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ABSTRACT: Magnetoplasmonic crystals are spatially peri-
odic nanostructured magnetic surfaces combining the features
of surface plasmon polariton excitation and magneto-optical
tunability. Here we present a comprehensive experimental and
theoretical work demonstrating that in magnetoplasmonic
crystals the coupling of free space radiation to surface plasmon
polariton modes in conjunction with the inherent magneto-
optical activity, enable cross-coupling of propagating surface
plasmon polariton modes. We have explored the consequences
of this unique magnetoplasmonic crystal optical feature by
studying the light reflected from a two-dimensional periodic
array of cylindrical holes in a ferromagnetic layer illuminated at
oblique incidence and magnetized in the sample plane, namely, in the so-called longitudinal Kerr effect geometry. We observe
that the magneto-optical spectral response arises from all the excitable surface plasmon polariton modes in the
magnetoplasmonic crystal irrespective of the incoming light polarization. We show that this is a direct consequence of the
magneto-optically mediated coupling of propagating surface plasmon polariton modes. We demonstrate that a large
enhancement of the longitudinal Kerr effect is induced when special noncollinear surface plasmon polariton modes, which couple
to both p- and s-polarized light, are resonantly excited. We show how the resonant enhancement of the Kerr effect can be set at
desired radiation wavelengths and incidence angles by precise plasmonic band engineering achievable through the proper design
of the magnetoplasmonic lattice structure. Our findings, besides clarifying the underlying physics that governs the peculiar
magneto-optical properties of magnetoplasmonic crystals, open a path to the design of novel active metamaterials with tailored
and enhanced magneto-optical activity.
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A surface plasmon polariton (SPP) is a transverse magnetic
(p-polarized) electromagnetic wave, coupled to surface

plasma charge oscillations, propagating at a metal/dielectric
interface, which is evanescently confined in the perpendicular
direction to the interface.1,2 Similar to electrons in a crystal
potential, the dispersion of SPP modes on a flat metal surface
folds at the Brillouin zone boundaries to form a band structure
when a periodic modulation of the metal surface is introduced,
bringing about band-related concepts like phase and group
velocity, photonic densities of states, and propagation
anisotropy. This situation can be realized in one- or two-
dimensional diffraction gratings, whose optical properties rely

on the generation of Bloch-like photonic band structures.
These types of metal surfaces with periodic structures are called
plasmonic crystals (PC) and are recognized as important
elements in the field of plasmonics. While SPPs can couple to
the free space using only impinging p-polarized light in a
continuous film, efficient coupling of both p- and s-polarized
(transverse electric polarized wave) light to SPP waves can be
achieved through diffraction in metal surfaces with periodic
arrangements of subwavelength scale structures.3−8 This
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property has been widely studied in the recent years in two-
dimensional (2D) periodically patterned metal surfaces, named
two-dimensional photonic crystals (2D-PC), for the design and
optimization of SPP-light coupler devices. Remarkable
examples are 2D-PC that make use of SPPs to give rise to
extraordinary light transmission effects or to concentrate light
in mirrors, wave guides, and cavities, whose enhanced light−
matter interaction can be used in a broad variety of applications
such as light modulators, devices for light energy harvesting,
and biosensors.9−15

Intrinsic coupling of plasmonic modes through spin−orbit
induced polarization conversion was recently demonstrated for
localized surface plasmons in magnetic nanoantennas owing to
their inherent magneto-optical (MO) activity.16−18 In that case,
desired light polarization behavior in transmission and/or
reflection is achieved by tuning the relative phase of the excited
and localized surface plasmons by precise design of the
nanostructures (size and shape), with extremely promising
applications to sensing and nano-optical devices.19−21 Here we
explore further the potential of the synergy between intrinsic
MO-mediated polarization conversion and plasmon excitations
by substituting localized with propagating surface plasmons in
an archetypical 2D-magnetoplasmonic crystal (2D-MPC) made
of periodic cylindrical holes in a ferromagnetic metallic layer.
Perforated magnetic films implementing 2D-MPCs have been
intensely studied in recent years, focusing in particular on the
so-called Polar Magneto-Optical Kerr Effect, where the incident
light wavevector and the magnetization vector are perpendic-
ular to the sample plane.22,24 In this case, the polarization state
of the incident light is more conveniently described in terms of
right and left circular polarization eigenmodes (pure p- and s-
states are not defined), making this configuration more
appropriate for exploiting optical properties of chiral systems.
At oblique incidence, when p- and s-polarizations are defined,
the great majority of the studies focused on the Transverse
MOKE, which occurs for p-polarized incident light only and for
in-plane magnetization perpendicular to the in-plane projection
of the incidence radiation wavevector (namely, perpendicular to
the incidence plane), driven by the notion that SPPs are
efficiently excited by those p-polarized fields. In this MO
configuration, polarization of reflected light remains unvaried
and, thus, no MO-mediated polarization conversion is
involved.25−30 More recently, the remaining MOKE config-
uration, the Longitudinal-MOKE (L-MOKE, magnetization
vector parallel to the in-plane projection of the incident
radiation wavevector), was also considered.31−33 In this MOKE
configuration, polarization of the incident light can be either p
or s. However, the case of s-polarized light received very limited

