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§INRS Énergie, Mateŕiaux et Teĺećommunications, 1650 Blvd Lionel Boulet, J3X 1S2 Varennes, Queb́ec, Canada

*S Supporting Information

ABSTRACT: Outstanding results have been achieved in the
localization of optical electric fields via ultrasmall plasmonic cavities,
paving the way to the subdiffractive confinement of local electro-
magnetic fields. However, due to the intrinsic constraints related to
conventional architectures, no comparable squeezing factors have
been managed yet for the magnetic counterpart of radiation,
practically hindering the detection and manipulation of magneto-
optical effects at the nanoscale. Here, we observe a strong magnetic
field nanofocusing in the infrared, promoted by the induction of a
coil-type Fano resonance. By triggering the coil current via a
quadrupole-like plasmonic mode, we straightforwardly boost the
enhancement of the infrared magnetic field and perform its efficient
squeezing in localized nanovolumes.
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Recently, the study of nanosystems presenting “artificial
magnetism” has been matter of deep interest for its strong

implications in fields such as superlensing,1,2 spintronics,3,4 and
cloaking.5,6 One of the state-of-the-art systems presenting a
resonant magnetic response is the split-ring resonator (SRR).7,8

Such basic unit supports circulating modes that can be
interpreted as elemental LC circuits.9,10 Despite the spectral
sharpness of these resonances,7 the magnetic field localization
of SRRs is strongly dependent on the size of the ring structure,
typically comparable to the exciting radiation wavelength.11 A
possible way to overcome this limitation consists in exploiting
strongly coupled plasmonic oligomers in Fano resonant
condition.12−16 Within this context, a plasmonic nanodisk
trimer has been recently proposed to generate circulating
displacement currents, which localize and enhance the magnetic
field in the visible/near-infrared spectral window.17 The
dependence of plasmonic resonances on the nanostructure
size allows the coil-type resonators to operate over an extremely
wide frequency range, opening huge perspectives for the study
of magnetic light-matter interaction3 and wavefront engineering
at the nanoscale.18,19

At the same time, plasmonic high order modes have been
largely employed for their narrow-band spectral features, with
the aim of improving the enhancement properties of sensing
devices.20−22 In this regard, quadrupole-like modes are ideal
candidates, due to their low-loss character and their consequent
spectral sharpness.23−25 Moreover, the nanofocusing properties
of subwavelength interparticle gaps26 can provide a suitable
approach for magnetic field squeezing and boosting.

Here, we present a trimer nanoarchitecture able to support a
Fano coil-type resonance in the mid-infrared (MIR) spectral
range, thus promoting the formation of a strongly subwave-
length magnetic hot-spot. In order to efficiently boost the
magnetic enhancement, we employed a moon-like geometry
(Figure 1a) sustaining a third order plasmonic mode (quadru-
pole-like mode) (for more details see Supporting Information,
sections 1 and 2). This configuration combines the high variety
of modes typically presented by ring systems with the
plasmonic efficiency of the nanostructures endowed with
sharp apexes.27,28 The capability of this system to promote a
circulating current by the exploitation of a resonating
quadrupole-like plasmonic mode, significantly increases the
intensity of the magnetic hot-spot. After a numerical treatment
of the system under study, we fabricated and optically
characterized arrays of moon trimers resonating in the MIR
spectral window. Finally, we showed how the moon trimer
nanoassembly presents a high degree of magnetic field
squeezing at optical frequencies, provided by the straightfor-
ward control on the quadrupole-like resonance position via the
modification of the apical gap.
Before analyzing the moon trimer case, we performed

