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Here, we introduce the concept of magnetic localized surface plasmons (LSPs), magnetic dipole modes
that are supported by cylindrical metal structures corrugated by very long, curved grooves. The resonance
wavelength is dictated by the length of the grooves, allowing us to tune it to values much larger than the size
of the particle. Moreover, magnetic LSPs also exist for extremely thin metal disks and, therefore, they could
be used to devise metasurfaces with magnetic functionalities. Experimental evidence of the existence of
these magnetic LSPs in the microwave regime is also presented, although the concept is very general and

could be applied to terahertz or infrared frequencies.
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Surface plasmons are the subject of intense interest at
optical frequencies [1-3]. Their ability to capture photons
from the far field into short-wavelength surface excitations
on metal surfaces offers the potential for controlling light
on a scale much less than the wavelength. The fact that
subwavelength nanoparticles are able to focus light into
areas of the order of a few square nanometers enables huge
concentrations of optical energy, greatly enhancing the
sensitivity of spectroscopic detection of biochemical spe-
cies [4]. Until recently, plasmonics studies have been
confined to the higher frequencies: the UV, visible, and
near infrared. At lower frequencies (terahertz regions or rf
frequencies), plasmons do not feature in electromagnetic
properties. However, a highly conducting surface can be
structured so as to support surface waves [5,6] that in many
respects mimic, or ‘“spoof,” real surface plasmons [7].
These spoof surface plasmons open up the terahertz or rf
bands to plasmonic studies [8—14].

Here in this work, we go one step further.
Conventionally, surface plasmons are electric excitations
consisting of oscillations in the density of metallic
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conduction electrons. In a metamaterial world, there is also
the possibility of creating magnetic excitations [ 15-22], such
as magnetic surface plasmons propagating along the planar
surface of a metamaterial with negative permittivity [23].
In contrast, the subject of the present paper will be spoof
magnetic localized surface plasmons. We explore both
theoretically and experimentally cylindrical structures with
external dimensions much less than the free-space wave-
length and show that they support magnetic as well as
electrical surface modes. These structures are the low-
frequency analogues of the subwavelength nanoparticles
studied at optical frequencies and offer the same potential for
diverse applications.

Let us start by revisiting the two-dimensional (2D)
structure shown in Fig. 1(a), which has already been
studied by some of the authors of this work [24] and
which has also been considered for waveguiding purposes
in the earlier literature; see, e.g., Ref. [25]. It consists of
an infinitely long metallic cylinder of radius R corrugated
with a periodic array (period d = 2zR/N) of N grooves of
parallel walls, with depth 7 = R — r and width a. This 2D
geometry supports similar electromagnetic (EM) resonan-
ces as its three-dimensional (3D) counterpart (disks) and,
importantly, allows for an analytical treatment of its EM
response. For proof-of-principle purposes, we take the
cylinder as made of a perfect electrical conductor (PEC),
which is a very good approximation for sufficiently low
frequencies. The grooves are filled with a dielectric
material of refractive index n,. In this way, the resonant
wavelengths 4., can be made much larger than the size of
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Magnetic LSPs in subwavelength PEC disks corrugated with dielectric grooves. (a) SCS for a 2D structure with » = 0.4R,
= 8. The low-energy peak (kyR = 0.33) reveals two resonances: the electrical and magnetic dipoles, whose

magnetic field amplitudes (H) are plotted in the upper and lower right insets, respectively. The solid (dashed) vertical lines show the
position of the electric (magnetic) resonance according to the analytical model. (b) Structures of finite thickness. SCS for corrugated
disks of thickness L = R (red line) and L = R/2 (blue line), with the same parameters as in (a). Top (and bottom) left insets: Near-field
distribution of the electric (and magnetic) dipole resonances for a disk of thickness L = R/2. The arrows show the electric (magnetic)
field lines, and the color map shows the norm of the electric (magnetic) field. Upper right inset: SCS for a corrugated disk of L = R
(solid red line), a dielectric disk of the same size and n, = 8 (dotted blue line), and a PEC core of radius r with a dielectric shell of radius

