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Metallic nanostructures supporting Localized Surface Plasmon Resonances (LSPR) are characterized

by their unique ability to control and manipulate light at the nanoscale. Noble metal nanostructures,
such as gold nanostructures, are demonstrating to exhibit magneto-optic activity in the presence

of modulated magnetic field of low intensity in transversal configuration (T-MOKE). Validation of
experimental findings was achieved by numerical simulations based on Finite Element Method (FEM)
techniques. The developed numerical models allowed studying the combination of the T-MOKE

effect with the localized surface plasmon resonance of metal nanoparticles. Numerical optical and
magneto-optical spectra provided a deep insight on the physical aspects behind the magneto-optical
activity of metal nanostructures strictly related to direction of oscillations electrical dipoles generated
in resonance conditions. Additionally the MO signal was characterized as a transducing signal for
refractive index sensing in liquid conditions. The outcome is an increase in the limit of detection of
magneto optical transducer with respect to traditional plasmonic sensors. A new strategy for magneto-
plasmonic sensing based on the use of glass supported -Au nanostructures based on their MO properties
has put forward.

Nanoplasmonics is a branch of optical condensed matter science devoted to the study of optical phenomena in
nanostructured metal systems. A remarkable property of such systems is their ability to concentrate the optical
energy on the nanoscale due to the excitation of electromagnetic (E.M.) modes, called surface plasmons (SPs)*2.
They are strongly localized at the interfaces between two media with permittivity of opposite sign, such as the
interface between a dielectric and a metal. For some particular geometries, when incident radiation couples to
such SP modes, clear signatures in optical response of the system can be observed. Localized surface plasmon
(LSP) modes occur in isolated, particle-like systems, and are responsible for the peaks observed in the absorp-
tion spectra of metallic nanoparticles. The position of the absorption maxima depends markedly on the metal
and on the refractive index of the environment surrounding the nanoparticles. This is why they are often used
as nanoantennas for single molecular recognition and for gas sensing applications®. In all these contexts the sci-
entific interest is focused primarily on chip-based assay consisting of glass supported-metal nanoparticles which
ensures rapid, cost-effective, and high-throughput measurements while simultaneously preventing aggregation,
and hence convolution of the sensor response with plasmon coupling effects. Generally, in these cases, the inci-
dent light is coupled to the SPs modes of the metallic nanoparticles in the Total Internal Reflection (TIR) mode
(also known as Kretschmann configuration).

However, sensing functionalities are not the unique properties of metal nanostructures. The excitation of
the SPs modes may also affect their Magneto-Optical (MO) response. MO activity was demonstrated by using a
meta-surface of nickel nanoantennas in different MO Kerr Effect geometries, i.e. longitudinal (L-MOKE), polar
(P-MOKE) and transversal (T-MOKE)*. This property was recently used to demonstrate the MO response in
nanostructures realized by noble metals and ferromagnets®~”. TMOKE effects were also analysed by considering
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a two-dimensional square array of gold nanoparticles embedded into a thin magnetic garnet films: an enhanced
T-MOKE effect due to the excitation of quasi-waveguiding mode, with light concentrated inside a magnetic field,
was recorded®. These studies demonstrate in a fascinating way the possibility of modulating the optical response
by means of an external agent, namely a magnetic field. This research field has attracted growing scientific interest
recently, owing to the great possibility of add active functionalities to metal metasurfaces. The term active refers to
the ability of modulate a physical property by the presence of an external agent: in this case, an external magnetic
field is used to modulate the MO properties of the nanoantennas upon a proper engineering of the metasurface
design. Great possibility of achieving innovations in sensing, in light guiding devices and in optoelectronics are
then opened.

The effect of plasmon excitation on the MO response in nanostructures made only of noble metal has not
been studied but in a couple of works, both related to MO effects in gold nanoparticles. In the first, Sepulveda et
al., demonstrated this effect by studying the MO response of nanodisks deposited onto a glass substrate in the
P-MOKE configuration®. In the second, Pineider et al., demonstrated the existence magneto-plasmonic modes in
gold nanoparticles dispersed in liquid solvents by magnetic circular dichroism (MCD) measurements’. In this last
case the authors also attempted to use the effect for refractometric sensing by changing the refractive index of the
solution. To the best of our knowledge, no experimental results are reported on T-MOKE characterization of glass
supported - Au nanostructures, in particular when excited in Kretschmann configuration. This choice presents the
practical advantage to pursuit a better signal-to-noise ratio, an essential requirements for high resolution sensing
signals. Moreover, it is ideal for real time sensing applications, avoiding troubling interferences of light beam with
analytes and buffer water solutions.

In this work, our intention is to try closing this scientific gap by analysing the TMOKE behaviour of Au nano-
structures prepared by physical synthesis onto glass substrates. The presence of a significant MO effect on noble
metal nanostructures is here demonstrated theoretically and experimentally, showing a clear enhancement of the
TMOKE signal when LSP modes are excited upon illumination of the particles with p-polarized light. Finally, as a
proof of concept, the potential application as a new transducing sensor signal of the recorded amplified MO signal
is investigated. A noticeable improvement with respect to the sensing performance of the bare plasmonic signal is
obtained, opening the perspective of sensitive detection of different surface biomolecular interactions using MO
techniques and with well-known fabrication and functionalization protocols.

Results and Discussion

Morphological characterization. Let us now report on the characteristics of the samples. On the mor-
phological side, Fig. S1 presents a high resolution Scanning Electron Microscopy (SEM) image of a typical “as
deposited” e-beam evaporation sample, depicting a non-homogeneous distribution of gold clusters.

The unannealed islands present a rather complex shape, reflecting concurrent accumulation of Au on the
substrate surface and coalescence of primary nucleated islands during evaporation.