electromagnetic (EM) simulations29 on a strongly coupled gold
disk trimer consisting of a disk dimer and a larger disk (see
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upper sketch of Figure 1a). The incoming radiation was set in
normal incidence condition with respect to the trimer plane,
linearly polarized along the x axis (see Figure 1a). According to
the results presented in ref 17, we chose the size of the trimer in
order to make the localized surface plasmon (LSP) of the large
disk (diameter D = 1.9 μm) resonate in the low energy side of
the disk dimer resonance (diameter d = 900 nm) (see red
spectra in Figure 1b). From the extinction efficiency spectrum
of the trimer (red spectrum in Figure 1c) a clear dip, denoted as
m, appears around 8 μm, corresponding to a coil-type current
distribution in the gap region of the assembly (see Figure S1a).
By calculating the distribution of the magnetic field enhance-
ment around the m dip, we can appreciate a magnetic hot-spot
in the center of the gap region (see Figure 1d). In this case, the
size of the hot-spot region cannot be tailored independently
from the spectral position of the Fano resonance. In fact, the
geometrical parameters of the system are mutually dependent
and the only way to tune the coil resonance consists in applying
a global scale factor to the trimer resonator. In order to boost
and squeeze the magnetic hot-spot in the mid-infrared range,
we intensified the coil-type current supported by the structures
inside the trimer gap, without affecting the size of the central
cavity. For this reason, we introduced a planar moon-like
geometry (see Supporting Information Figure S1d) and
analyzed its spectral response in the far- and near-field regime.
If we excite this nanostructure with radiation polarized along
the x direction (Supporting Information Figure S1d), we can
observe the arising of an intense peak in the extinction
efficiency spectrum (black solid line in Figure 1b). From the
current density distribution of the moon structure, evaluated in
resonance condition (Supporting Information Figure S1d), we
can ascribe the extinction peak to a third order plasmonic
mode. By comparing the moon quadrupole-like peak with the
dipolar peak of the large disk in Figure 1b (respectively, black
and red solid lines), we can observe the sharpness of the black
line-shape with respect to the red one. It is worth noticing that,
for a proper spectral comparison, we chose the moon size (D0 =
2.4 μm) in order to tune the third order mode resonance

around the frequency of the large disk. The line-shape
difference between the disk and moon resonators is related to
the radiation losses that weakly affect the quadrupole-like
mode.20,30

By putting the moon structure in strong near-field coupling
with a disk dimer, we can obtain a moon trimer resonator
(MTR) (see lower sketch in Figure 1a). The geometrical
parameters of the moon are reported in Supporting
Information, section 3. We performed EM simulations29 on
the MTR for normally impinging light polarized along the x
axis (see Figure 1a), noticing a sharp dip, denoted as m, around
8 μm in the extinction efficiency spectrum of the system (black
line in Figure 1c). We simulated the current density distribution
in correspondence of the wavelength of the dip (see Figure
S1c), highlighting the coil-type nature of the collective excited
mode. Considering the associated magnetic field distribution
inside the gap region, we could appreciate an intense magnetic
hot-spot in correspondence of the extinction dip (see Figure
1e). As observed in ref 17, the planar coil-type arrangement of
plasmonic currents implies a mainly out-of-plane orientation of
the local magnetic field.
The near-field response of the MTR system in Fano

resonance condition can be further investigated by analyzing
the electric field distribution of the coil-type mode. As we can
deduce from Figures 1f-h, all the MTR subelements resonantly
contribute to the MTR response. In detail, the electric field
distribution related to the moon third order mode is
characterized by 2 hot-spots in correspondence of the apexes
of the geometry (Figure 1f). Instead, the dipolar mode
sustained by the disk dimer presents a single intense electric
hot-spot in the middle of the interparticle gap (Figure 1g).
Finally, the near-field configuration associated with the Fano
coil-type mode of the MTR (Figure 1h) shows a superposition
of the quadrupole-like and dipolar modes supported by the
individual subelements (moon and disk dimer). From one side,
the sharpness in the spectral response exhibited by the moon
structure guarantees a higher wavelength selectivity. On the
other hand, the complexity of the plasmonic modes supported