attention that, if considered at all, was more for the purpose of a
systematic exploration of all MOKE configurations, rather than
as a key configuration that could help unveiling the underlying
physics and even less as a potentially exploitable case.
Here we show, by performing dedicated experiments and

theoretical simulations, that L-MOKE configuration allows a
more extensive exploitation of SPP modes band structure in
2D-MPCs. In particular, we demonstrate that the possibility to
excite with both p- and s-polarized light noncollinear (wave-
vectors of the incident light and of the SPP not parallel) and
bidirectional SPPs (twofold degenerate bands with SPPs
propagating in different directions) can be used for the
resonant enhancement of the MO response. The underlying
mechanism relies on the coupling between such SPPs enabled
by the MO-induced polarization conversion upon meeting
specific conditions (light incidence angle and wavelength, 2D-
MPC orientation), which are presettable by design (array
spacing and symmetry). We show that the most interesting
features observed in the L-MOKE spectra, namely, appearance
of plasmon-induced resonant line shapes and notable MO
enhancement effects, arise from the resonant interference
between reflected light due to SPP modes directly excited by
the incident light and light re-emitted by the MO-induced SPP
modes, whose polarization is perpendicular to that of the
incident field. Besides providing a deeper understanding of light
matter coupling in 2D-MPCs, our results disclose how to
exploit the SPPs coupling activated by the MO-mediated
polarization conversion via plasmonic band engineering leading
to enhancement of MO signals at desired wavelengths.

■ RESULTS AND DISCUSSION

The system studied in this work is a 2D-MPC made of
subwavelength holes in a continuous film, 80 nm thick, of
Permalloy (Ni80Fe20 or Py) on a Si substrate arranged on a
square lattice.30 A SEM image of a portion of the system is
shown in Figure 1a. The lattice constant is 400 ± 5 nm, and the
diameter of the holes is 265 ± 5 nm. The optical reflectivity of
the system, namely, the ratio between the intensity of the
reflected and incident electric fields, was measured using angle-
resolved reflectometry, where the incident light is either s- or p-
polarized. Upon the application of an external in-plane
magnetic field H parallel to plane of incidence, the so-called
L-MOKE configuration, a MO activity (MOA) is induced in
the system, and the reflected light becomes elliptically polarized
(Figure 1b). In other words, the application of an external static
magnetic field that fully magnetizes the sample, induces optical

Figure 1. (a) SEM image of a portion of the 2D-MPC studied in this work. Scale bar 1.5μm. (b) Sketch of the 2D-MPC in the L-MOKE
configuration.
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nonreciprocity in the material, namely, a coupling between s-
and p-modes.31

In the first place, we investigated the plasmonic band
structure of our 2D-MPC by performing angular resolved
optical reflectivity experiments in the visible and near-infrared
spectral range, and by numerical simulations using an adapted
scattering matrix method (SMM) approach able to describe
both the optical and MO effects in periodically patterned
multilayered systems.34 We used as input elements for the
numerical simulations tabulated experimental optical and MO
dielectric constants of Py,35 which are plotted in Supporting
Information, Figure S1. In Figures 2 and 3 we report
representative reflectivity spectra measured and calculated for
both p- (Figure 2) and s-polarization (Figure 3) for three
different angles of incidence (θ = 30°, 45°, and 60°) and for the
two high-symmetry azimuthal configurations (ϕ = 0° and 45°).

In Figure 2a we display the measured reflectivity spectra of a
reference continuous film of Py, which was deposited
simultaneously during the fabrication of the 2D-MPC, for the
same values of θ. The measured reflectivity is defined as the
ratio between the intensity of the reflected and incident electric
field. No particular features are present in the reference film
spectrum that could be ascribed to coupling of incident light to
SPP modes in the explored experimental range. This is what is
expected for a continuous metallic film where the dielectric
medium hosting the incoming wave and that is in contact with
the metal is air. In this case, it is well-known that the in-plane
projection of the wavevector of the incident light k∥(λ) cannot
couple to any SPP mode, since k∥(λ) < kSPP(λ) = 2π((εεm)/(ε
+ εm))

1/2/λ, where ε is the dielectric function of the metal and
εm is the dielectric function of the dielectric medium (for air εm
= 1).1,2 The dispersion relation of the plasmon wavevector, as

Figure 2. p-polarized incident light case. Three angles of incidence: black lines − θ = 30°, red lines − θ = 45°, green lines − θ = 60°. Reflectivity
spectra of the reference film (a), of the 2D-MPC at ϕ = 0° (b) and at ϕ = 45° (c). Calculated reflectivity of the reference film (d), of the 2D-MPC at
ϕ = 0° (e) and at ϕ = 45° (f).

