-section of the nanoparticle.
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Figure legends
FIGURE 1. Schematic representation of the split-ball resonator and geometry of spectral
measurements.
FIGURE 2. Numerical simulations of optical properties of SBRs. (a) Total scattering efficiencies
of the SBR formed by a gold sphere with diameter of 200 nm and a cut with 50 nm
width and 100nm depth. The SBR is excited by a plane wave directed from top
antiparallel to Z axis (solid curves) or from the side facing the cut along Y axis
(dashed curves). Polarization of the incident light is perpendicular or parallel to the
cut. Black dotted curve represents scattering efficiency of the same particle without
a cut. Grey curve is absorption efficiency of the SBR for top excitation with
polarization perpendicular to the cut. Inset is the schematic illustration of the SBR
and directions of the incident plane waves. (b)-(e) Distributions of electric (b)&(d)
and magnetic (c)&(e) field around the SBR at electric (b)&(c) (622 nm, polarization
is parallel to the cut) and magnetic (d)&(e) (882 nm, polarization is perpendicular to
the cut) resonance wavelengths.
FIGURE 3. Dependence of scattering efficiency of the SBR on the cut depth at a fixed cut width
of 20 nm (a) and on the cut width at a fixed cut depth of 100 nm (b). The incident
plane wave is directed from top of the SBR with light polarization perpendicular to
the cut (see Fig.1). The gold sphere diameter is 200 nm.
FIGURE 4. Experimental realization of gold SBRs. (a)&(b) – HIM images of two gold
nanoparticles with similar diameters of 170 nm and cuts width of 15 nm. Cut depth
in (a) is larger than in (b), which is obtained by 25% longer helium ion beam
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milling time. (c)&(d) Scattering spectra of the particles shown in (a)&(b) for
incident light with s (perpendicular to the cut) and p (parallel to the cut)
polarizations.
FIGURE 5. Experimental realization of silver SBRs. (a)-(c) HIM images of three silver
nanoparticles with diameters of 170 nm (a) and 80 nm (b)&(c) and a cut width of
15 nm (a) and 12 nm (b)&(c). Particle in (c) is chemically synthetized. (d)-(f)
Scattering spectra of the nanoparticles shown in (a)-(c) for incident light with s
(perpendicular to the cut) and p (parallel to the cut) polarizations.
FIGURE 6. Poynting vector distribution around gold SBR with 200 nm diameter and a cut with
50 nm width and 100 nm depth (similar to Fig.2) at magnetic resonance wavelength
of 882 nm (a)-(c) and scattering minimum wavelength of 710 nm (d)-(f). (a)&(d)
show XZ cross-section plane in the middle of the sphere. (b)&(e) show YZ crosssection plane in the middle of the sphere. (c)&(f) show separatrix absorption
surfaces (limited by yellow separatrix lines) of the SBR in XY cross-section plane.
Colour map represents distribution of the modulus of the Poynting vector around the
nanoparticle. Red lines show separatrices of the energy flow [37, 38]. Green circles
highlight the nanoparticle location.
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