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ABSTRACT: We present here a theoretical study that shows
how the use of hybrid magnetoplasmonic crystals comprising both
ferromagnetic and noble metals leads to a large enhancement of
the performance of nanohole arrays as plasmonic sensors. In
particular, we propose using Au—Co—Au films perforated with a
periodic array of subwavelength holes as transducers in magneto-
optical surface-plasmon-resonance sensors, where the sensing
principle is based on measurements of the transverse magneto-
optical Kerr effect. We demonstrate that this detection scheme
may result in bulk figures of merit that are 2 orders of magnitude
larger than those of any other type of plasmonic sensor. The
sensing strategy put forward here can make use of the different
advantages of nanohole-based plasmonic sensors such as
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miniaturization, multiplexing, and its combination with microfluidics.
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lasmonic structures are widely used in low-cost, label-free

biosensors, and the investigation of how to improve their
sensitivity or to widen their range of applications is a central
topic in the field of plasmonics.”> The most commonly used
plasmonic sensors are based on the concept of surface plasmon
resonance (SPR) and, in particular, on the sensitivity of these
resonances to changes in the refractive index of the medium
surrounding a metallic structure.”” These SPR-based sensors
are commercially available, and they are able to detect changes
on the refractive index of the sensing medium as small as 107"
In the search for an improved bulk sensitivity of SPR-based
sensors, researchers have proposed different strategies. Thus,
for instance, it has been shown that the use of the magneto-
optical (MO) properties of layered systems containing
magnetic materials can, in principle, enhance the sensitivity of
these sensors.” '’ Another possibility that is becoming
increasingly popular is the use of nanohole arrays or perforated
metallic membranes featuring arrays of subwavelength
holes.' = These sensors make use of the extraordinary optical
transmission phenomenon,m’27 which originates from the
resonant excitation of surface plasmons in these periodically
patterned nanostructures. Nanohole arrays exhibit a series of
advantages over conventional SPR-based sensors. First of all,
since these periodic systems do not require additional prisms to
excite the plasmonic modes, they can be more easily
miniaturized and integrated in nanoscale devices. Also,
nanohole arrays are compatible with imaging-based devices
and can be implemented in a microarray format for multiplexed
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and high-throughput biosensing.” In addition, nanohole arrays
can also be combined with microfluidic systems to implement
real-time analysis of biomolecular binding kinetics.'>*’
Furthermore, since these perforated membranes are based on
metal films, one can use the transducer surface as an electrode
to implement additional techniques either for manipulating or
for detecting molecules such as electrochemistry, dielectropho-
resis, or resistive heating.”* Finally, the performance and
operational parameters (wavelength, refractive index range,
etc.) can be further tuned in a straightforward way by, for
instance, modifying the geometrical parameters in these arrays
(lattice 3parameter, hole size and shape, membrane thickness,
etc.)’ ™ or by engineering the substrate.”®

In spite of the attractive features of nanohole-based sensors
described above, conventional SPR sensors are still the choice
for most sensing applications. This is not only due to the fact
that nanohole arrays require somehow more sophisticated, and
therefore more expensive, fabrication techniques but also due
to the fundamental fact that normally nanohole-based sensors
do not reach the sensitivity and resolution that is routinely
achieved with SPR sensors. This lower spectral resolution is
mainly due to larger radiative losses, which immediately
translate into broader resonance line widths. Thus, one of the
major open problems in the topic of plasmonic sensors is to
find novel strategies to considerably boost the resolution of
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nanohole arrays as biosensors. In this context, the goal of this
work is to show that the performance of nanohole arrays as
plasmonic sensors can be dramatically enhanced by using
hybrid perforated membranes containing both ferromagnetic
and noble metals as the nanohole array transducer (Figure 1).
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Figure 1. (a) Schematic representation of a Au—Co—Au perforated
membrane with a periodic array of circular holes forming a square
lattice. We display the values of different geometrical parameters such
as the lattice constant, the hole diameter, the membrane total
thickness, and the Co thickness, t;,. We also indicate the Co
magnetization, M, which is parallel to the plane of the membrane and
perpendicular to the incidence plane. (b) Lateral cut of the hybrid
membrane that is placed on a glass substrate.