Figure 3. s-polarized incident light case. Black lines − θ = 30°, red lines − θ = 45°, green lines − θ = 60°. Reflectivity spectra of the reference film
(a), and of the 2D-MPC at ϕ = 0° (b) − dashed lines indicate the position of the Rayleigh’s anomalies − and at ϕ = 45° (c). Calculated reflectivity of
the reference film (d), and of the 2D-MPC at ϕ = 0° (e) and at ϕ = 45° (f).
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well as the propagation length of the SPP modes, in a
continuous Py film, are plotted in Supporting Information,
Figure S2.
In Figure 2b we plot the optical spectra of our 2D-MPC

measured at ϕ = 0° for the same values of θ. In this case, we
notice two clear spectral dips (Wood’s anomalies, WAs)
brought about by the introduction of periodicity, which are the
signature of light coupling to a SPP mode. WAs in the
reflectivity spectra reveal the appearance of additional channels
of light energy flux along the sample surface due to resonant
excitation of SPP waves. We observe a slightly θ-dispersive WA
in the range 380−410 nm, weakly red-shifting when increasing
θ. A more θ-dispersive WA, also red-shifting as θ increases, is
observed in the range 600−800 nm. In Figure 2c we plot the
optical spectra measured at ϕ = 45° and for the same values of
θ that clearly display two separated WAs at θ = 30° (black line),

which progressively get closer to each other as θ is increased
(red line θ = 45° and green line θ = 60°). These experimental
results agree well with our numerical calculations performed
using SMM, where the reflectivity was calculated as |rpp(ss)|

2,
with rpp(ss) being the complex Fresnel coefficients of the
reflected light for p(s)-polarized light (see Figures 2d−f).
In Figure 3a we show the measured reflectivity spectra for s-

polarized incident light of the reference continuous film for the
same values of θ. Also in this case, no particular features
traceable to the excitation of SPP modes are present in the
reference film spectrum. In Figure 3b the optical spectra of the
2D-MPC measured with s-polarized light and at ϕ = 0° for the
three selected values of θ do not display the resonant excitation
of any SPP mode in the spectral range 600−800 nm at variance
with the p-polarization case: only a small kink due to the
occurrence of a Rayleigh’s anomaly is visible (see the vertical

Figure 4. . (a) Left panel: sketch of collinear and non-collinear SPP modes in the reciprocal space for ϕ = 0°. Right panel: sketch of collinear and
noncollinear SPP modes in the reciprocal space for ϕ = 45°. (b) Reflectivity of the system for p-polarized light and ϕ = 0°. The vertical solid lines
indicate the three angles of incidence studied experimentally. The black solid lines indicate the collinear modes, whereas the black dashed lines
indicate the noncollinear modes. (c) Reflectivity of the system for p-polarized light and ϕ = 45°. (d) Reflectivity of the system for s-polarized light
and ϕ = 0°. (e) Reflectivity of the system for s-polarized light and ϕ = 45°. The grey dashed lines indicate the forbidden collinear modes for the s-
polarization case. All the lines indicating allowed/forbidden modes are calculated using eq 1. The different colours (black or white) used for labelling
the modes is just for improving their legibility.
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dashed lines in Figure 3b). For this particular sample
orientation, the spectra show a weak WA in the range 380−
410 nm. The shallow dip produced by the WA in the spectra is
slightly red-shifted and broader with respect to that observed
using p-polarized light. These broadening and red-shifting of
WAs excitable with both polarizations, when the light
polarization is changed from p to s, has been already observed
in PCs.4,5

In Figure 3c, we display the reflectivity spectra of the 2D-
MPC for s-polarization, ϕ = 45° and for the same values of θ.
Now, the s-polarized incident light can resonantly excite only
one SPP mode in the wavelength range 500−650 nm, whose θ-
dispersive behavior displayed by the corresponding WA is the
same as that of the WA appearing at longer wavelength in the
same spectral range using p-polarized light. Again, the
experimental results are in excellent agreement with numerical
calculations of the reflectivity coefficients using SMM (see
Figure 3d−f).
In order to identify the excited SPP modes that correspond

to the WAs observed in the spectra, we calculated the
plasmonic dispersion bands using a perturbative approach
valid in the limit of vanishing small holes.9 Within the
perturbative approach, the SPP modes of the 2D-MPC can
be expressed as linear combination of the continuous film
modes and the photonic bands are obtained from k-
conservation relationship, in which the contribution of the
diffraction grating is included:

| | = + + +k k m k nG G( ) ( )x x y ySPP
2 2 2

(1)

where kx = k0 sin θ cos ϕ and ky = k0 sin θ sin ϕ are the x and y
projections of the incident light wavevector k0, respectively, Gx
= 2π/dx and Gy = 2π/dy are the x and y components of the
lattice reciprocal vector G, and n and m are integer numbers.
The values of the lattice parameter along x and y directions are
labeled with dx and dy, respectively. Of course, in the case of a
square lattice investigated here, dx = dy = d.
Two different kind of modes are identified and sketched in