The effect of the annealing process after cycles of 1 minute (b), 2 minutes (c) and 5 minutes (d), is presented in
Fig. 1a—c. The figures present high-resolution SEM images of the samples together with histograms of the nano-
particle maximum diameter (since nanoparticles are not perfectly circular, a maximum and minimum diameter
are considered to derive information about the nanoparticle size and shape). The sequence of images evidences
the morphological evolution of the Au nanoparticles coverage due to the increase of the annealing time: after
1 minute, well developed nanoparticles form on the glass substrate and, as the annealing process proceeds, neigh-
bouring nanoparticles tend to coalesce whereas isolated nanoparticles shrink, resulting in an average reduction
of their diameter and in a likely increase of their height. These observations are supported by the results of the
statistical analyses, reported in Table 1. As it can be observed, the particle sphericity increases with the annealing
time, whereas the maximum diameter and the coverage percentage decrease.

In general, rapid thermal annealing provides a sort of reshaping of the Au islands driven by capillary forces,
coalescence and Ostwald ripening. As consequence, the initial distribution of inhomogeneous close islands comes
into a distribution of quasi-spherical nanoparticles, characterized by separation distances of few nanometers.

Optical characterization. The significant changes experienced in the nanoparticle morphology due to ther-
mal annealing have their echo in the corresponding optical absorption spectra. It is known that when metal NPs
are brought into close proximity, strong electromagnetic coupling effects occur generating a great enhancement
of their absorption spectra!’. Therefore, broad and intense absorption spectra are expected for close-packed metal
nanostructures, while narrowed and less-intense peaks are expended at spacing out the metasurfaces. Evolution
of the optical spectra upon thermal annealing time is in agreement with the expected optical properties as shown
in Fig. 2a. The unannealed islands, whose shape can be approximated as a lying prolate ellipsoid, showed a broad
and intense SP band in the visible spectral range. From the optical point of view, annealing induces a blue shift in
the spectrum and a decrease in the optical density accompanied by some band narrowing. Such effects became
more evident as the annealing time increases, underling the close relation between morphology and optical prop-
erties'!. Increase in the inter-island spacing with the annealing time, together with increase in the sphericity of
nanostructures (Table 1) is reflecting in decoupling of SPs bands and progressive narrowing of the bandwidth.
This latter aspect also pointed out that the resonance energy for plasmon is highly concentrated at the peak
wavelength, in particular for samples annealed at 500 °C for 5 minutes. These class of samples have been chosen,
as explained later in the text, as probe transducers for monitoring refractive index changes at the metal interface
with the aim to compare their functional abilities with the related MO signals.

Magneto-Optical characterization. An homemade experimental setup for optical and MO measure-
ments was realized as reported in Fig. 3. In particular, MO signal is obtained by the external modulation of mag-
netic field in transversal configuration.
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1 minute (29+9) (0.624+0.25) | (23+5) 37
2 minutes 21+7) (0.704+0.20) | (23+5) 31
5minutes (21+38) (0.794+0.20) | (24+6) 30

Table 1. Statistical data related to the dimension of the nanoparticles and distribution.
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Figure 1. Morphology of the nanostructured gold nanoparticles obtained by SEM after a rapid thermal
annealing treatment during (a) 1 minute (b) 2 minutes (c¢) 5 minutes. Statistical histogram of the nanostructures
are reported on the right side.

In Fig. 4a, we reported the reflectance spectra recorded in Kretschman configuration, using p-polarized
light impinging at 55° with respect to the surface normal, in the 450-650 nm spectral range. Excitation of the
LSP (seen as a minimum in the spectrum) at this incidence angle takes place at a wavelength of ca. 570 nm. In
Fig. 4b, the corresponding TMOKE spectra upon application of an external modulated magnetic field, as detailed
above, are reported in the same spectral range for the same set of samples. The MO signal of the bare glass sub-
strate is reported as well, demonstrating a null contribution to the MO activity of the glass supported-metal
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Figure 2. (a) Optical absorption spectra in the UV-VIS spectral range of a nanostructured Au samples before
and after rapid thermal annealing treatments recorded at normal incidence. (b) Absorption spectrum of the
sample annealed for 300's recorded at the sample incidence angle chosen for the TMOKE characterization in
Kretshmann configuration.
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Figure 3. (a) Scheme and (b) experimental set-up for plasmonic and MO characterization in Kretschmann
configuration using wavelength modulation.

nanostructures. When the resonance condition of gold nano-particles is satisfied, a s-like feature in the MO
spectra can be clearly seen. This effect is more pronounced for samples reporting the best coupling between light
and plasmon oscillations, namely those samples obtained at higher annealing time. The relation between the opti-
mum plasmonic excitation condition and the intensity and shape in the MO curve confirms the coupling between
plasmonic and MO properties of the nanostructures.

In the next section we will use the sharp feature in the s-like structure to evaluate its performance as refractive
index sensing transducer. To this purpose, samples annealed at 500 °C during 300s have been chosen as func-
tional transducer probes, as explained in detail in the following. For the sake of completeness, an hysteresis loop
has been reported in Fig. S2, while MO signal without TIR excitation is reported in Fig. S3. Related absorption
spectrum obtained at the same incident angle of the TIR-excited setup is reported in Fig. 2b.

Numerical Results. To theoretically verify the existence of magneto-plasmonic coupling effects on nanos-
tructured materials made of noble metals we will address the optical and MO response of planar distribution of
gold hemi-spheres on glass substrates solving Maxwell’s equations within the Finite Element approach. In our
case we have chosen the morphology of gold nano-islands to have hemispherical geometry. By using the results
of SEM morphological analysis, we built four series of samples characterized by nano-hemispheres with three
different diameters: 15, 25 and 35 nm. These average values have been calculated by considering the random dis-
tribution of real islands sizes obtained by morphological characterization (Fig. 5).