Figure 1. (a) Sketches depicting the main morphological parameters of disk (upper sketch) and moon (lower sketch) trimers. The interparticle gaps
are equal to 50 nm, d = 900 nm, D = 1.9 μm and D0 = 2.4 μm. (b) Simulated extinction efficiency spectra of respectively disk dimer (dotted curve)
and single disk (continuous curve) in disk trimer (upper red curves) and extinction efficiency spectra of disk dimer (dotted curve) and moon
structure (continuous curve) in moon-integrated trimer (lower black curves). The red curves are shifted with respect to the black ones for clarity
reasons. (The upper and lower insets report the total current density distribution respectively of the dipolar mode in the single disk and the
quadrupole-like mode in the moon structure). (c) Simulated extinction efficiency spectra respectively of the disk trimer (upper red curve) and of the
moon-integrated trimer (lower black curve). The red curves are shifted with respect to the black one for clarity reasons. (The upper and lower insets
report the current density distribution around the m dip, respectively, of the disk trimer and of the moon-integrated trimer). (d,e) 2D plots of the
magnetic field enhancement distribution in Fano resonance condition (λ = 8 μm), respectively, for the disk trimer and the moon trimer resonator
(MTR). (f−h) Simulated 2D plots of the electric field enhancement distribution on a plane parallel to the substrate passing through the center of the
trimer. The plots are related to the moon structure quadrupole-like mode (λ = 9 μm) (f), the disk dimer dipolar mode (λ = 7 μm) (g), and the
moon-integrated trimer Fano coil-type mode (λ = 8 μm) (h).
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by the moon gives access to different strategies for boosting and
squeezing the local magnetic field in the MTR gap region.
We fabricated 50 × 50 μm2 matrices of gold disk trimers and

gold MTRs on intrinsic silicon substrate, by means of an
electron beam lithography process. The optical response of the
fabricated arrays was investigated using transmission spectros-
copy in the MIR range (see the spectra in Figure 2a,b). The

employment of the array configuration is due to measurement
sensitivity constraints related to the optical setup. In the disk
trimer assembly, the smaller disks have a diameter d of 900 nm,
whereas the larger disk has a diameter D equal to 1.9 μm (see
SEM image in the upper inset of Figure 2a). In the MTR case
(Figure 2b), the diameter d of the lower disks is kept constant
to 900 nm and the external diameter D0 of the moon (see lower
inset of Figure 1a and Supporting Information, section 3) was
set to 2.4 μm in order to maintain the Fano resonance in the
same spectral region of the disk trimer. In both the assemblies
the interparticle gaps are around 50 nm and the spacing among
adjacent trimers inside the matrices is equal to 1 μm in both the
x and y direction (see matrices SEM cut-outs in Supporting
Information, section 4). All the arrays have been illuminated by
IR light between 5 and 15 μm, polarized along the x direction
(see Figure 1a and insets in Figure 2a,b). As we can appreciate
in Figure 2a,b, the extinction efficiency spectra related to the
disk trimer and to the MTR system array (red and black curves,
respectively) present an interferential feature around 8 μm.
In order to investigate the nature of the observed features, we

simulated the extinction efficiency spectra corresponding to

arrays of gold disk trimers and MTRs with the same geometric
parameters employed for the fabrication (see Figure 2c,d). By a
direct comparison between the left and right spectra of Figure
2, we can recognize how the simulations properly describe the
spectral response of the disk trimer and the MTR arrays. For a
more accurate interpretation of the far-field results, we reported
the spectral response of the magnetic field enhancement in the
same plot of the corresponding extinction efficiency spectra
(red and black dotted curves in Figure 2c,d). In both of the
panels, we can see how the magnetic field enhancement peaks
are directly related to the extinction dips (see purple band in
Figure 2c,d), confirming the magnetic resonant nature of the
considered features (in section 5 of the Supporting Information
we also plotted the spectral response of the magnetic moment
associated with the MTR coil mode). By comparing the
extinction spectra of the disk trimer arrays (red continuous
curves in Figure 2) and MTR arrays (black continuous curves
in Figure 2), we notice that the Fano dip of the moon trimer
presents a higher spectral sharpness with respect to the same
feature shown by the disk trimer. At the same time, also the
comparison in terms of local magnetic enhancement (dotted
curves in Figure 2c,d) confirms the higher intensity of the MTR
hot-spots with respect to the disk trimer case. In the insets of
Figure 2c,d, we reported the magnetic field distributions of the
two systems corresponding to the extinction dips highlighted
by the purple vertical band. In both cases, a clear magnetic hot-
spot region is present. If we focus on the MTR coil region (in
the center of the MTR assembly), the magnetic field results
strongly squeezed in the interparticle gaps comprised between
the lower disk dimer and the upper structure (for a detailed
analysis of the field distribution in MTR, see the Supporting
Information, section 6).
The simpler approach to tune the coil resonance of MTRs