Figure 4a: (i) plasmonic bands with k∥ ∥ G and, thus, ∥ to kSPP
(collinear case); each band of this type corresponds to a
directional SPP wave, namely, a SPP wave propagating with
kSPP either parallel or antiparallel to k∥; (ii) plasmonic bands for
which k∥ is not parallel to G and, thus, neither to kSSP
(noncollinear case). In the noncollinear case, the plasmonic
band originates from two degenerate SPP waves propagating in
different directions (kSPP1 and kSPP2, with |kSPP1| = |kSPP2|).
Hereafter, the indexes pair (m, n) of the G involved in the
coupling is used to label the plasmonic bands for clarity. The
simple perturbative approach used to identify the bands does
not take into account neither of the dimensions of the holes nor
of the field symmetry-related selection rules that determine the
cross section of the light-SPP coupling.5,9,20,31 In spite of this
limitation, the plasmonic dispersion bands calculated using the
perturbative approach correlate well to the salient features in
the 2D reflectivity intensity maps obtained from numerical
simulations using the SMM technique, in the angles range 0−
70° for p-and s-polarization (Figure 4b,c and d,e, respectively)
and for the two azimuth angles investigated (ϕ = 0° in Figure
4b,d, and ϕ = 45° in Figure 4c,e). Solid and dashed black lines
in Figure 4b−e identify plasmonic bands for collinear and
noncollinear modes, respectively. Plasmonic bands, of either
type, that are not excitable by a specific polarization are
highlighted by gray dashed lines. It is worth stressing that the

SMM approach computes the light-SPP coupling cross section
taking into account the symmetry selection rules as well as the
holes-size effect. Regarding the noncollinear case, it is
important to mention that the two SPP waves propagating
with wavevectors kSPP1 and kSPP2 determined with the
perturbative approach are coupled due to their degeneracy.
As a consequence, the noncollinear bands actually correspond
to the dispersion relation of two coupled SPP modes that can
be described as the superposition of the two SPP waves with
kSPP1 and kSPP2. The symmetries of the resulting coupled SPP
modes impose selection rules on their coupling to linearly
polarized free-space plane waves. Thus, each coupled mode can
only be excited by free-space radiation with a specific
polarization, either p or s.9 The vertical colored lines in Figure
4b−e indicate the three values of θ of the experimental spectra
shown in Figures 2 and 3, namely, 30°, 45°, and 60°. The
intersection between these lines and the dispersion bands allow
us to precisely correlate the SPP modes excited to the Wood’s
anomalies observed in the spectra and discussed in Figures 2
and 3.
A first result from the inspection of Figure 4b,c is that p-

polarized light can excite SPP modes of both kinds, collinear
and noncollinear, although with different efficiency; on the
contrary, s-polarized light can excite only SPP modes of the
second kind (noncollinear case, black dashed lines). In the case
of p-polarized light and ϕ = 0° (Figure 4b), the intersections
with the vertical lines reveal that the excited SPP modes
observed experimentally in Figure 2 are the mode (−1,0) in the
range 600−800 nm (collinear case, black solid line), and one of
coupled modes originated by the (−1,+1) and (−1,−1) SPP
waves in the range 380−410 nm (degenerate plasmonic bands,
noncollinear case, black dashed line). For ϕ = 45° (Figure 4c),
the intersection indicates that the incoming p-polarized light
couples to a coupled mode arising from the two degenerate
directional SPP waves (−1,0) and (0,−1) (noncollinear case for
this orientation of the array, black dashed lines). The other SPP
mode excited is the (−1,−1), which for this orientation of the
sample corresponds to a collinear case (solid black line).
In the case of s-polarized light and for ϕ = 0° (Figure 4d), the

plasmonic band (−1,0) is not accessible due to selection rules
arising from the symmetries of the collinear SPP modes,9 and
only a coupled mode arising from the SPP waves in the
degenerated (−1,+1) and (−1,−1) plasmonic bands can be
excited at 400 nm (noncollinear case). For ϕ = 45° (Figure 4e),
s-polarized light can couple only to a coupled mode due to the
two SPP waves in the degenerate (−1,0) and (0,−1) plasmonic
bands (noncollinear case for this orientation of the array, black
dashed line in the color map) alike in the p-polarization case. In
this case, the coupling of the s-polarized light to the SPP mode
in the (−1,−1) plasmonic band, corresponding to the collinear
case for this orientation of the sample, is prevented by
symmetry selection rules (gray dashed line).
To summarize and conclude this discussion, we highlight that