The simulation domain, partially illustrated in Fig. 5a, is composed by four layers with optimized thicknesses,
and represents the unit cell of the analysed periodic array. In order to avoid possible multiple reflections inside
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Figure 4. (a) Reflectance and (b) TMOKE curves recorded both in Kretschmann configuration in the same
experimental setup and experimental conditions for the metal nanostructures obtained at increasing annealing
times.

the simulation domain, Perfectly Matched Layers (PMLs) conditions have been set for the outer regions of the
model. Port boundary conditions automatically determine the reflection and transmission coefficients calculating
the scattering parameters (S-parameters). Central domains represent the glass substrate and the environment and
are characterized by wavelength dependent optical properties.

The guiding principle in the FEM Analysis is a local approximation of the solution. This approximation is
closely associated with a fine discretization of the computational domain into small subdomains called elements
or mesh. In the model a free triangular mesh has been used for the environment, the substrate and the scattered
domains with a local refinement on the particle geometry (Fig. 5b). A mapped mesh with a five layers distribu-
tion, has been adopted for the PML domains (data not shown).

Floquet periodic boundary conditions are used on the sides of the unit cell to simulate an infinite array of NPs
with inter-particles distances of few tens of nanometers. The incident electromagnetic wave is excited from the
port on the top of the model and is linearly polarized in the incident plane.

A parametric sweep in the frequency domain was performed in order to calculate the total EM field distri-
bution and the optical and MO response of the system, as function of the light frequency. As can be noticed in
Fig. 5¢, a great enhancement of the electromagnetic field arises in proximity of the nanostructures when reso-
nance conditions are satisfied. The resonantly enhanced electron oscillations inside each nano-hemisphere gener-
ate dipolar fields on the outside of the particles. As we previously pointed out, these collective plasma oscillations
are responsible for the enhanced absorption and scattering of light, as well as the strong confinement of EM
fields in proximity of the NP surface (hot-spots). The optical response of the nanostructures, reported in Fig. 5d,
exhibits the expected well-pronounced minimum in their wavelength-dependent reflectivity associated with the
excitation of LSPRs. The wavelength yielding the strongest coupling, i.e. the resonance wavelength, was found to be
around 560 nm, which is very close to the experimental value. The small difference between simulated and exper-
imental reflectivity spectra may be explained by the slight difference in sizes distribution between real samples
and model that, accurate as it is, it inevitably cannot match perfectly the disordered real nature of size and shape
of experimentally analysed nanostructures. The coupling between MO and plasmonic effects can be reasonably
understood considering the off-diagonal (OD) elements of the involved materials. In the TMOKE configuration,
chosen for our experiments, the €,, and ¢,, components are the ones responsible for the MO activity of the system.
Since the response of materials to alternating fields is characterized by a complex permittivity €, each element of
this tensor becomes a frequency dependent complex function, which can be separated in its real and imaginary
parts as follow:

Eox =€y =E= (A — igy(N)
€y = — &, = i/ = /(X)) — ig/,(N)

Therefore, in our numerical calculations, both the optical and MO properties of the gold nanostructures and
the glass substrate have been described by introducing the real and the imaginary parts of the non-zero elements
of €. In plasmonic materials like noble metals, the off-diagonal elements are generally several orders of magnitude
smaller with respect to ferromagnetic materials, therefore, in our calculations, the effect of an external magnetic
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Figure 5. (a) Simulation geometry for an ordered array of Au NPs deposited on a glass substrate; (b) Free
triangular mesh distribution used for the discretization of the simulation domain with a local refinement on
plasmonic NPs; (¢) A 2D plot of the Electric field Norm distribution calculated at the resonance frequency of
the system for an incident angle of 55°. A great enhancement of the E field can be noticed near particles surface
when the LSPR is activated; (d) Comparison of theoretical (dash dot line) and experimental (solid line) results
obtained in Kretschmann configuration at an incident angle of 55° degree; in particular, the optical (black line)
and MO (blue line) spectra of the analysed system have been compared.

field applied in TMOKE configuration was simulated introducing an off-diagonal element ., =10*+ 11073
(valid for Au at 700 nm and 1T)'>"'*. In this case the LSP activation was performed using the wavelength mod-
ulation technique, simulating an incident light beam with a fixed incident angle (55° degrees in Kretschmann
configuration) and multiple incident wavelengths (450-650 nm).

When the resonance condition of gold nano-particles is satisfied, an evident enhancement of the MO activity
is predicted to exist. An increased MO activity appears at the same spectral position of the reflectivity reduc-
tion associated to the LSPR excitation, suggesting an intimate connection between plasmonic and MO effects
(Fig. 5d). In addition, both reflectivity and TMOKE spectra exhibit similar redshifts when the incident angle of
the incoming radiation increases. Although the amplitude of the theoretical MO signal is slightly smaller than the
experimental values, our numerical results yield very similar features to those experimentally found for a random
distribution of gold nanospheres.

The above result finds an experimental confirmation in the mathematical description reported in Lodewijks
et al.* work for magnetic nanostructures deposited randomly on glass substrates. The additional point here is the
demonstration of such MO effects in Au materials when realized on the nanoscale. Analogue result was achieved
in Polar configuration by Sepulveda et al.’®. Unlike them, in our work a demonstration of MO properties in a
TMOKE configuration with LSPR excited in TIR gives the perspective of an application in a potential sensing
device.