consists in changing the global size of the system. For
demonstrating this property, we fabricated arrays of moon
trimers of different size. We gradually up-scaled the original
MTR geometry, indicated as MT1, in terms of scale factors
respectively equal to 1.05 (MT2), 1.11 (MT3), and 1.16
(MT4). We performed transmission spectroscopy at normal
incidence on all the MTR arrays, keeping the light polarization
parallel to the x direction (see Figure 1a). We plotted the
corresponding extinction efficiency spectra in Figure 3a, in a
window comprised between 4 and 15 μm. If we observe the
MT1 extinction spectrum (black curve), we can notice, around
8 μm, the same Fano dip reported in Figure 2b. If we increase
the size of the MTR and consider the MT2 spectrum (red
curve), we can notice a global red-shift of the line-shape. In
particular, inside the Fano dip, we can discriminate two
convoluted features, the first one around 8 μm and the second
one around 8.5 μm. By further increasing the size and
considering the MT3 spectrum (blue curve), we can notice
how the global line-shape accordingly red-shifts, apart from the
sharp feature around 8 μm. In fact, inside the Fano dip, we can
clearly distinguish two spectral signatures. The one at higher
energy is independent from the size of the MTR and the one at
lower energy is related to the dimension of the plasmonic
system. Finally, the spectrum of the MT4 array (pink curve)
shows the Fano resonance centered around 9.5 μm. If we
observe all the spectra in Figure 3a, we can recognize a very
sharp feature that is fixed around 8 μm, regardless of the MTR
size. This suggests the dependency of this resonance on an
intrinsic property of the materials involved. Contextually, it is
known that SiO2 exhibits a phonon resonance31 around 8 μm.

Figure 2. (a,b) Experimental extinction efficiency spectra associated
with arrays of respectively disk trimer (red curve) and MTR (black
curve), for normal incidence condition (see the left side insets for the
polarization direction). The right side insets show the SEM images of,
respectively, a single disk trimer (upper inset) and a single MTR
(lower inset) (scalebar: 1 μm). (c,d) Simulated extinction efficiency
spectra (solid lines) and magnetic field enhancement spectra (dotted
lines) of, respectively, disk trimer array (red curves) and MTR array
(black curves). (The spectral response of the magnetic field
enhancement in the two cases has been evaluated as the ratio of the
absolute value of the magnetic field in the center of the coil region (H)
and the amplitude of the external magnetic field (H0).) The two insets
show the 2D plots of the magnetic field enhancement distribution in
Fano resonance condition (λ = 8 μm) for both the disk trimer (upper
inset) and the MTR (lower inset).
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Because the MTRs sustain plasmonic modes strongly localized
to the air−substrate interface, the extinction spectra are
supposed to be very sensitive to the properties of the substrate
surface. For this reason, we can observe the spectral fingerprint
of the thin SiO2 native oxide layer present on the Si substrate.31

The evolution of the quadrupole-like Fano resonance
position as a function of the MTR size has been analyzed in
Figure 3b. We performed simulations on MTRs for scaling
factor between 0.7 and 1.5, noticing how the Fano resonance
position varies linearly with the size of the MTR system (see
the open dots in Figure 3b). The experimental Fano resonances

associated with MTR arrays (colored full dots) have been
reported in Figure 3b, presenting a good agreement with the
simulated results. The size dependency of plasmonic
resonances allows tuning the Fano resonance of MTR systems
by properly changing their dimension. However, the up-scaling
of the MTR unavoidably affects the size of the magnetic hot-
spot region (defined by the coil region reported in the inset of
Figure 3b), modifying the localization properties of the system.
From this perspective, the geometry of the moon antenna is

advantageous because it allows tuning the quadrupole-like
resonance via the apical gap G (see Supporting Information,

Figure 3. (a) Experimental extinction efficiency spectra of MTRs for different assembly sizes (for clarity reasons, a rigid shift has been applied to the
curves). (b) Experimental and simulated spectral position of the Fano coil-type resonance in MTR as a function of the size scaling factor.

