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Abstract: Perforated magnetoplasmonic Au/Co/Au multilayers support 
both localized and propagating surface plasmon resonances. The presence 
of holes produces an enhancement of the magnetic field modulation of the 
propagating surface plasmon wavevector with respect to the isostructural 
continuous film in the spectral region corresponding to the hole associated 
localized plasmon resonance. This is due to the increased electromagnetic 
field in the surrounding area of the resonant hole, and the subsequent 
additional contribution to the magnetic modulation of the continuous film. 
This novel concept that gives rise to enhanced magnetic field induced 
nonreciprocal effects can be of interest in the development of innovative 
platforms for sensing applications, optical isolators and modulators. 
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1. Introduction 

A system whose optical response is different for counter-propagating light–beams is called 
nonreciprocal [1]. Nonreciprocity plays a very important role in the development of a large 
variety of unidirectional devices, like for example optical isolators, as well as in sensing 
applications [2–4]. A standard method to induce nonreciprocity is to apply an external 
magnetic field, for example, in a magneto-optical (MO) active medium, where the wavevector 
of circularly polarized light propagating along the direction of the applied magnetic field 
depends on the direction of propagation. On the other hand, a magnetic field applied in the 
sample plane and perpendicular to the Surface Plasmon (SP) propagation direction modifies 
the wavevector of the SP in such a way that, for the same frequency, SP’s propagating in 
opposite directions have different wavevectors [5–8]. This magnetic field induced 
modification of the SP wavevector, has found applications in the development of different SP 
devices such as isolators [9–13] or sensors [14–19]. 

A way to reduce the magnetic field needed to change the SP wavevector inducing 
nonreciprocal effects is to incorporate ferromagnetic materials into the plasmonic structure 
[20,21]. In these magnetoplasmonic systems, nonreciprocal effects are proportional to the 
electromagnetic field distribution in the MO active component [22], and different strategies 
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have been followed to enhance these effects by electromagnetic field distribution engineering 
[23–25]. 

A way to provide with a further control on nonreciprocal properties is to design structures 
where, in addition to propagating plasmons, localized plasmon modes are also incorporated. 
This has been done for example by combining Au/Co/Au continuous films with Au nanodisks 
which, to preserve the localized nature of their resonances, were separated from the 
continuous films with a dielectric spacer [26]. It was found that the interaction between 
localized and propagating plasmon modes gave rise to a reduction of the SP magnetic 
modulation. In this case, two aspects contributed in a negative way to the plasmon 
modulation: the elements that are responsible for the generation of the localized and 
propagating modes were spatially separated and one of them (the Au disks) was not MO 
active. 

To circumvent these two drawbacks, in the present work we propose the use of a 
nanoperforated Au/Co/Au continuous film (from now on, membrane). In this system the inter-
hole continuous part of the membrane supports propagating plasmons and the holes are 
responsible for the localized resonances [27,28]. Moreover, since the hole-associated 
localized modes are due to the currents generated in the metallic region around them, the 
subsequent resonance enhanced EM (electromagnetic) field occurs in a MO active region (the 
metal). As a consequence, we will show how indeed, in the spectral region where the hole 
associated plasmon resonance is excited, and as a consequence of the hole resonance 
enhanced EM field, there is an additional contribution to the magnetic plasmon modulation 
with respect to the equivalent continuous film, opening novel routes for the development of 
nonreciprocal architectures based on modified continuous magnetoplasmonic films. 

2. Structure fabrication and characterization 

The Au/Co/Au membrane was fabricated using a partial version [29] of the hole mask 
colloidal lithography technique [30] and magnetron sputter deposition. In brief, on top of a 
BK7 glass surface, a 200 nm thick PMMA and a 200 nm diameter polystyrene sphere layers 
were deposited by spin coating. Then a [(8 nm Au/2 nm Co)x4 /5 nm Au] multilayer was 
deposited by magnetron sputtering, and finally the spheres were removed by tape stripping. 
The 45 nm final membrane, see the sketch and the AFM image on Fig. 1, has a 3 holes/µm2 
hole concentration and a pore diameter of 200 nm. As a reference, a continuous multilayer 
film with equivalent thickness was deposited together with the membrane. 