In addition to the Lodewijks achievements, Maccaferri et al.'s investigated also the effect of the insulating
substrate on the MO activity of magnetic nanostructures demonstrating that it affects the phase of non-magnetic
Fresnel coeflicient contributing in the changes of MO parameters recorded in L-MOKE and P-MOKE configu-
rations. In order to identify correctly the origin of the MO effects, the possible MO properties of the glass sub-
strate have been considered in our calculations too. To this purpose, the previously reported results, have been
compared to those obtained from nanoparticles deposited on a glass slide with nonzero off-diagonal elements of
the dielectric tensor e (Fig. S4). The results lead to the conclusion that no significant contribution from glass is
noticeable.

Physical aspects behind the MO activity of metal nanostructures. It is important to observe that
according to the MIE theory of single particles'”'%, when the size of the nanoparticles is reduced, the normal
electromagnetic modes are described by the relation

I+1
e(w) = — 5
¢ )
consequently different polarizations can be induced to switch-on electrical dipoles that, in the case of [=1 give
rise to a LSPR of single particles e(w) = —2¢,, with polarization vector P given by the relation'®:
3 e(w) — &)
47| e(w) + 2¢, ext (2)

that produces an oscillating surface charge onto the nanoparticles. A Maxwell-Garnett Effective Medium
Approximation in which the effective dielectric constant €,4is introduced can be used to describe assemblies of
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Figure 6. (a) Hot spots generate by polarized incident light onto the nanostructured material. Schematic of
the MO effect induced by the Lorentz force in metal nanoparticle, (b) before and (c) after the application of an
oscillating magnetic field in transversal configuration. (d) Schematic representation of the torque suffered by
the oscillating electrical dipoles due to the magnetic field application causing the switch-off of the hot spots in
the plane of the substrate.

randomly distributed nanoparticles'®. For a system containing metal nanoparticles in a host material the ¢4 value
is given by:
e(w) — ¢4

A —f) + 2+ f) (3)

where fis the filling factor defined as the volume fraction occupied by the nanoparticles and the resonance con-
dition takes place at

Ee'[f(w) =& 1+ 3f€(w

XN
1—f 4)

Atlow density of nanoparticles we have f> 0 and the condition of single particle is obtained. If f== 0, the reso-
nance frequency shifts to a lower value because of dipole-dipole interaction. The simplest nanoparticle aggregate
consists in a couple of nanoparticles that can be longitudinally or transversally excited by polarized light.

In real samples, like in randomly glass supported-Au nanostructures studied in this work, the nanoparticles
exist as aggregates or high density distribution, and the presence of an incident p-polarized light products a
random hot-spots distribution. From an experimental point of view, the hot-spots generated by the p-polarized
incident light, can be modified and even switched-off if the polarization of the incident light is out of the substrate
plane. Obviously, in Kretschmann configuration the incident light is not at normal incidence then, a component
of the electric field perpendicular to the plane of the sample can be observed. This component can be modified by
changing the incident angle of the light or, at the same incident angle, by the application of a magnetic field in the
plane of the nanostructured sample and perpendicular to the incident plane of light. We demonstrate here that a
low intensity modulated magnetic field can be suitable to torque the oscillating electrical dipoles (Fig. 6) of noble
metal NPs, generating a detectable MO effect in T-MOKE configuration.

Any movement of charge q with speed v in presence of a magnetic field H gives rise to a Lorentz force
F=qv x HIf one considers the activation of oscillating dipoles by p-polarised light of suitable wavelength, the
presence of an external magnetic field will generate a torque of the electric dipoles according to the equation
F = (dP/dt) x H where P = oE with o polarizability of the material and E amplitude of the incident polarized
light beam?. Generally, in the presence of a magnetic field, the polarizability @ is a tensor described by the
relation®!:

e(w) =

o 4’ (F — g41)
(& + 2¢41) (5)

Where I is the 3 x 3 identify matrix, £ is the dielectric tensor of metal, ¢, is the dielectric constant of the external
medium, a is the size of the nanoparticle. If the H vector is in the plane of the sample and perpendicular to the
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incidence plane of the light (transversal configuration) the dielectric matrix reports only the two not diagonal
elements ¢,, and €,,. In this condition, substituting the values to the Eq. 5 we obtain for the components of interest
in T-MOKE configuration:

o, & — g,(e + 2¢;)(2e + ¢) (6)
and
ay, = ATa’e (? — 4g]) (7)

Consequently, the torque suffered by the P vector due to the presence of an external magnetic field in TMOKE
configuration is quantified by the 6, angle (Fig. 2a,b) given by:

« -, (e + 2¢
0, = arctg —= = arctg xe(€ + 25)

ey dna’c (e — 2¢y) (8)
2
. . ~ ~ ~ ~ _ . _ Wy .
here we put in evidence thate ~ ¢, ~ ¢, = ¢, ~ (e, — e(w))withe(w) = o where w, is the plasma
frequency of the electron’s gas, ~ is the electronic relaxation constant and ¢ is the high frequency dielectric

constant.
In Fig. 6 a generic scheme of the hot-spots generated in resonance condition and the effect of the application
of a magnetic field in transversal configuration is reported.

Functional characterization. Asa proof of concept, the recorded MO signal of gold nanostructures has
been tested as a new probe for refractometric sensing tests.