Figure 4. (a) Experimental extinction spectra of MTR arrays for, respectively, G = 1.2 μm (green curve), 400 nm (blue curve), 85 nm (red curve),
and 25 nm (black curve). (The dashed vertical lines have been inserted for identifying the Fano resonance position.) (b) Left column: SEM images
of MTR assemblies endowed with different moon apical gaps (respectively 1.2 μm, 400 nm, 85 nm, and 25 nm from bottom to top). (scalebar: 1
μm). Right column: 2D magnetic field enhancement distributions in coil-type Fano resonance condition (evaluated on a plane parallel to the
substrate passing through the center of the structure). From bottom to top they refer, respectively, to G = 1.2 μm, 400 nm, 85 nm, and 25 nm MTR.
(c) Magnetic field enhancement factor (H/H0) simulated in the middle of the MTR interparticle gaps, as a function of the G parameter. (d)
Resonance position of respectively the simulated coil resonance (open dots) and the experimental Fano dip (colored full dots) of MTR, as a function
of the G parameter.
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section 3), maintaining the global size of the structure unvaried.
We fabricated arrays of MTRs with lower disk diameters equal
to 1.2 μm and moon structures endowed with different apical
gaps. We performed transmission spectroscopy between 8 and
14.5 μm on MTR arrays, keeping the light polarization parallel
to the x direction (see Figure 1a). We reported in Figure 4a the
extinction spectra of the MTRs with, respectively, G = 1.2 μm,
400 nm, 85 nm, and 25 nm.
As we can observe from the extinction plots, the G = 1.2 μm

spectrum (green curve) shows an intense Fano peak around 11
μm. As we consider the G = 400 nm spectrum (blue curve), we
can notice a clear red-shift of the resonance to 12.5 μm. In the
G = 85 nm case, the associated spectrum (red curve) resonates
around 13.5 μm and, finally, for G = 25 nm the extinction
spectrum (black curve) presents a slight resonance around 14
μm. The evolution of the MTR spectral response is particularly
pronounced, especially if we consider that the global size of the
MTRs has been maintained unvaried. In particular, if we
observe the SEM images of the assemblies for different apical
gaps (left side of Figure 4b), we can appreciate how the size of
the coil high-magnetic-f ield region is not involved in the
morphological modif ication. In practice, we are able to tune
the Fano resonance without increasing the associated magnetic
hot-spot region. For this reason, by a fine control of the apical
gap inside the moon structure, the MTR is able to efficiently
squeeze the optical magnetic field in the IR.
In order to show the nanolocalization property of the MTRs,

we reported the Fano resonant magnetic field distribution of
MTRs for all the G values considered (right side of Figure 4b).
By focusing on the coil region, we can notice how the size of
the magnetic hot-spots does not vary while the Fano resonance
position is tuned. The MTR spectral evolution can be
understood by separately analyzing the lower disk dimer and
the moon as a function of the apical gap G (see the Supporting
Information, section 7). In fact, the near-field coupling between
the apexes of the moon determines the spectral position of the
quadrupole-like mode and the overlap region between the disk
dimer and the moon spectra defines the wavelength range in
which the Fano resonance occurs.17

In order to correlate the near-field response of the MTR with
the far-field experimental spectra reported in Figure 4a, we
compared the response of the magnetic hot-spots with the
variation of the Fano resonance position as a function of the
apical gap G (Figures 4c,d). In particular, in Figure 4d, we
plotted the spectral positions of both the simulated Fano
magnetic resonance (open dots) and the experimental Fano dip
(full dots) as a function of G, confirming the fine agreement
between the simulation results and the experimental spectra.
Moreover, focusing on the intensity of the magnetic hot-spot,
we could notice how the associated field enhancement
gradually increases for smaller G values (see Figure 4c),
showing the effect of the apical gap coupling on the coil-type
resonance. Considering the essential role of the moon structure
for the coil mode excitation, the resonance wavelength
associated with the third order mode is the tuning parameter
for the spectral position of the MTR Fano resonance in the
extinction curves of Figure 4a. Finally, the apical coupling,
which can be directly controlled by the gap G, strongly
influences the MTR response in terms of both the local
magnetic enhancement (Figure 4c) and the resonance spectral
position (Figure 4d).
The possibility to control the Fano resonance of MTRs with

such a low impact on their morphology reflects on a significant

increase of the magnetic field squeezing with respect to the
nanodisk trimer case. In order to quantify the squeezing
efficiency of the MTRs we can define a squeezing factor f S =
(λres