 

Fig. 1. AFM image (white scale line: 800 nm) of the membrane (left) and schematic view 
(centre) of the membrane (upper part) and the continuous films (lower part). Extinction spectra 
of the membrane (gray) and continuous layers (black) measured between 1 and 1.95 eV at 
normal incidence with a M200FI J.A, Woolam Co. TM ellipsometer (right). 

Reflectivity, R, and transverse magneto-optical Kerr effect, ΔR/R, were measured as a 
function of the incident angle in Kretschmann configuration, using a p-polarized light of a 
supercontinuum laser. The spectral range was 0.95 eV-1.95 eV. In this configuration both 
localized and propagative SP modes are excited ΔR/R signal was generated in the transverse 
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magneto-optical Kerr (TMOKE) configuration using a coil that provides an oscillating 
magnetic field large enough to saturate the sample in both directions. 

3. Results and discussion 

First, in Fig. 1 we show extinction (1-T) spectra of both continuous and membrane layers. As 
it can be seen, the effect of incorporating holes into the continuous layer is twofold, with the 
logical increase of the transmittance and the appearance of a dip around 1.3 eV which is due 
to localized surface plasmons (LSP) associated to the holes [29]. 

In order to explore possible interactions between localized and propagating plasmons in 
the fabricated structures, measurements in attenuated total reflection were carried out. In Fig. 
2(a) we show the angular dependence of the reflectivity for both structures at 1.3 eV. 

 

Fig. 2. (a) Normalized reflectivity at 1.3 eV for p-polarized light as a function of the incident 
angle for continuous (Cont) and membrane (Mem) layers (b) dispersion curves of both layers. 

These curves are characterized by a resonant shape with maximum reflectivity at the total 
reflection angle, followed by a strong reduction of the reflectivity until a minimum is reached, 
corresponding to the optimum excitation of propagating surface plasmons (θSP). As it can be 
seen, the presence of holes in the membrane produces a shift towards larger incidence angles 
of this reflectivity minimum due to the reduced metallic character with respect to the 
continuous layer. Additionally, the holes also enhance the electron scattering in the metallic 
layer, which leads to a broadening of the minimum curve due to the increased losses. From 
this kind of measurements, and recording the angular position of the observed minima for 
different wavelengths, it is possible to obtain the dispersion curve of the excited propagating 
plasmons, see Fig. 2(b). As it can be seen, and compared with the continuous film curve, the 
dispersion curve of the membrane flattens i.e. the SPP modes become less dispersive, which is 
due to the presence of holes. 

In order to determine the magnetic field induced modification of the SPP wavevector, 
similar measurements are carried out in the presence of a magnetic field in TMOKE 
configuration. In Figs. 3(b) and 3(c) we show the obtained results for continuous and 
membrane layers, respectively. In the angular region around the reflectivity minimum, the 
switching of the Co magnetization is equivalent to an angular derivative of the reflectivity. 
Therefore, the TMOKE signal (∆R/R = (R( + H)-R(-H))/R), can be related to the angular 
derivative of the reflectance [5]: 

 .
R R

R R

θ
θ

Δ ∂ Δ=
∂

 (1) 

Thus, the angular variation (Δθ) can be obtained by comparing the intensity of the 
measured ΔR/R (black curves) signal with the angular derivative of R (red curves), see Figs. 
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3(b) and 3(c). Note that the angular derivative of R has contributions from both: the increase 
in the reflectivity at the total internal reflection angle (around 41 deg) and the decrease in the 
reflectivity due to the excitation of SPP (around 42 deg for the continuous layer and 43 deg 
for the membrane layer, respectively). 