Investigation on sensing performances of MO signals is not a trivial question, especially if comparison with
bare optical signals is required. Different approaches can be found in the huge plasmonic sensing literature; in
most of the wavelength-modulation schemes, the quantity often chosen as a measure of the sensing performance
is linked to spectral positions shifts upon bulk refractive index changes of the dielectric medium. Analogously,
when the transducer signal is a wavelength-modulated MO signal, different authors make a similar choice.
Caballero and Diaz-Valencia monitored as functional parameters the bulk refractive index sensitivity (RIS)
intended as the spectral shift in MO Fano-like transducing signal with respect refractive index changes in the
investigated medium?®2. In order to take into account that sensing signal accuracy depends on the spectral line
width, a further figure of merit (FoM) is considered by dividing the bulk sensitivity S by the width of the Fano-like
feature. A different approach has been proposed by Jeong et al.?%; they performed Circular Dichroism-based
measurements on chiral particles plotting the reciprocal of the optical feature. This choice allowed them to get an
intrinsically sharp representation of the spectral signal and consequently to maximize FOM parameter. None of
the above authors have reported a comparison of the sensing performances with the corresponding bare optical
sensing signal except with literature. Some efforts in this sense have been reported in Verre et al.** where LSPR
sensing based on polarization conversion in anisotropic gold nanostructures is demonstrated experimentally.
Transient measurements were performed by changing the bulk RI and monitoring both the modulated rotation
signal and the standard transient transmission on the same sample demonstrating that the last one is too noisy to
follow small refractive index variation. Analogously, Vavassori et al. investigated magneto-optically induced LSP
resonances in magnetoplasmonic nanoantennas by monitoring the polarization ellipticity variation of the trans-
mitted light, induced by the application of an external magnetic field. Comparison with bare plasmonic-based
sensors performance is achieved by monitoring the null-point wavelength in the polarization ellipticity variation
and in particular the spectral position of the reciprocal of this MO signal thus resulting in greatly enhanced values
for the FoM?. They found even highly enhanced FoM values when periodic array of Ni/SiO2/Au dimer nanodisks
were realized. The sharp spectral features obtained, due to combined effects of near-field interactions between the
Ni and Au disks and far-field diffractive coupling between the dimers of the array, gave rise to improved sensing
performance?.

In all above examples, the existence of Fano-like curve are the key point for successful sensing purposes. In
fact, the presence of a ferromagnetic material, either alone or in combination with noble metals, dictates the
MO response resulting in very deep transducing signals allowing enormous gain in the spectral accuracy. In
plasmonic-based sensors, monitoring spectral position variations upon refractive index changes becomes a nat-
ural choice in particular for those nanostructures where scattering is a major component of the total extinction?.
In the present work, intensity changes, either related to the optical or MO signal, has been chosen to quantify
refractive index changes. This choice is in part dictated by the adopted TIR configuration for the excitation of
LSPR resonances allowing also a dynamic measurement of the signals, but also to the fact the optical information
is basically dominated by absorption.

We performed a series of measurements in which the gold nanostructures deposited onto glass substrate are
located in a suitable chamber for test in a flow-over arrangement in Kretschmann configuration. Liquid solutions
with a known refractive index were injected in the test chamber to register the corresponding calibration curves.
The ability of the investigated transducers to act as a refractive index sensor was investigated at a wavelength of
590 nm by monitoring the intensity of both LSPR and MOLSPR after their immersion in solutions with different
refractive indices (RI): air (n=1), pure ethanol (n =1.36), water (n = 1.33) and in a water/ethanol solutions at
increasing concentrations. Among the grown nanostructures, samples annealed for 5 minutes has been chosen
for the functional characterization, as they exhibit the narrow excitation so that it can be sensitively modulated
by an external magnetic field. The wavelength of 590 nm was selected by considering not only the region of the
maximum slope of the LSPR curve but also the region in which the slope of the AR/R signal is maximum.
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Figure 7. Calibration curves obtained in LSPR and MOLPR configuration relative to bulk refractive index
changes at the metal/dielectric interfaces.

Once determined the sensing parameter to be monitored, the comparison of optical and MO functional
parameters cannot be carried out without considering the different nature of the transducing signals. To this
purpose, following the route proposed by Sepulveda et al.®, monitoring of each sensing signal is carried out
with a normalization coefficient taking into account the different the signal-to-noise ratio of the experimental
measurements.

Comparison of the calibration curves relative to the two sensing platforms is reported in Fig. 7; here the sensor
response is represented by the sensor signal normalized by a minimum detectable signal intended as five times the
root-mean-square deviation of the experimental signal acquired during 300s when 1 point/s is acquired.

Linear regression of calibration points allows extracting information on the sensitivity parameters of both
sensor signals: an improvement in the sensing performance of the MO-LSPR transducer with respect to LSPR
is demonstrated by slopes of the linear fit resulting in a sensitivity of 1.8 x 10* and 8.3 x 102N.L.U.(normalized
intensity unit) per RIU, respectively.

RI limit of detection parameter can be considered as a the most reliable literature term of comparison. By
exploiting the above calculation of sensitivity, which takes into account the different nature of the two recorded
sensing signals, the obtained RI resolution are: 5.6 x 10~ RIU and 1.2 x 10~ RIU for MO-LSPR and LSPR sens-
ing probe respectively. The results obtained for the bare plasmonic transducers are basically aligned with those
reported in the literature for similar metal nanostructures*-*-3! while an increase of one order of magnitude
in the sensing performance of the MO-LSPR based sensor. Even if exploratory, the result is of great impact and
high promising for state-of the- art sensors and biosensor. There is still plenty of room for improving the results
reported here by modifying, for instance, the growth parameters, distance and shapes of metal nanostructures, or
by a different choice of the metal.

Conclusions

In this paper glass supported- random distribution of Au nanoparticles were realized and characterized by a
morphological and optical point of view. Optical absorption spectra of sample exposed to increasing annealing
treatments represents allowed monitoring the reproducibility of the preparation methodology of active nanos-
tructured optical transducers. Experimental as well as theoretical demonstration of their MO behaviour, obtained
for the first time in transversal configuration (TMOKE), have been reported. A FEM method was used to cal-
culate the optical and MO spectra, investigating the interplay between plasmonics and MO effects, taking their
specific morphology and distribution onto the glass substrate into account. The developed numerical models pro-
vided invaluable physical insight of our nanostructured systems and have been also exploited for the validation
of our experimental findings. The investigated effect has been described by considering the presence of Lorentz
Forces acting on the electrical dipoles generated in resonance (LSPR) condition. The Kretschmann configuration
adopted in our experiments supported the potential application of the TMOKE signal in refractometric sensing
application. An increase of one order of magnitude in the sensing performance of the MO-LSPR based sensor
with respect to the related LSPR sensing transducer is recorded.