R and n, = 8 (dashed green line).

the object and we can operate in the very deep subwave-
length regime R < 4. The EM response of this structure
is analyzed by means of the scattering cross section (SCS),
which is numerically computed via a finite element method
[26]. In order to calculate the SCS, we consider (here and in
the following) an incoming TM-polarized plane wave
(magnetic field H pointing along the z direction) propa-
gating along the x axis and with wave number ky, = w/c.
We normalize the SCS by the geometrical cross section of
the structure 2R. Since we are considering PECs, the
resonant wavelengths scale with R, which is taken as unit
length, and the frequency can be expressed in terms of the
dimensionless quantity kyR. The SCS spectrum for a repre-
sentative textured cylinder with parameters r=0.4R,
N =40, and a/d = 0.3 is shown in Fig. 1(a). This spectrum
closely resembles what is observed for very subwavelength
metal particles at optical frequencies. This analogy suggests
that the first resonance peak is due to the electrical dipole
resonance, while the high-frequency narrow peak is asso-
ciated with the electrical quadrupole. The assignment of
this high-frequency peak is correct, and we will not discuss
it in this work. However, the eigenmode calculation of the
structure reveals the unexpected (and previously missed)
point that the low-frequency resonance does not have a pure
electric dipole character, having instead contributions of
two different EM modes with very similar eigenfrequen-
cies. One of them has an electrical dipole character [see the
upper right inset of Fig. 1(a)], whereas the field pattern
associated with the other one is independent of the

azimuthal angle, as corresponds to a magnetic dipole
pointing along the z axis [lower right inset of Fig. 1(a)].
This behavior is at odds with what happens in standard
plasmonics, in which the magnetic dipole resonance is
extremely weak and does not show up in the SCS of the
subwavelength metal particle [27].

An analytical model based on the modal expansion
technique gives a deep physical insight on the EM response
of the 2D corrugated cylinder. This model is the translation
of previous approaches devoted to analyzing the surface
EM modes supported by a corrugated plane [28] in the case
of a PEC cylinder with longitudinal corrugations. This
modal expansion relies on the matching of the EM modes
outside the cylinder (radial coordinate p > R) and inside
the grooves (r < p < R) by means of the appropriate
boundary conditions at p = R. Expanding the EM fields
in the outer region in terms of the Hankel function of the
first kind H,(f and considering that, for subwavelength
particles, the field within the groove is given only by the
fundamental waveguide mode, we arrive at the following
transcendental equation for the complex resonance fre-
quency of the EM mode with azimuthal number n:

(1)
H, R
sz tko >tan (konyh) = —n,,, (1)
lgl)/(kOR) 9 g
where S, = +/a/dsinc[nza/(Nd)] and H,(f)/(x)z

dH,, )( )/dx. Physically, the picture that emerges from
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this model is that of surface EM modes running around the
cylinder surface, with each resonance appearing when an
integer number of modal wavelengths fits into the perim-
eter. In Eq. (1), the tangent function accounts for the fact
that a guided mode is traveling down the groove (of depth
h and refractive index n,) and bouncing at its bottom.
Within the language of antenna engineering, the term
S2 tan (kogn,h) could be regarded as the normalized surface
impedance of the structure [28]. In the subwavelength limit,
Eq. (1) predicts that the mode for n = 0 (i.e., azimuthally
independent) is very close in frequencies to the mode for
n =1, as shown by the vertical lines in Fig. 1(a). This
analytical model can also be applied to calculate the
associated SCS and the relative contribution of the
n=0, 1 modes (see Fig. S1 of the Supplemental
Material [29]). Despite the few ingredients it includes, this
simple modeling shows a very good agreement with the
numerics, illustrates the geometrical origin of the modes,
and justifies their naming: magnetic dipole localized sur-
face plasmon (LSP) for the » =0 mode and electrical
dipole LSP for the n = 1 mode.