for both ϕ = 0° and ϕ = 45° there are collinear SPP modes that
can be excited only with p-polarized light, while there are
noncollinear and degenerate SPP coupled modes that can be
excited by either s- or p-polarized light: for ϕ = 0° and in the
explored wavelength range, these latter type of SPP coupled
modes arise from the superposition of SPP waves whose
dispersion is described by the degenerate (−1,+1) and (−1,−1)
plasmonic bands, while for ϕ = 45° they result from the
superposition of SPP waves in the degenerate (−1,0) and (0,−
1) bands.
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We then investigated the interplay between MO activity and
the plasmonic band structure of our 2D-MPC through L-
MOKE by applying an in-plane static magnetic field H to
magnetically saturate the sample along a direction parallel to
the in-plane projection of the incidence radiation wavevector
(see Figure 1b). Figure 5 shows the experimental and
theoretical L-MOKE spectra of the reference film and of the
2D-MPC for the same three values of θ and for the two
orientations of ϕ of the reflectivity spectra shown in Figures 2
and 3. To be precise, Figure 5 displays the spectra of the MOA
of the systems at saturation, defined as (θK

2 + εK
2)1/2, where θK

and εK are the H-field induced Kerr rotation and ellipticity
polarization angles, respectively.28

In the same manner as for the reflectivity curves, the MOA of
the reference continuous film does not display any particular
feature for neither light polarization states that can be traced
back to the resonant excitation of SPP modes (Figure 5a,b). In
the case of the 2D-MPC, resonances with an asymmetric line
shape are clearly observed in the spectra shown in Figure 5c−f.
The most striking result is the similarity of the spectral line
shapes measured with s- and p-polarized light, which carry
signatures of all the excitable SPP modes discussed above,
irrespective of the incident light polarization.
Given the previous discussion on Figure 4, namely, that p-

polarized light can couple to all modes present in the selected
spectral range, while s-polarized one only to a subset of them,
this result is unexpected and points to the fact that, through the
intrinsic MO-induced polarization conversion, all the excitable
SPP modes contribute to determine the MOA. More precisely,
for ϕ = 0° we observe a deviation, from the continuous film

response, of the MOA for both polarizations (Figure 5c,d),
which corresponds to the excitation of the collinear SPP mode
(−1,0) in the wavelength range 600−800 nm. This mode
cannot couple directly to s-polarized incident light, as discussed
above. Therefore, it must appear in the MOA measured with s-
polarized light because it is excited via the conversion between
s- and p-polarizations provided by the intrinsic MO properties
of the 2D-MPC. Moreover, this polarization conversion effect
seems to be very efficient as the spectral intensities of the
plasmon-induced features are very similar for the two
polarizations, although in the p-polarization case the mode
(−1,0) is excited directly by the incident light, while in the s-
polarization case it is excited via the MO-induced polarization
conversion. The MO-mediated coupling between polarized
light and SPP modes is further corroborated in the even more
interesting case of ϕ = 45° (Figure 5e,f). In this case, we see
signatures of all the possible modes in the explored spectral
range for both light polarizations. These modes are the (−1,−
1) collinear case, and the two degenerate coupled modes arising
from the (−1,0) and (0,−1) noncollinear SPP waves, yielding
to a plasmon-induced spectral shape in the MOA responses. At
variance with the previous case of ϕ = 0°, now we also see a
clear and remarkable enhancement of the MOA with respect to
the continuous film in the wavelength range 550−650 nm, up
to a factor ∼2.5 in the case of p-polarization. The individual
polarization parameters, rotation and ellipticity, show the same
enhancement compared to the film case (see Supporting
Information, Figure S3 for the case ϕ = 45° and θ = 30°, and
Supporting Information, Figure S4 for the intensity maps of the
ratio between the MOA of the 2D-MPC and that of the