Methods

Deposition of gold nanostructures. The main routes for the preparation of the Au nanostructures are
based on the use of photons (multiple beam interference lithography)?, self-assembling***, colloidal lithogra-
phy*>~%, electron beam lithography (EBL)***, or focused ion beam (FIB)***!. Some of them, even though ensur-
ing high control of spatial and size regularity, suffer of high costs and are rather time consuming; therefore, if
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these aspects are not strictly required, the choice of a low cost and fast (or time-saving) fabrication techniques
should be considered.

In our choice, gold nanoparticles were prepared by a physical methodology consisting in electron beam evap-
oration of a thin Au film onto corning glass substrates (10 X 10 mm? an 1 mm in thickness) followed by a rapid
thermal annealing treatment. The substrates were first degreased by rinsing in boiling acetone for 20 minutes,
cleaned in iso-propanol vapors for 1h and finally dried under pure nitrogen (N,) flow. The substrates were then
loaded in a Joule evaporator UHV chamber for the subsequent deposition of the Au thin film. A film thickness
of 6 nm was obtained at the evaporation rate of about 0.02 nm/s, as determined by a quartz crystal oscillator
thickness monitor. After evaporation, the samples were loaded into the quartz chamber of a horizontal tubular
resistance furnace for annealing under nitrogen atmosphere. Annealing experiments were performed for differ-
ent annealing time of 30, 60 and 120 seconds at 500 °C under 200 cm?®/min pure N, flow. This thermal treatment
allows the Au thin film to coarse into a dense and uniform array of metal nanoparticles.

Morphological and optical characterization. A full morphological, optical and magneto-optical (in
T-MOKE configuration) characterization of the resulting Au nanostructures prepared onto solid transparent
substrates has been performed.

The morphology and size of the Au nanoparticles were characterized by Scanning Electron Microscopy
(SEM), by using a Zeiss NVISION 40 dual-beam Focused Ion Beam machine, equipped with a high resolution
SEM Gemini column.

The optical absorption of the Au nanoparticle deposited onto glass substrates was characterized by a Cary500
UV-visible spectrophotometer. Investigation of the effect of thermal annealing on the nanoparticle optical prop-
erties was performed by measuring the absorption spectra in the UV-VIS spectral range for different samples at
increasing annealing time.

Magneto-Optical Localized Surface Plasmon Resonance (MOLSPR) experimental set-up. The
homemade setup for MO measurements was realized in the Plasmonics and Nanophotonics Advanced
Laboratory at the CNR Institute for Microelectronics and Microsystems (IMM-CNR), in Lecce (Fig. 1). The
experimental setup with the relative signal data processing is designed in such a way that either optical and MO
excitation is achievable on the same sample. In particular, MO signal in transversal configuration is obtained
by the external modulation of magnetic field, namely with magnetic field applied parallel to the sample plane
and perpendicular to the light incidence plane. Illumination is achieved by a polychromatic 150 Xe light source
(Lot-Oriel LSB 520) with emission in the 300-900 nm spectral range. A monochromator is placed between the
source of light and the sample, allowing the analysis of plasmonic and MO effect as a function of wavelength.
Then, the cross section of the light beam was reduced by an achromatic doublet of lenses of proper focal lengths,
which allows focusing the radiation on the sample in a small spot (1 mm x 3mm). Also the required p-polarized
light (electric field parallel to the plane of incidence) was achieved introducing a linear polarizer on the optical
bench. Then, the reflected beam coming from the prism/sample structure reaches the surface of a silicon photodi-
ode. The plasmonic transducer is coupled to a commercial glass prism (BK7), transparent within the wavelength
range of interest, with an average refractive index equal to n = 1.516. The prism/sample combination is placed on
a rotating structure 6-20, which allows the user to manually control the angular position of the sample (resolution
0f 0.01°). Moreover, the sensor surface is placed into a test chamber connected to the fluid control system. This
experimental set-up allows analyzing the optical and MO responses of the sample in a controlled atmosphere. A
dedicated software developed with LabView handles the experimental data acquisition and processing. Through
a simple graphical interface, the program allows controlling the wavelength of the incident light and obtaining a
real time reading of the generated photocurrents. An external magnetic field of 500 Oe intensity oscillating with
an 20 Hz frequency was used for TMOKE experiments and lock-in amplification technique was used for record-
ing the modulated reflectance signal. The DC component of the signal is processed by the electronic card in order
to record the intensity of the reflected light for the determination of the bare reflectivity signal. This system is
directly linked to the user PC using a National Instruments PCI GPIB parallel interface, and allows knowing in
real time the intensity of the radiation that reaches the prism-sample system.

Numerical methods. In order to shed light to our experimental findings and perform an in-depth investi-
gation of the interaction between LSPR and MO effects on metal nano-particles, we carried out a complementary
theoretical analysis based on numerical simulations. In particular, the Finite Element Method (FEM) was used to
help understanding the optical and MO properties of gold nanoparticles deposited on glass substrate.

Although not a physically realistic configuration, the infinite-array model provides a good approximation
to the performance of a large finite array of particles. The Radio Frequency Module of COMSOL Multiphysics
software (www.comsol.com) was used to calculate the optical transmission and reflection coefficients of these
structures, when are illuminated by a linearly polarized plane wave propagating along a defined direction.