Going from the infinitely long, textured cylinder (2D) to
a 3D corrugated disk of finite thickness L has a funda-
mental consequence. Not only do the resonances shift
when the size of the particle is reduced, as usual in particle
plasmonics, but the magnetic and electric LSPs split in such
a way that the former shifts to higher frequencies than the
latter. The SCSs for two disks of different L corrugated
with grooves filled with a dielectric material are shown in
Fig. 1(b). As in the 2D case, we have considered an incident
wave polarized with the magnetic field pointing in the z
direction and propagating along the x axis. The SCS is
normalized by the geometrical cross section, which in this
case is 2RL. Two distinct peaks can be seen in the SCS plot
for disks of finite thickness (L = R as a red line and
L = R/2 as a blue line). By looking at the field patterns at
these resonances [shown for the L = R/2 case in the insets
of Fig. 1(b)], it is clear that the peak at a low frequency
corresponds to the electric LSP while the one at a higher
frequency is the magnetic LSP. This picture is reinforced
by analyzing the vectorial plots also displayed in the same
insets (E-field lines for the low-frequency peak and H-field
lines for the high-frequency peak). In the first case (upper
inset), the arrows go from one end of the structure to the
other, as corresponds to an electrical dipole, whereas in
the lower inset, the arrows show how the magnetic field is
circulating around the disk, as in a magnetic dipole. Hence,
while subwavelength corrugated infinitely long cylinders
present a magnetic LSP that is very close in frequency to
the electric LSP, finite corrugated disks support a magnetic
LSP at a different frequency than the electric LSP.

Here, it is important to compare the EM modes sup-
ported by corrugated metal cylinders or disks with those
emerging in subwavelength dielectric particles. These
particles also show magnetic and electric dipole modes

in the same frequency range [30,31]. The upper right inset
of Fig. 1(b) compares the calculated SCS for three different
structures: (i) a corrugated PEC disk, as in the main panel;
(i1) a dielectric disk of radius R and the same refractive
index n; and (iii) a dielectric shell of width £ surrounding a
PEC core of radius r. As opposed to the modes for the
corrugated PEC disk, for dielectric particles, the magnetic
dipole resonance lies at lower energies than the electric
dipole resonance. The physical origin of this opposite
frequency ordering for metallic and dielectric disks is
related to the dissimilar shapes of the corresponding
electric field line patterns. This distinct behavior implies
that the corrugated PEC structure cannot be interpreted as
an effective isotropic dielectric medium. Rather than that,
in the limit 4 > R, the region with grooves can be mapped
into a metamaterial with both anisotropic permittivity and
permeability tensors. Detailed accounts of both the ration-
ale for the different frequency ordering of the modes and
the anisotropic metamaterial equivalence are discussed in
depth in the Supplemental Material [29].

Although these magnetic LSP modes (and those sup-
ported by dielectric particles) are very promising in order
to create dipolar magnetic resonances, they rely on the
inclusion of a dielectric material with a very high n,, which
could limit their feasible implementation. Building up
magnetic LSP modes supported by purely metallic struc-
tures would be much more convenient. Equation (1) gives a
clue on how to proceed, as it predicts that, in the
subwavelength limit, the positions of the complex reso-
nance frequencies are mainly controlled by the product n,h.
Therefore, an interesting design is to replace the grooves
with & < R that are filled with a dielectric material by very
long empty grooves that possess an effective length much
larger than R. Here, we introduce two novel structures that
exploit this basic idea: PEC cylinders or disks corrugated
with meanders and with spiral grooves. In principle, it is not
clear whether the hypothesis that bent grooves behave
like straight larger ones is valid, due to possible internal
reflections at the bends. However, our numerical results
confirm the validity of this approach. Notice here that the
bend geometry can also be optimized to compensate for
such reflections [32]. In Fig. 2(a), we present detailed
results on the LSP modes in PEC structures corrugated
with meanders. The geometry we are considering is
sketched as an inset: A cylinder of radius R is textured
with four meander-shaped grooves of effective depth
h,, ~ N(R — r)/4. The computed SCS for such a structure
is plotted as a black line for the 2D case. Similarly to the
already discussed PEC cylinder with filled grooves, the
SCS shows a dominant peak that reveals electrical dipole
and magnetic dipole field patterns, as shown in Figs. 2(b)
and 2(c). A rough estimation based on Eq. (1) (where £ is
substituted by #,,) predicts spectral locations of these two
dipolar modes at kyR = zR/(2h,,) ~ 0.262, very close to
the numerical value 0.268. 3D structures corrugated with
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FIG. 2. Magnetic LSPs in PEC subwavelength structures
without dielectric filling. (a) Particles corrugated with meander-
like grooves. (The geometry is sketched as an inset.) The plot
shows the SCS for an infinite cylinder (black line) and disks of
thicknesses L = R (red line) and L = R/2 (blue line), corrugated
with four meanders and with parameters N =40, a = 0.3,
n,=1, and effective depth h,, ~6R. (b),(c) Field pattern
(H, amplitude) for the 2D case at the dominant peak in the
SCS koR = 0.268 showing the (b) electric dipole and (c) magnetic
dipole modes, respectively. (d) Normalized SCS for an infinite
cylinder with geometrical parameters as in (a) but corrugated with
just one meander.