The idea is to make use of the MO g)roperties of these systems
in the spirit of MO-SPR sensors,”'” rather than measurements
of the transmission at normal incidence as in standard
nanohole-based sensing experiments. To be precise, we
propose to make use of the transverse MO Kerr effect
(TMOKE), which consists in the change of the amplitude of
reflected p-polarized light when the magnetization of the
ferromagnetic layer lies in the plane of the film and is
perpendicular to the plane of incidence (Figure 1a). We show
here that the TMOKE in these hybrid nanohole arrays is largely
enhanced due to the interplay between the MO properties of
the ferromagnetic membrane and the excellent plasmonic
properties of noble metals, which is a central idea in the
emerging field of magnetoplasmonics.”>** This interplay leads
to extremely sharp Fano-like features in the MO response that,
in addition, are very sensitive to changes in the refractive index
of the surrounding medium, making these magnetoplasmonic
crystals ideal for sensing applications. In fact, as we show below,
the corresponding sensing figure of merit of these hybrid
systems can be several orders of magnitude larger than that of
other plasmonic sensors, including standard nanohole arrays,
SPR and MO-SPR sensors, and sensors based on localized
surface plasmon resonances.””> We would like to stress that the
fabrication of the hybrid magnetoplasmonic crystals that we
propose here is clearly feasible with present technology. In fact,
nonmagnetic hybrid nanohole arrays of various kinds have
already been investigated experimentally,*>*” including hybrid
Au—Fe—Au magnetoplasmonic crystals fabricated by using self-
assembled nanosphere lithography.”® Let us also mention that
the fabrication and characterization of cm? disordered nanohole
arrays based on Au—Co multilayers have been recently
reported,” using a low-cost fabrication technique that also
allows for periodically ordered systems.

B RESULTS AND DISCUSSION

In order to demonstrate the central idea of this work, we study
a hybrid Au—Co—Au perforated membrane with a periodic
array of subwavelength circular holes forming a square lattice
(Figure la). The Co layer is located in the middle of the
structure and has a thickness t¢, (Figure 1b). We consider that
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the substrate is made of glass with a refractive index of 1.5 in
the whole explored wavelength range, and the incident medium
and the interior of the holes have a refractive index n; (n; = 1 for
air). Throughout this work, we assume that the lattice
parameter of the hole array is 400 nm, the hole diameter is
230 nm, and the total thickness of the membrane is 250 nm.

As explained above, the sensing principle is based on the
transverse MO Kerr effect. To be precise, the quantity of
interest in this case is

R, (+M) — R, (-M)

TMOKE =
Rpp(+M) + Rpp(—M)

(1)

which measures the relative change in the reflection probability
for p-polarized light, R, upon reversal of the magnetization of
the Co layer, M, which is parallel to this layer but perpendicular
to the plane of incidence. Notice that this quantity is bounded
between —1 and +1, and it does not involve the reflection in the
demagnetized state, which is always experimentally trouble-
some. The TMOKE vanishes at normal incidence, and
therefore, it has to be measured at an oblique incidence.
Unless otherwise stated, we shall assume that the angle of
incidence is 6 = 45° (where it reaches its maximum value in
conventional, nonresonant, continuous media) and that the
incident light propagates along the x-axis, as indicated in Figure
la.

In order to compute the TMOKE in these hybrid
membranes, we have made use of a generalization of the
scattering-matrix approach of Whittaker and Culshaw™ that we
have recently developed.*' This generalization allows us to
describe any magneto-optical effect in periodically patterned
multilayer structures, and, to our knowledge, it is the only
method that has shown to be capable of computing the
TMOKE signal in fully three-dimensional nanostructured
media such as our system of study (see Methods for further
details). In our calculations, the optical constants of Au were
taken from ref 42, while the optical and MO constants of Co
were taken from ref 43.

Let us start our analysis with the characterization of the
optical and MO properties of the Au—Co—Au nanohole arrays
assuming that the incident medium is air (n; = 1). In Figure 2a
we show the reflectivity, R, for a demagnetized sample M =
0) as a function of the wavelength and for different values of the
Co thickness tc,. We focus here on the wavelength range
between 690 and 730 nm, which is where the important action
takes place for our choice of geometrical parameters of the
nanohole array. As one can see, the inclusion of Au in this
membrane (or the reduction of the Co thickness) leads to the
appearance of a pronounced minimum at around 709 nm,
where the reflectivity almost vanishes. This minimum is due to
the resonant excitation of a surface plasmon that appears at the
air—Au interface (see Supporting Information for details). In
Figure 2b we display the corresponding change in reflectivity
upon reversal of the magnetization, Rpp("'M) — Rpp(_M)' The
main feature in this case is the change of sign that appears for
many hybrid structures close to the reflectivity minimum. This
change of sign stems from the small nonreciprocal variation in
the surface plasmon wavevector induced by the magnetization
of the Co layer.33 This variation, which depends on the
magnetization direction, shifts the reflectivity curves in opposite
directions for different signs of M, which leads to a sign change
in the difference RPP(+M) — RPP(—M). Finally, we show in
Figure 2c the corresponding results for the TMOKE, as defined
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Figure 2. (a) Computed reflectivity, R, for a Au—Co—Au nanohole
array where the Co layer is demagnetized (M = 0) as a function of the
wavelength of the incident light. The different curves correspond to
different values of the Co thickness, tc,, as indicated in the legend of
panel (c). (b) Corresponding change in reflectivity upon reversal of
the Co magnetization. (c) Corresponding TMOKE, as defined in eq 1.