The optical properties of the system were investigated in a particular frequency range, corresponding to a free
space wavelength from 450 nm to 650 nm. At these frequencies, nanostructured gold can be modelled as having a
complex valued dielectric constant, with real and imaginary components. The complicated dispersion properties
of metals at optical frequencies poses a challenge in modelling of plasmonic devices. However, the chosen method
allows using directly experimental data for the frequency-dependent dielectric function of the involved materials,
including both the real and imaginary parts, with no further approximation. In the model, these components are
described by an interpolated version of the often-used experimental data from Johnson and Christy*.

SCIENTIFICREPORTS| (2018) 8:12640 | DOI:10.1038/s41598-018-30862-3 10


http://www.comsol.com

www.nature.com/scientificreports/

References

1.
2.
3.

4.
5.

11.

12.

13.
14.

15.

16.

25.

26.

27.

28.

29.

30.

31.

40.

41.
42.

Mayer, K. M. & Hafner, J. H. Localized surface plasmon resonance sensors. Chem. Rev. 111, 3828-3857 (2011).

Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).

Liu, N., Tang, M. L., Hentschel, M., Giessen, H. & Alivisatos, A. P. Nanoantenna-enhanced gas sensing in a single tailored nanofocus.
Nat. Mater. 10, 631-636 (2011).

Lodewijks, K. et al. Magnetoplasmonic design rules for active magneto-optics. Nano Lett. 14, 7207-7214 (2014).

Sepulveda, B., Calle, a, Lechuga, L. M. & Armelles, G. Highly sensitive detection of biomolecules with the magneto-optic surface-
plasmon-resonance sensor. Opt. Lett. 31, 1085-1087 (2006).

. Maccaferri, N. et al. Tuning the Magneto-Optical Response of Nanosize Ferromagnetic Ni Disks Using the Phase of Localized

Plasmons. Phys. Rev. Lett. 111, 167401 (2013).

. Armelles, G. et al. Mimicking electromagnetically induced transparency in the magneto-optical activity of magnetoplasmonic

nanoresonators. Opt. Express 21, 2735627370 (2013).

. Chetvertukhin, A. V. et al. Transverse magneto-optical Kerr effect in 2D gold-garnet nanogratings. J. Magn. Magn. Mater. 383,

110-113 (2015).

. Pineider, F. et al. Circular magnetoplasmonic modes in gold nanoparticles. Nano Lett. 13, 4785-4789 (2013).
. Ghosh, S. K. & Pal, T. Interparticle Coupling Effect on the Surface Plasmon Resonance of Gold Nanoparticles: From Theory to

Applications. Chem. Rev. 107, 4797-4862 (2007).

Karakouz, T., Holder, D., Goomanovsky, M., Vaskevich, A. & Rubinstein, I. Morphology and Refractive Index Sensitivity of Gold
Island Films. Chem. Mater. 21, 5875-5885 (2009).

Armelles, G., Cebollada, A., Garcia-Martin, A. & Gonzélez, M. U. Magnetoplasmonics: Magnetoplasmonics: Combining Magnetic
and Plasmonic Functionalities (Advanced Optical Materials 1/2013). Adv. Opt. Mater. 1,2-2 (2013).

Schnatterly, S. E. Magnetoreflection Measurements on the NobleMetals. Phys. Rev. 183, 664-667 (1969).

Haefner, P., Luck, E. & Mohler, E. Magnetooptical Properties of Surface Plasma Waves on Copper, Silver, Gold, and Aluminum. Phys.
status solidi 185, 289-299 (1994).

Septlveda, B., Gonzélez-Diaz, J. B., Garcia-Martin, A., Lechuga, L. M. & Armelles, G. Plasmon-induced magneto-optical activity in
nanosized gold disks. Phys. Rev. Lett. 104 (2010).

Maccaferri, N. et al. Effects of a non-absorbing substrate on the magneto-optical Kerr response of plasmonic ferromagnetic
nanodisks. Phys. status solidi 211, 1067-1075 (2014).

. Mie, G. Beitrzur Optik trMedien, speziell kolloidaler Metall“osungen. Ann. Phys. 330, 377-445 (1908).
. Bohren, C. F. & Huffman, D. R. Absorption and scattering of light by small particles. Research supported by the University of Arizona

and Institute of Occupational and Environmental Health New York WileyInterscience 1983 541p 1, xiv, 530 (1983).

. Hayashi, S. & Okamoto, T. Plasmonics: visit the past to know the future. J. Phys. D. Appl. Phys. 45, 433001 (2012).
. Bedeaux, D. & Mazur, P. On the critical behavior of the dielectric constant for a nonpolar fluid. Physica 67, 23-54 (1973).
. Smith, D. A. & Stokes, K. L. Discrete dipole approximation for magnetooptical scattering calculations. Opt. Express 14, 5746-5754

(2006).

. Caballero, B., Garcia-Martin, A. & Cuevas, J. C. Hybrid Magnetoplasmonic Crystals Boost the Performance of Nanohole Arrays as

Plasmonic Sensors. ACS Photonics 3,203-208 (2016).

. Jeong, H.-H. et al. Dispersion and shape engineered plasmonic nanosensors. Nat. Commun. 7, 11331 (2016).
. Verre, R. et al. Polarization conversion-based molecular sensing using anisotropic plasmonic metasurfaces. Nanoscale 8,

10576-10581 (2016).

Maccaferri, N. et al. Ultrasensitive and label-free molecular-level detection enabled by light phase control in magnetoplasmonic
nanoantennas. Nat. Commun. 6, 6150 (2015).

Sara, P., Mikko, K., Nicolo, M., Paolo, V. & van Dijken Sebastiaan. Hybrid Ni/SiO,/Au dimer arrays for high-resolution refractive
index sensing. Nanophotonics 7,905 (2018).