meanders also behave similarly to PEC disks corrugated
with filled grooves. In particular, the SCS for disks with
meanders (L = R as ared line and L = R/2 as a blue line)
shows a shift in the resonant modes, with the magnetic LSP
spectrally located at higher frequencies than the electrical
LSP. One of the main assets of our design is that it allows
us to create EM modes whose resonant wavelengths can
be made much larger than the size of the object. This asset
is illustrated in Fig. 2(d), in which the normalized SCS of
an infinite cylinder corrugated with only one meander
displays a resonance at a wavelength that is around 100
times larger than the radius.

A different way of achieving grooves of very long length
is based on a spiral geometry. The structure consists of a 2D
PEC cylinder or a 3D disk of radius R drilled with four
spiral-shaped grooves that are wrapped around a small
cylinder of radius r, as presented in the Supplemental
Material [29]. Note that spiral structures with a different

geometry have been explored before, both in the micro-
wave and metamaterials areas of research. Spiral structures
have been traditionally used as frequency-independent
antennas or for polarization control at low frequencies
[33-35]. More recently, spiral-based metamaterials like
Swiss rolls [15] or one-spiral resonators [36,37] have been
introduced in order to improve the magnetic response of
split-ring resonators [15]. However, the physical principle
of our spiral structure is different, as its design is intended
to mimic the EM response of a corrugated cylinder with
shallow grooves and filled with a dielectric. An important
asset of our design is that these electric and magnetic LSP
resonances also exist for ultrathin (L < R) metal films,
as we will show below. Therefore, meander and spiral
structures could be used as building blocks in the design of
2D metamaterials (i.e., metasurfaces) [38,39].

In order to provide an experimental proof-of-principle
verification of the magnetic LSP modes, we have fabricated
ultrathin metallic spiral structures. For practical reasons,
here we work in the microwave regime, but magnetic
LSP modes could also be devised at higher frequencies
(terahertz up to midinfrared energies) by just a proper
down-scaling of the structure analyzed in this experimental
study. The fabricated structure consists of four metallic
spiral arms [see the geometry sketch in Fig. 3(a) and
Supplemental Material [29] Fig. S7a] wrapped 1.5 turns
around a small metallic disk of radius » such that the
particle has an outer radius R. Each strip has width w, and
two neighboring arms are separated by a distance d. The
textured copper disks (radius R = 9.5 mm) have a thick-
ness that is much smaller than the radius: L = 0.035 mm.
The whole ultrathin structure is fabricated on top of a FR4
substrate using the standard printed circuit-board fabrica-
tion process. The substrate has a thickness 7, = 0.8 mm
and a dielectric permittivity e, = 3.5.