2 /Aeff), where λres is the resonance wavelength of MTRs and
Aeff is the effective area of the magnetic hot-spot region. The
effective area is defined as Aeff = ((∫ ∫ ∑H(x,y)dxdy)/Hmax),
where Σ is the accessible area within the hot-spot region and
H(x,y) is the near-field distribution of the magnetic field on a
plane parallel to the substrate, passing through the center of the
trimer. Finally, Hmax is the maximum value of the magnetic field
in the region under study. The spectral variability of the fs
parameter is a clear indication of the efficient field focusing
exhibited by MTRs. For demonstrating this property, in Figure
5, we compared the spectral evolution of the fs parameter for

nanodisk trimers (red dots) and MTRs (black dots). If we
consider nanodisk trimers resonating in the near-infrared range
(around 1 μm), we can observe a squeezing factor which
approaches 300, resulting from a local magnetic field uniformly
distributed in the coil region (see ref 17). In order to red-shift
the Fano coil resonance, the trimer geometry needs to be up-
scaled, achieving a squeezing factor of around 700 for a
resonance wavelength of around 8.5 μm. The increase in the fs
parameter can be ascribed to a gradually higher concentration
of the magnetic field in the interparticle gaps between the upper
and lower structures (in analogy to what shown in Supporting
Information Figure S6).
However, considering larger wavelengths, we can notice how

the squeezing factor of nanodisk trimers saturates around 1000.
This evolution is due to the compensation between the scaling
of the squared resonance wavelength and the effective area of
the hot-spot region. Because of this effect, the global size
modification of the trimer resonator is not an efficient approach
for the local field squeezing. At this point, if we introduce the
moon structure, we are able to tune the resonance wavelength
without modifying Aeff. In fact, by reducing the apical gap G, we
can observe the further increase of the squeezing factor to

Figure 5. Plot reporting the spectral evolution of the squeezing factor
for respectively nanodisk trimers (red dots) and MTRs (black dots).
The empty dots result from the simulative analysis and the full dots
result from the experimental resonance wavelengths. (Inset: plot
reporting the relation between the apical gap G and the resonance
wavelength of MTRs).
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around 2500. As we can deduce from the low inset of Figure 5,
the apical gap G and the fs parameter are strongly related.
In conclusion, we demonstrated how the employment of

Fano-like resonances in coil-type current configuration can
induce a pronounced magnetic field boosting and squeezing in
the MIR range. In order to efficiently enhance and concentrate
the magnetic field in strongly subwavelength spatial regions, we
combined dipolar and third order plasmonic modes in Moon
Trimer Resonators. Employing EM simulations, we showed the
high magnetic field localization that characterizes the proposed
device, identifying the quadrupole-like plasmonic mode as the
key-element to shape the magnetic field enhancement proper-
ties of MTR assemblies. By means of optical spectroscopic
techniques, we characterized the EM response of MTRs in the
mid-infrared range, highlighting the elevated tunability of their
magnetic-like Fano resonance. Acting directly on the MTR
apical gap, the ratio between the squared exciting radiation
wavelength and the effective area of the hot-spot region can be
gradually increased up to 2500, producing a confinement
regime on the nanoscale for incident radiation in the MIR
spectral range. Therefore, we are confident that the proposed
architecture can open bright perspectives for the generation of
intense and localized hot-spots of magnetic nature, thus
representing a viable route towards magnetic metasurface
engineering and optical triggering of spintronic devices.
Methods. Fabrication of Disk and Moon Trimers.