Figure 5. MOA of the 2D-MPC for three angles of incidence: black lines − θ = 30°, red lines − θ = 45°, green lines − θ = 60°. Experiments (left
panels) and calculations (right panels). (a) MOA of the reference film with p-polarized light. (b) MOA of the reference film with s-polarized light.
(c) MOA of the 2D-MPC with p-polarized light at ϕ = 0°. (d) MOA of the 2D-MPC with s-polarized light at ϕ = 0°. (e) MOA of the 2D-MPC with
p-polarized light at ϕ = 45°. (f) MOA of the 2D-MPC with s-polarized light at ϕ = 45°.
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continuous film). This remarkable enhancement results from
the possibility of the simultaneous excitation of the two
degenerate coupled modes arising from the noncollinear SPP
waves (−1,0) and (0,−1) with both s- and p-polarized incident
light. The experimental data are again fully supported by the
MOAs spectra calculated using the SMM approach, which are
shown in Figure 5.
The conclusions above are further confirmed by the MOA

spectral intensity maps for the two polarizations calculated in
the spectral range 250−800 nm, θ range 0−70°, and for ϕ equal
to 0° and 45° shown in Figure 6. For each azimuth angle ϕ, the
maps are identical, apart from their slightly different intensity,
and clearly show signatures of all the excitable modes,

independent of the light polarization, proving that the MO
coupling enables the activation of modes in the magneto-optics
that are forbidden (collinear case) for the s-polarization. The
difference in the intensities between the MOA with p- and s-
polarization is merely due to the higher pure optical reflectivity
for s-polarization as compared to p-polarization (compare
panels of Figures 2 and 3). This is easy to understand from the
definition of the MOA, which reads MOAs(p) = |rs→p(rp→s)|/|
rss(rpp)|. Thus, the fact that |rss| is larger than |rpp| naturally
explains why the MOA for s-polarized light is less intense than
that for p-polarized light.
Indeed, the spectra in Figure 7a for ϕ = 0° and θ = 45° (see

also complete spectral intensity maps in Supporting informa-

Figure 6. Calculated MOA, in mrad, of the 2D-MPC. (a) p-polarized light and ϕ = 0°. (b) s-polarized light and ϕ = 0°. (c) p-polarized light and ϕ =
45°. (d) s-polarized light and ϕ = 45°. The black solid lines indicate the collinear modes, whereas the black dashed lines indicate the noncollinear
modes. The grey dashed lines indicate the forbidden collinear modes for the s-polarization case. All the lines indicating allowed/forbidden modes are
calculated using eq 1. The different color (black or white) used for labelling the modes is just for improving their legibility.

Figure 7. (a) Calculated absolute values of the reflection coefficients and of the MO-induced polarization conversion reflection coefficients. (a) ϕ =
0° and ϕ = 45°, with highlighted the WA corresponding to the excitation of the collinear mode (−1,0) (dark blue circle), excitable with p-polarized
light only. (b) ϕ = 45° and θ = 45°, with highlighted the WAs corresponding to the excitation of the noncollinear modes (−1,0)/(0,−1) (dark blue
and red circles), excitable with both s- and p-polarized light.
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tion, Figures S5a, b) of the MO-induced polarization
conversion coefficients rs→p and rp→s are totally independent
of the polarization of the incident light and contain signatures
of all the SPP modes excitable in the explored wavalength
range, in complete agreement with the physical picture
disclosed above.
We then come to the most interesting result of our study,

namely, the observed large enhancement of the MOA at ϕ =
45° in correspondence of the excitation of the degenerate
coupled modes originating from the noncollinear SPP waves
(−1,0) and (0,−1). In this special case, the simultaneous
availability of two SPP coupled modes, resonantly excited
directly by the incident light with both s and p incident light
and through the MO-induced polarization conversion, is the
key of the observed MOA enhancement. This appears clear
when inspecting Figure 7b, which displays the spectra for ϕ =
45° and θ = 45° of the MO induced polarization conversion
coefficients |rs→p,p→s| together with the calculated absolute
values of the reflection coefficients |rss| and |rpp|. As for the
previous case, also for ϕ = 45°, the rs→p,p→s spectra, as well as
their complete spectral intensity maps (Supporting Informa-
tion, Figure S5c,d), are identical, demonstrating once more that
the MOA intensity difference between p and s polarizations is
due to the pure optical reflectivity intensity difference. To
summarize, the key message emerging from the physical picture
disclosed above is that the enhancement of the L-MOKE MOA
is possible only when two (or more) channels are available for
direct and MO-induced resonant coupling of the incidence light
to SPP modes and this is possible only when degenerate and
noncollinear SPP coupled modes are involved.
Moreover, we envision that through plasmonic band

engineering this MO-SPP-assisted polarization conversion can
be further tuned by making more than two channels available,

namely designing the crystal lattice so that plasmonic bands can
intersect at desired wavelengths and angles of incidence. As an
illustrative example of the opportunities offered by such
plasmonic band engineering, we consider an anisotropic 2D-
MPC having a rectangular crystal lattice. The diameter of the
holes considered in the simulations is the same as for the square
lattice studied above.
Using a rectangular array with lattice parameters 400 nm ×