In Fig. 3(a), we present the measured near-field spectrum
for the ultrathin spiral structure (red line). The EM response
of the structure is measured by means of a transmitting
monopole antenna that is placed 3 mm away from one side
of the sample to excite the modes and a receiving monopole
antenna that is located at the other side of the sample to
detect the resonance spectrum, as shown in Supplemental
Material Fig. S7b [29]. Both antennas are connected to a
vector network analyzer (Agilent N5230C). In the plot, we
can clearly observe two distinctive resonance peaks at
frequencies f = 1.1 GHz (koR = 0.22) and f = 1.87 GHz
(kgR = 0.37). To reveal the physical nature of these two
resonances, we have calculated the extinction cross-section
(ECS) spectrum for the same structure [see the black line in
Fig. 3(a)]. It shows two resonances whose spectral locations
are in excellent agreement with the experimental results. In
this case, the ECS, which is obtained as the sum of absorption
cross section and radiation cross section, has been calculated
by means of full wave simulations [40] in which both the
metal absorption and the presence of a dielectric substrate are
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(b)

Electric dipole Magnetic dipole

Resonance spectrum for subwavelength ultrathin textured metallic disks. (a) Experimental near-field spectrum (|E.| is

measured) and calculated ECS spectrum. The insets show a sketch of the structure, which is placed on top of a dielectric of thickness
t, = 0.8 mm and €, = 3.5. The parameters of the fabricated structure are R = 9.5 mm, r = 0.6 mm, d = 1.508 mm, a = 1.008 mm,
and L = 0.035 mm. (b) Near-field distribution of the E, field component at the electric LSP in an x-y plane cut 1.5 mm above the
ultrathin disk. (c) The same for the magnetic LSP. In the color scale, red and blue indicate positive and negative values, respectively.

fully taken into account. The simulated field patterns at the
two resonances are plotted in Figs. 3(b) and 3(c). Similarly to
the behavior previously discussed for PEC disks corrugated
with meanders and spirals, these plots show that the first
resonance is due to the electrical LSP [Fig. 3(b)], while the
second peak emerges from the magnetic LSP [Fig. 3(c)].
Furthermore, to demonstrate experimentally the pre-
dicted electric and magnetic resonance field patterns, we
present in Fig. 4 the measured near-field distributions on
the spiral’s structure. By means of a near-field scanning
technique [41], we have mapped the local (i) transient
fields, (ii) phases, and (iii) magnitudes of the z component

Electric dipole

Magnetic dipole

FIG. 4. Measured near-field distribution of the LSP. Measured
near-field distributions of (a) the electric dipole LSP at 1.1 GHz
and (b) the magnetic dipole LSP at 1.87 GHz for the ultrathin
metallic structure. Panels (i), (ii), and (iii) show the transient
fields, phases, and magnitudes, respectively. The inset of panel (i)
of (a) shows a photograph of the fabricated sample.

of the electric field for both the electric and magnetic
dipole LSP resonances [Figs. 4(a) and 4(b), respectively].
By comparing both panels (i) of Figs. 4(a) and 4(b) to the
numerical results shown in Figs. 3(b) and 3(c), we conclude
that the agreement between the simulation results and the
experimental images is remarkable. For the electric LSP
mode [Fig. 4(a)], we notice in panel (i) that two equivalent
electric currents propagate along two curved routes on the
metallic surface with opposite directions, resembling an
electric dipole along a curved line. Panel (ii) of Fig. 4(a)
reveals a dipolarlike phase change of the field, and panel
(iii) shows that the field is maximum in the outer part of
the spirals. On the other hand, for the magnetic dipole
mode [Fig. 4(b)], we can see in panel (i) that the circulating
E, field varies between negative and positive, which is
analogous to the molecular current that generates the
molecular magnetic momentum of Ampere’s hypothesis.
Panels (ii) and (iii) of Fig. 4(b) show in this case that the
phase is uniform in the azimuthal direction while the field is
maximum in the center of the structure.

The concept of magnetic localized surface plasmons
developed and experimentally verified in this work adds
the important ingredient of magnetism to the field of
particle plasmonics. The extreme light confinement and
high EM fields inherent to localized plasmons combined
with a resonant magnetic response open up the possibil-
ity of fundamental studies of magnetism at a very deep
subwavelength scale. We envisage that our findings
could also have important practical implications not only
in the rf or terahertz ranges of the EM spectrum but also
at infrared energies in which spectroscopic tools are
essential in many technologies devoted to the analysis of
material properties.
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