Plasmonic trimer assemblies have been fabricated recurring to
electron beam lithography (EBL) nanopatterning technique.
After substrate-cleaning in an ultrasonic bath of acetone,
polymethylmethacrylate (PMMA) electronic resist has been
spin-coated on the substrate at 1800 rpm. Hence, annealing has
been performed at 180 °C for 7 min in order to obtain a
uniform film. In perspective of preventing surface charging and
drift effects, 10 nm Al layer has been thermally deposited on the
PMMA surface. Therefore, EBL machine (electron energy 20
keV and beam current 45 pA), equipped with a pattern
generator (Raith 150-two), has been employed for the
nanostructure patterning. Once terminated such procedure
the Al layer has been removed in a KOH solution and then the
exposed resist was developed in a conventional solution of
MIBK/isopropanol (IPA) (1:3) for 30 s. Physical vapor
deposition (evaporation rate 0.3 Å/s), respectively, of 5 nm
Ti as adhesion layer and 55 nm Au has been performed on the
sample. Finally, the unexposed resist was removed in ultrasonic
bath of acetone and the sample has been rinsed out in IPA. For
an improved lift-off, O2 plasma ashing at 200 W for 60 s was
carried out in order to remove residual resist and organic
contaminants.
Optical Characterization. Infrared spectra have been

collected with a Thermo Scientific Nicolet Continuμm
microscope coupled to a Nicolet iS 50 FT-IR spectrometer.
In order to acquire appreciable far-field signals from the
plasmonic nanostructures, 50 μm × 50 μm size matrices of disk
and moon trimers were patterned on intrinsic silicon substrate.
During the optical characterization, the samples have been
illuminated at normal incidence condition with an IR light spot
linearly polarized along the x-direction, as shown in Figure 1a.
Light was detected using a liquid-N2-cooled mercury cadmium
telluride detector. All spectra were recorded with a resolution of
4 cm−1 and 500 scans.
Simulative Analysis. All the simulations have been carried

out by means of a commercial software based on a finite
integration code (CST Studio Suite 2010). Considering the

height of the disks (60 nm), much smaller than the wavelength
range under study, we applied the effective medium
approximation. The effective dielectric constant εeff of the
embedding medium has been calculated via the formula: εeff =
(1 + n2)/2 where n is the refractive index of the substrate (in
case of intrinsic silicon, n = 3.42 in the spectral window of
interest).
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(4) Pineider, F.; de Juliań Fernańdez, C.; Videtta, V.; Carlino, E.; al
Hourani, A.; Wilhelm, F.; Rogalev, A.; Cozzoli, P. D.; Ghigna, P.;
Sangregorio, C. ACS Nano 2012, 7, 857−866.
(5) Pendry, J. B.; Schurig, D.; Smith, D. R. Science 2006, 312, 1780−
1782.
(6) You, Y.; Kattawar, G. W.; Yang, P. Opt. Express 2009, 17, 6591−
6599.
(7) Moser, H. O.; Casse, B. D. F.; Wilhelmi, O.; Saw, B. T. Phys. Rev.
Lett. 2005, 94, 063901.
(8) Shadrivov, I. V.; Morrison, S. K.; Kivshar, Y. S. Opt. Express 2006,
14, 9344−9349.
(9) Baena, J. D.; Bonache, J.; Martin, F.; Sillero, R. M.; Falcone, F.;
Lopetegi, T.; Laso, M. A. G.; Garcia-Garcia, J.; Gil, I.; Portillo, M. F.;
Sorolla, M. IEEE Trans. Microwave Theory Tech. 2005, 53, 1451−1461.
(10) Zhou, J.; Koschny, T.; Kafesaki, M.; Economou, E. N.; Pendry, J.
B.; Soukoulis, C. M. Phys. Rev. Lett. 2005, 95, 223902.
(11) Wang, J.; Fan, C.; He, J.; Ding, P.; Liang, E.; Xue, Q. Opt.
Express 2013, 21, 2236−2244.
(12) Shafiei, F.; Monticone, F.; Le, K. Q.; Liu, X.-X.; Hartsfield, T.;
Alu,̀ A.; Li, X. Nat. Nanotechnol. 2013, 8, 95−99.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b02407
Nano Lett. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b02407
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b02407
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02407/suppl_file/nl5b02407_si_001.pdf
mailto:andrea.toma@iit.it
http://dx.doi.org/10.1021/acs.nanolett.5b02407