in eq 1, which is our quantity of interest. As one can see,
depending on the Co thickness, the TMOKE can adopt very
large values accompanied by a change of sign close to the
wavelength of the reflectivity minimum, exhibiting very sharp
Fano-like line shapes. This line shape is especially sharp for a
Co thickness f-, = 110 nm, which is the value that we shall
consider from now on.

Let us turn now to the central issue of this work, namely, the
use of these hybrid nanohole arrays for sensing applications. To
illustrate this, we have studied how the TMOKE of the hybrid
membrane with ¢, = 110 nm is modified upon changing the
refractive index of both the incident medium and the interior of
the holes, n;, presenting the results in Figure 3a. This analysis
corresponds to what is referred to as a flow-over sensing
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Figure 3. (a) TMOKE of a Au—Co—Au nanohole array with a Co
thickness of 110 nm as a function of the wavelength of the incident
light for different values of the refractive index of the incident medium,
n;, which is assumed to be the same as that of the holes. (b) Position of
the Fano-like feature as a function of n;. The blue symbols correspond
to the results of panel (a), and the red solid line corresponds to a fit to
a straight line, whose slope defines the bulk sensitivity of our device, S
= AJ/An; = 659 nm/RIU. (c) Corresponding figure of merit as a
function of wavelength; see text for definition.
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scheme,”® where the substrate is not modified during the
sensing procedure. From the results shown in Figure 3a, one
can see that the position of the Fano-like feature in the
TMOKE curves is very sensitive to variations in n; and is red-
shifted as n; increases. This red shift is simply due to a change in
the resonant condition of the surface plasmon excitation, which
depends on the refractive index n; (see Supporting
Information). To quantify the sensing performance, we follow
the usual practice and define the bulk refractive index sensitivity
as S = AA/An, where A1 is the shift of the Fano-like feature
and An, is the change in the refractive index of the incident
medium. As we show in Figure 3b, the sensitivity of our hybrid
nanohole sensor is 659 nm/RIU. Since the actual accuracy in
the tracking of the Fano-like feature also depends on its line
width, the most relevant parameter defining the performance of
this kind of devices is the figure of merit (FoM), obtained by
dividing the bulk sensitivity S by the width of the Fano-like
feature I, i.e,, FoOM = S/I". This quantity is widely accepted as a
proper measure for the performance of plasmonic biosensors
based on surface and localized plasmon resonances.”***>***>
To obtain I" in an accurate manner, we fitted the TMOKE line
shapes as a function of the wavelength, 4, to a Fano line shape
of the form™

@r/2 4+ 4 = A)°

TMOKE(41) = A+ B
@ " (T2 + (A= A

@)

where I' describes the line width, 4, is the resonant wavelength
that defines the position of the Fano-like feature, g is the Fano
parameter, and A and B are constants describing the
background and the overall peak height, respectively. The
details of the fits of the experimental curves can be found in the
Supporting Information. With these definitions, the extracted
FoMs for our hybrid device reach huge values up to several
thousands (RIU)™, as we show in Figure 3c.