600 nm and for ϕ = 0°, an intersection between the two
noncollinear bands (0, ± 1) and (−1, ±1) is produced at θ ≈
36° and at a wavelength of ∼500 nm, while a second
intersection between the collinear band (−1,0) and the
noncollinear bands (0, ±1) is obtained at θ = 22° and 575
nm of wavelength (see Figure 8a,b). In Figure 8c we show the
comparison between the calculated rs→p,p→s spectra at θ ≈ 36°
for the square (violet solid line) and rectangular (red solid line)
lattices. In the case of the square lattice, the peak at ∼400 nm
corresponds to the enhancement of the polarization conversion
effect due to the resonant excitation of the coupled SPP modes
in the (−1, ±1) noncollinear bands (see Figure 6a). The
intense peak at ∼500 nm in the spectrum for the rectangular
lattice is now produced by the resonant excitation of coupled
SPP modes in the (−1, ±1) and (0, ±1) noncollinear bands.
For the rectangular array, the enhancement of the polarization
conversion is about two times that occurring in the square array
as a consequence of the fact that now the channels for
polarization conversion have been doubled. Therefore, the
spectra in Figure 8c corroborate the physical picture put
forward above and demonstrate that through plasmonic band
engineering enhancement of the plasmon-assisted polarization
conversion can be further strengthened by making more than
two channels available for direct and MO-induced resonant
coupling of the incidence light to SPP modes.

Figure 8. Calculated absolute values of the MO-induced polarization conversion reflection coefficients rp→s (a) and rs→p (b) of the rectangular 2D-
MPC (400 nm × 600 nm) at ϕ = 0°. Vertical lines indicate the angles of incidence 22° (pink line) and 36° (black line). The black thick lines at 22°
at the intersection between the bands (−1,0) and (0, ±1) are guiding lines indicating a band gap opening. Calculated absolute values of rp→s,s→p of
the rectangular (400 nm × 600 nm, red lines) and square (400 nm × 400 nm, violet lines) 2D-MPC at ϕ = 0° for θ = 36° (c) and for θ = 22° (d).
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The spectrum of the calculated rs→p,p→s for the rectangular
lattice that results from the other type of band intersection
occurring at θ = 22° is shown in Figure 8d (red solid line). Also
in this case, the spectrum at the same θ calculated for the
square array is displayed (violet solid line) for comparison. For
the square lattice, the broad maximum in the spectral range
550−650 nm arises from the resonant excitation of the mode in
the collinear band (−1,0) (the sharp dip at 550 nm is due to
the Rayleigh anomaly). For the rectangular lattice, the broad
peak is replaced by a narrower and more intense peak at around
565 nm immediately followed by a dip at around 610 nm,
yielding to a sort of symmetric resonant-antiresonant line
shape. The effects of the plasmonic bands crossing, namely the
increase of the channels available for direct and MO-induced
resonant coupling of the incidence light to SPP modes, on the
rs→p,p→s spectral behavior is, thus, now completely different with
respect to the previous case shown in Figure 8a. We can
conclude that when a plasmonic band crossing is produced,
SPP modes interfere constructively when they have the same
nature (case for θ ≈ 36°), while the interference is changing
from constructive to destructive upon varying the wavelength
when they are of different nature (case for θ = 22°). In this
respect, it is worth mentioning that in nonmagnetic rectangular
2D-PC, the intersection between collinear and noncollinear
bands was experimentally observed to give rise to intriguing
interference effects such as band gaps opening with the
appearance of peculiar coupled SPP modes with a low group
velocity and high radiative damping.9 The complete spectral
intensity maps of rs→p,p→s calculated for our rectangular lattice
shown in Figure 8a,b indeed display that a clear band gap is
opened by modes hybridization at the intersection of the two
bands (see the black thick lines in the Figure 8a,b, indicating a
band gap opening). We speculate here that the suppression of
the polarization conversion effect at wavelengths around 610
nm might be due to the excitation of such coupled SPP modes
with a low group velocity and high radiative damping. While
further investigations are needed to confirm the origin of such
intriguing behavior, on a more practical footing, the simulations
clearly show that the coupling of such modes, which are
different in nature, allows a fine-tuning of the polarization
conversion effect in a sharp spectral region, opening the way to
new avenues for plasmonic bands engineering of 2D-MPCs.
We finally mention that, in addition to the modification of

the lattice parameters, one can also tune the MOA by playing
with the holes diameter and shape. The detailed discussion of
these effects is out of the scope of this work, but it is known
that holes shape and dimensions can be tailored to tune the
coupling efficiency between light and SPP modes and, as direct
consequence, to further enhance and tune the MOA of the 2D-
MPC.23,36