(13) Liu, N.; Mukherjee, S.; Bao, K.; Brown, L. V.; Dorfmüller, J.;
Nordlander, P.; Halas, N. J. Nano Lett. 2011, 12, 364−369.
(14) Liu, N.; Mukherjee, S.; Bao, K.; Li, Y.; Brown, L. V.; Nordlander,
P.; Halas, N. J. ACS Nano 2012, 6, 5482−5488.
(15) Verre, R.; Yang, Z. J.; Shegai, T.; Kal̈l, M. Nano Lett. 2015, 15,
1952−1958.
(16) Campione, S.; Guclu, C.; Ragan, R.; Capolino, F. ACS Photonics
2014, 1, 254−260.
(17) Nazir, A.; Panaro, S.; Proietti Zaccaria, R.; Liberale, C.; De
Angelis, F.; Toma, A. Nano Lett. 2014, 14, 3166−3171.
(18) Staude, I.; Miroshnichenko, A. E.; Decker, M.; Fofang, N. T.;
Liu, S.; Gonzales, E.; Dominguez, J.; Luk, T. S.; Neshev, D. N.; Brener,
I.; Kivshar, Y. ACS Nano 2013, 7, 7824−7832.
(19) Bakker, R. M.; Permyakov, D.; Yu, Y. F.; Markovich, D.;
Paniagua-Domínguez, R.; Gonzaga, L.; Samusev, A.; Kivshar, Y.;
Luk’yanchuk, B.; Kuznetsov, A. I. Nano Lett. 2015, 15, 2137−2142.
(20) Habteyes, T. G.; Dhuey, S.; Cabrini, S.; Schuck, P. J.; Leone, S.
R. Nano Lett. 2011, 11, 1819−1825.
(21) Hao, F.; Sonnerfraud, Y.; Van Dorpe, P.; Maier, S. A.; Halas, N.
J.; Nordlander, P. Nano Lett. 2008, 8, 3983−3988.
(22) Ye, J.; Wen, F.; Sobhani, H.; Lassiter, J. B.; Van Dorpe, P.;
Nordlander, P.; Halas, N. J. Nano Lett. 2012, 12, 1660−1667.
(23) Luk’yanchuk, B.; Zheludev, N. I.; Maier, S. A.; Halas, N. J.;
Nordlander, P.; Giessen, H.; Chong, C. T. Nat. Mater. 2010, 9, 707−
715.
(24) Mukherjee, S.; Sobhani, H.; Lassiter, J. B.; Bardhan, R.;
Nordlander, P.; Halas, N. J. Nano Lett. 2010, 10, 2694−2701.
(25) Verellen, N.; Van Dorpe, P.; Huang, C.; Lodewijks, K.;
Vandenbosch, G. A. E.; Lagae, L.; Moshchalkov, V. V. Nano Lett. 2011,
11, 391−397.
(26) Toma, A.; Tuccio, S.; Prato, M.; De Donato, F.; Perucchi, A.; Di
Pietro, P.; Marras, S.; Liberale, C.; Proietti Zaccaria, R.; De Angelis, F.;
Manna, L.; Lupi, S.; Di Fabrizio, E.; Razzari, L. Nano Lett. 2015, 15,
386−391.
(27) Wang, Y.; Zhou, W.; Liu, A.; Chen, W.; Fu, F.; Yan, X.; Jiang, B.;
Xue, Q.; Zheng, W. Opt. Express 2011, 19, 8303−8311.
(28) Zhang, Y.; Jia, T. Q.; Zhang, S. A.; Feng, D. H.; Xu, Z. Z. Opt.
Express 2012, 20, 2924−2931.
(29) CST. Computer Simulation Technology; Darmstadt, Germany,
2010.
(30) Dahmen, C.; Schmidt, B.; von Plessen, G. Nano Lett. 2007, 7,
318−322.
(31) Neubrech, F.; Pucci, A. IEEE J. Sel. Top. Quantum Electron.
2013, 19, 4600809.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b02407
Nano Lett. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.nanolett.5b02407