 

Fig. 3. (a) Sketch of the Kretschmann setup with the magnetic field (H) parallel to the sample 
surface. Normalized reflectivity (blue scattered) and the angular derivative curves 
(∂R/∂θ)(Δθ/R) (red) compared to the measured ΔR/R spectra (black) of the continuous layer 
(b) and membrane (c) at 1.3 eV, where Δθ is a fitting parameter. The gray coloration shows the 
θ angle area where the plasmon coupling takes place separating from the vicinity of the total 
internal reflection angle. 

Furthermore, the magnetic modulation of the excitation angle, Δθ is related to the 
magnetic field modulation of the wavevector as: 

 ,
tanSP SP

SP

k k
θ
θ

ΔΔ = ⋅  (2) 

where 0 sinSP p SPk k ε θ= , k0 is the wavevector of the light and εp is the dielectric constant 

of the prism. Thus, the magnetic field wavevector modulations of the membrane and the 
continuous film were obtained by fitting the region corresponding to the excitation of SPP for 
all the measured photon energies. As it can be seen on Fig. 4(a), both curves follow a very 
similar trend except in the spectral region around 1.3 eV, where the hole plasmons are 
excited, and where an enhanced modulation is obtained. Worth to mention, in the studied 
membranes, the presence of an element characterized by a LSP and MO activity (the holes) 
produces an enhanced plasmon modulation with respect to the continuous films, contrary to 
what was previously obtained in similar systems in which the element responsible for the LSP 
was not magneto-optically active [26]. 

To understand the present results it is necessary to consider the physical processes that 
occur in this system, especially regarding the excitation of hole associated localized plasmons 
[31]. Such excitation produces an enhancement of the EM field in the metallic area 
surrounding the hole and, due to the interaction with the SPP, to the EM field of the SPP 
mode. Such EM enhancement induces the additional SPP wavevector magnetic modulation. 
In Fig. 4(b) we present the spectral dependence of the decay constant of the SPP modes for 
continuous and membrane layers calculated using the effective dielectric constants of the 
continuous and membrane layers obtained from ellipsometry measurements, whereas in Fig. 
4(c) the intensity of the magnetic component of the EM field of the SPP mode at the interface 
between the metallic layer and air is also presented. As it can be observed, |Hy|

2 at the 
metal/air interface is very similar for both, continuous and membrane layers. On the other 
hand, a clear increase of the decay constant in the membrane layer is observed in the spectral 
region of the excitation of the hole LSP mode. Both facts indicate an increase of the EM field 
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intensity inside the membrane layer originated from the interaction between the LSP and SPP 
modes which is the origin of the enhancement of the wavevector modulation, inset of Fig. 
4(a). 

 

Fig. 4. (a) Experimental |ΔkSP| curves of the membrane (gray points) and the continuous 
multilayer (black points) systems (the lines are shown as a guide for the eyes). Inset: calculated 
|ΔkSP| curves (b) SPP decay constant in the metal (c) Intensity of the magnetic component of 
the EM field of the SPP mode (|Hy|

2) at the interface between the metallic layer and the air. 

4. Conclusions 

To conclude, we have shown that in magnetoplasmonic membranes, supporting MO active 
localized (LSP) and propagative SP (SPP) modes, an enhancement of magnetic field induced 
nonreciprocity effects occurs. Such enhancement is due to the modification induced in the EM 
field distribution of the SPP mode by the LSP mode. This proof of concept suggests novel 
approaches for the development of systems with enhanced nonreciprocal effects induced by 
nanostructuring continuous layers. For example, a way to further improve the magnetic field 
modulation of the wavevector could be to increase the EM enhancement by optimizing the 
concentration and hole size, and by changing the distribution of the ferromagnetic layer 
within the structure. This approach may be used in the development of innovative platforms 
for communications and sensing applications. 
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