In summary, we have investigated a two-dimensional
plasmonic crystal with a periodic array of cylindrical holes in
a ferromagnetic layer, namely, a two-dimensional magneto-
plasmonic crystal, supporting surface plasmon polariton modes
displaying a two-dimensional plasmonic band structure. We
have demonstrated that the intrinsic magneto-optical activity
acting in the crystal plane allows an efficient coupling of the
light to all the excitable surface plasmon polariton modes
through the synergistic action between diffracting coupling and
magneto-optical induced polarization conversion. This leads to
the same magneto-optical response independently of the
incident light polarization. We further demonstrated that a
resonant enhancement of the magneto-optical response in

longitudinal Kerr configuration is induced when two or more
channels are available for direct and magneto-optical induced
resonant coupling of the incidence light to particular
degenerate and noncollinear surface plasma polariton modes.
The physics disclosed by our findings paves the way for the
design of two-dimensional magnetoplasmonic crystals with
tailored and enhanced magneto-optical response by engineering
the plasmonic band structure via lattice design. In addition,
two-dimensional magneto-plasmonic crystals offer the unique
opportunity to explore other potential synergistic effects arising
from peculiar static and dynamic magnetic configurations, such
as periodic magnetic domains and spin waves displaying
magnonic bands, that can be induced and controlled in this
kind of system by an external magnetic field. For the sample
studied here, we did not observe any clear effect on the
magneto-optical activity spectra related to the nucleation of
nonuniform magnetization states, like stripes domain structures
that are known to occur at low magnetic field values (see
Supporting Information, Figure S6). In the present sample,
magnetic domains with magnetization oriented perpendicular
to the saturation direction and with size comparable the holes
diameter, that is, below 300 nm, are known to nucleate in form
of stripes connecting the holes in the direction of the applied
field.37−40 According to Supporting Information, Figure S2,
their size is, thus, always much smaller than the surface plasmon
polariton propagation length for the sample studied here. We
speculate that by making the holes bigger, namely the domains
size bigger, we might expect to observe a field dependence of
the magneto-optical activity spectra, which could increase
further the potential of these magnetoplasmonics crystals. The
concept of a two-dimensional magneto-plasmonic crystals
controllable via an external magnetic field, with magnetically
tunable resonant interaction effects between propagating
magnetoplasmons, magnetostatic configurations, and perhaps
even dynamic magnetization modes, opens up new perspectives
toward an interplay between the fields of magnonics,
spintronics, and plasmonics.41

■ METHODS
Optical and Magneto-Optical Characterization. The

reflectivity spectra (I0 − IR)/I0, where I0 and IR are the
intensities of the incident and reflected light, respectively, were
taken in the wavelength range 370−800 nm. The intensity of
the light going directly to the detector was taken as the
reference I0 signal.
The wavelength dependence of the magneto-optical induced

θK and εK (rotation and ellipticity polarization angles) of the
reflected light, which define the MOA = (θK

2 + εK
2)1/2, were

measured using a MOKE spectrometer working in longitudinal
geometry in the wavelength range 440−800 nm. The incident
light beam was linearly polarized with either p- or s-polarization.
θK and εK were measured by switching the polarity of the
magnetic field |H| = 2 kOe applied parallel to the crystal plane
to activate the magneto-optical coupling in the constituent
material. θK and εK were measured at each wavelength with the
reflected beam passing through a photoelastic phase modulator
and a polarizer before detection. Two lock-in amplifiers were
used to filter the signals at the modulation frequency and at
twice the modulation frequency in order to retrieve both
quantities.42

Scattering-Matrix Method. All the calculations presented
in this work have been carried out with a generalization of the
scattering-matrix approach of Whittaker and Culshaw43 that
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some of us have recently developed.34 This approach combines
the scattering-matrix method with the Bloch theorem to
describe both the optical and magneto-optical properties of
arbitrary periodically patterned multilayered structures. In
particular, this method is able to deal with MO configurations
such as the longitudinal MOKE, which is out of the scope of
other scattering-matrix approaches. Moreover, our method
makes use of the so-called fast Fourier factorization, which
allows for a very accurate convergence of the results upon
increasing the number of plane waves used in the calculations.
All the quantities shown in this work converged with an
accuracy of 1% (relative error).
Fabrication Process. Large-area (4 mm × 4 mm) antidot

structures were fabricated on commercially available silicon
substrates using deep ultraviolet lithography at 248 nm
exposing wavelength lithography followed by electron beam
evaporation and lift-off processes. To create patterns in the
resist, the substrate was coated with a 60 nm thick antireflective
layer followed by a 480 nm positive deep UV photoresist, which
is 4−5 times thicker than those used typically in electron beam
lithography. This allows one to fabricate antidots with high
aspect ratio and makes the lift-off process easier. A Nikon
lithographic scanner with KrF excimer laser radiation was used
to expose the resist. To convert the resist patterns into antidots,
80 nm thick Py layer was deposited using the electron beam
evaporation technique at a rate of 0.02 nm s−1. The pressure
was maintained at about 2 × 10−6 Torr during the deposition at
room temperature. Lift-off processing of the deposited film was
carried out in isopropyl alcohol. More details of the processing
steps can be found elsewhere.32
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