To put these numbers into perspective, let us first recall that
conventional SPR-based sensors made of gold films using the
Kretschmann configuration have a theoretical upper FoM limit
of around 108 (RIU)™',*® which is more than an order of
magnitude smaller than the FoM of our hybrid nanohole arrays.
In the context of nanohole-based sensors, let us mention that a
very recent work based on high-quality Au nanohole arrays with
engineered substrates has reported a similar bulk sensitivity of
671 nm/RIU, but a much smaller FoM of 42 (RIU)™! in a
similar wavelength range.25 To our knowledge, the record FoM
in nanohole-based sensors is around 162, and it was obtained
using the extraordinary light transmission phenomenon
through high-quality-factor subradiant dark modes.”® Thus,
we see that our proposal can indeed lead to an improvement of
the record for the FoM by more than an order of magnitude.
On the other hand, recent advances in plasmonic sensing that
make use of localized SPRs have boosted their performance,
and FoMs of about 100—150 (RIU)™' have been recently
reported,”>** which are still much smaller than the values found
here. To further illustrate the high performance of our proposal,
we have also compared our hybrid nanohole arrays with a
successful realization of an MO-SPR-based sensor, which has
been shown to be superior to standard SPR sensors.” This
sensor comprises a Au—Co—Au planar trilayer made of thin
films (15 nm Au/6 nm Co/25 nm Au), it makes use of the
Kretschmann configuration, and it utilizes the TMOKE as a
sensing signal, in the same spirit as in our hybrid nanohole
arrays. In Figure 4 we show a comparison of the TMOKE
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Figure 4. (a) TMOKE of a Au—Co—Au nanohole array with a Co
thickness of 110 nm as a function of the angle of incidence and for a
wavelength of 709 nm. The different curves correspond to different
values of the refractive index of the incident medium. (b) The same as
in panel (a) computed for a Au—Co—Au planar trilayer (15 nm Au/6
nm Co/25 nm Au) in the Kretschmann configuration and for a
wavalength of 632 nm.® The prism in this scheme is a glass of
refractive index equal to 1.5, and what is varied in this case is the
refractive index of the substrate, n. The inset shows a schematic
representation of this MO-SPR sensor. (c) Comparison of the
respective figures of merit of the sensors of panels (a) and (b).

signals and FoMs computed for both types of sensors. In this
case, and following the usual practice in MO-SPR sensors, we
have calculated the TMOKE as a function of the angle of
incidence and for a fixed wavelength (709 nm for the nanoholes
and 632 nm for the planar thin film trilayer, for which this MO-
SPR sensor was optimized). Notice also that in this sensing
scheme the TMOKE of the hybrid nanohole arrays exhibits
Fano-like line shapes that are very well suited for sensing
purposes. In particular, we have used eq 2 to fit the TMOKE
line shapes in Figure 4ab, replacing the wavelength by the
angle of incidence. As we summarize in Figure 4c, the
performance of our hybrid perforated membranes is again
much better than in this MO-SPR sensor, reaching huge FoMs
of up to 6000, which are more than S0 times larger than in
conventional SPR-based sensors. Such FoM values would result
in a substantial improvement of the detection limit of
nanohole-based sensors that, in turn, should enable the
discrimination of biomolecules with similar refractive indexes
that are not possible to differentiate with conventional sensors.

It is fair to point out that our proposal certainly complicates
the sensing setups. Apart from the additional difficulties in the
fabrication method, the measurement of the TMOKE requires
the incorporation of a magnet. However, we think that the
tremendous improvement in the performance of the sensors
clearly compensates those eventual disadvantages. In this
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respect, it is worth remarking that there is still plenty of
room for improving the results reported here by modifying, for
instance, the lattice parameters, hole shapes and sizes, or
membrane thickness or by engineering the substrate. In order
to illustrate this idea, we show in the Supporting Information
that impressive figures of merit larger than 10* can be achieved
with nanohole arrays with a triangular lattice, a type of lattice
that can be realized with low-cost self-assembled nanosphere
lithography.*®

In summary, we have put forward a new strategy for
plasmonic sensing based on the use of hybrid magneto-
plasmonic crystals and their MO properties. In particular, we
have shown that the combination of the use of Au—Co—Au
nanohole arrays with measurements of the transverse MO Kerr
effect can lead to a tremendous enhancement of the figure of
merit of this type of plasmonic sensors. This idea may resolve
the central problem of nanohole-based sensors, and it may also
make them the natural choice for a wide variety of applications
in the near future.

B METHODS

All the calculations presented in this work have been carried
out with a generalization of the scattering-matrix approach of
Whittaker and Culshaw™® that we have recently developed.*'
This approach combines the scattering-matrix method with the
Bloch theorem to describe both the optical and MO properties
of arbitrary periodically patterned multilayer structures. In
particular, this method is able to deal with MO configurations
such as the one realized in the transverse MO Kerr effect, 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 us to converge the results very
accurately upon increasing the number of plane waves used in
the calculations. This fact is crucial in cases where there is a
high contrast in the dielectric functions of the different
materials, as it is the case in our Au—Co—Au membranes.
Let us emphasize that all the quantities shown in this work were
converged to an accuracy better than 1% (relative error).
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