Tesler, A. B. et al. Tunable Localized Plasmon Transducers Prepared by Thermal Dewetting of Percolated Evaporated Gold Films. J.
Phys. Chem. C 115, 24642-24652 (2011).

Khalavka, Y., Becker, J. & Sonnichsen, C. Synthesis of rod-shaped gold nanorattles with improved plasmon sensitivity and catalytic
activity. J. Am. Chem. Soc. 131, 1871-1875 (2009).

Zheng, Y. B., Juluri, B. K., Mao, X., Walker, T. R. & Huang, T. J. Systematic investigation of localized surface plasmon resonance of
long-range ordered Au nanodisk arrays. J. Appl. Phys. 103 (2008).

Cai, Z., Liu, Y. ], Lu, X. & Teng, J. In situ ‘doping’ inverse silica opals with size-controllable gold nanoparticles for refractive index
sensing. J. Phys. Chem. C 117, 9440-9445 (2013).

Convertino, A., Cuscuna, M., Martelli, E, Manera, M. G. & Rella, R. Silica Nanowires Decorated with Metal Nanoparticles for
Refractive Index Sensors: Three-Dimensional Metal Arrays and Light Trapping at Plasmonic Resonances. J. Phys. Chem. C 118,
685-690 (2014).

. Feth, N, Enkrich, C., Wegener, M. & Linden, S. Large-area magnetic metamaterials via compact interference lithography. Opt.

Express 15, 501 (2007).

. Orendorff, C.J., Sau, T. K. & Murphy, C. J. Shape-dependent plasmon-resonant gold nanoparticles. Small 2 (2006).
. Hamon, C., Novikov, S., Scarabelli, L., Basabe-Desmonts, L. & Liz-Marzan, L. M. Hierarchical self-assembly of gold nanoparticles

into patterned plasmonic nanostructures. ACS Nano 8, 10694-10703 (2014).

. Torrado, J. F et al. Tunable magneto-photonic response of nickel nanostructures. Appl. Phys. Lett. 99 (2011).
. Kekesi, R. et al. Enhanced nonreciprocal effects in magnetoplasmonic systems supporting simultaneously localized and propagating

plasmons. Opt. Express 23, 8128-8133 (2015).

. Fredriksson, H. et al. Hole-mask colloidal lithography. Adv. Mater. 19, 4297-4302 (2007).
. Offermans, P. et al. Universal scaling of the figure of merit of plasmonic sensors. ACS Nano 5, 5151-5157 (2011).
. Hanke, T. et al. Efficient nonlinear light emission of single gold optical antennas driven by few-cycle near-infrared pulses. Phys. Rev.

Lett. 103, (2009).

Kollmann, H. et al. Toward plasmonics with nanometer precision: Nonlinear optics of helium-ion milled gold nanoantennas. Nano
Lett. 14, 4778-4784 (2014).

Huang, J. S. et al. Mode imaging and selection in strongly coupled nanoantennas. Nano Lett. 10, 2105-2110 (2010).

Johnson, P. B. & Christry, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 6, 4370-4379 (1972).

Acknowledgements

The authors want to acknowledge G. Montagna and E. Melissano for technical support and the financial support
from Italian MIUR through FIRB project RBFR100AI0 Nanoplasmag. A. G.-M. acknowledges financial support
from the Spanish Ministry of Economy and Competitiveness (Contract No.MAT2014-58860-P), and the
Comunidad de Madrid (Contract No. S2013/MIT-2740).

SCIENTIFICREPORTS| (2018) 8:12640 | DOI:10.1038/s41598-018-30862-3 11



www.nature.com/scientificreports/

Author Contributions

M.G.M. and R.R. conceived of the idea and planned the project. A.C. and A.G.M. design and modelling the gold
nanostructure in comparison with the measurements, A.T. performed the morphological SEM analysis. All the
authors contributed to the scientific discussion and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30862-3.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12640 | DOI:10.1038/s41598-018-30862-3 12


http://dx.doi.org/10.1038/s41598-018-30862-3
http://creativecommons.org/licenses/by/4.0/

	Magneto-Optical properties of noble-metal nanostructures: functional nanomaterials for bio sensing

	Results and Discussion

	Morphological characterization. 
	Optical characterization. 
	Magneto-Optical characterization. 
	Numerical Results. 
	Physical aspects behind the MO activity of metal nanostructures. 
	Functional characterization. 

	Conclusions

	Methods

	Deposition of gold nanostructures. 
	Morphological and optical characterization. 
	Magneto-Optical Localized Surface Plasmon Resonance (MOLSPR) experimental set-up. 
	Numerical methods. 

	Acknowledgements

	Figure 1 Morphology of the nanostructured gold nanoparticles obtained by SEM after a rapid thermal annealing treatment during (a) 1 minute (b) 2 minutes (c) 5 minutes.
	Figure 2 (a) Optical absorption spectra in the UV-VIS spectral range of a nanostructured Au samples before and after rapid thermal annealing treatments recorded at normal incidence.
	Figure 3 (a) Scheme and (b) experimental set-up for plasmonic and MO characterization in Kretschmann configuration using wavelength modulation.
	Figure 4 (a) Reflectance and (b) TMOKE curves recorded both in Kretschmann configuration in the same experimental setup and experimental conditions for the metal nanostructures obtained at increasing annealing times.
	Figure 5 (a) Simulation geometry for an ordered array of Au NPs deposited on a glass substrate (b) Free triangular mesh distribution used for the discretization of the simulation domain with a local refinement on plasmonic NPs (c) A 2D plot of the Electri
	Figure 6 (a) Hot spots generate by polarized incident light onto the nanostructured material.
	Figure 7 Calibration curves obtained in LSPR and MOLPR configuration relative to bulk refractive index changes at the metal/dielectric interfaces.
	Table 1 Statistical data related to the dimension of the nanoparticles and distribution.




