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Abstract

Nanosystems with combined magnetic and plasmonic functionalities have in recent
years become an active topic of research. By an adequate internal architecture of the
constituting components, the magneto-optical activity of these systems can be largely
increased due to the electromagnetic field enhancement associated with the plasmon
resonance. Simultaneously, the magnetic functionality permits the control of the
plasmonic properties by an external magnetic field, which allows the development of
active plasmonic devices. These materials find applications for example in gas and
biosensing areas and in integrated photonic devices for telecommunications. In the
present work we review the state of the art and current understanding of the

phenomenology associated with magnetoplasmonic structures where magnetism and

plasmonics are intertwined.

1. Introduction

The term magnetoplasmon, or magnetoplasma surface wave, was first introduced in the
early *70s, motivated by the interest on surface polaritonic waves that the relatively
recent discovery of surface plasmons in metals and degenerate semiconductors

attracted.?3#561 At that time, the effect of an external magnetic field on the dielectric



function of the electron plasma seeded a number of fundamental investigations focused
on the magnetic field modification of the dispersion relation of surface plasma and

coupled surface plasma-phonon waves.>?! Later in the *80s [8:91011.1213.141516] 54

'90s [17181920211 " plasmon  resonances and magnetism found another important
interaction niche in the, by then, growing and strategic field of magnetic recording, and
in particular of magneto-optical (MO) recording. Different groups studied the possible
enhancement effects that bulk and surface plasmons could produce on the MO activity
of a number of materials systems.

The arrival of the new century brought the generalization of nanofabrication tools and
nanotechnology, providing new nanostructures where again the interaction between
magnetic field, MO properties and surface plasmons could be revisited, mainly in the
visible and near-infrared range of the electromagnetic spectrum. Moreover, the
theoretical tools devoted to the analysis of the optical response of nanostructures in the
visible range have been recently adapted to deal with the MO

[22.23,2425,26.212829.301 £q 3 consequence, this topic has become an active area of

effects.
investigation and an increasing number of research groups are exploring this
phenomenology from the experimental and theoretical viewpoints. This renewed
interest is strongly linked to the development and fast growth of the so-called
plasmonics, a subfield of nanooptics that aims at understanding and controlling light
using the surface plasmon resonances sustained by metal nanostructures,’®**? as well as
to the renovated interest on MO enhancement through nanostructurationt®***3*! and the
increasing importance of magnetic nanoparticles applications and the understanding of
their optical and MO properties. Indeed, and mirroring the early times, again both

directions, namely the influence of a magnetic field on the surface plasmons properties

and the MO enhancement associated with plasmon resonances, are the driving forces in



the magnetoplasmonic community. The field of applications of such structures is found
in areas such as sensing®® and telecommunications.®"

Surface plasmons (SPs) are electromagnetic waves coupled to the collective oscillations
of the surface free charges in an interface between two media with permittivities with
opposite sign, typically a dielectric and a metal.*! Surface plasmon modes are strongly
localized at the interface between these two media and can exist on a wide variety of
metallic structures, such as single surfaces, thin films, nanoparticles, cylinders, etc.
They can be classified into two main categories: localized surface plasmons
(LSPs),183% also called particle plasmons, which are the ones sustained by entities of
dimensions of the order or smaller than the wavelength of the exciting radiation; and
surface plasmon polaritons (SPPs) or propagating surface plasmons,“®** those
supported by planar interfaces. Both kinds of plasmons are sketched in Figure 1, where
the charge and electromagnetic (EM) field distribution are shown for each case, and an
extinction spectrum for the LSP case and the dispersion relation curve for the SPP one
are also presented. As it can be seen in Figure 1, surface plasmons are able to confine
the EM field in small, nanoscopic volumes beyond the diffraction limit, which makes
them suited for the development of nanophotonic devices.®**?#3 This strong
confinement can result in huge local field enhancements which increase enormously the
interaction of light with molecules or emitters located there.l**! SPs are also highly
sensitive to the optical properties (refractive index) of the dielectric media surrounding
the metal, being therefore sensing one of the main and better established
applications.!>4¢]

A step forward in the development of plasmonics that would allow the realization of
fundamental components in nanophotonic chips, such as modulators, switches or active

multiplexors and couplers, is to find ways of controlling plasmon properties by using



external agents. Important progress has been made in the last years to achieve active
plasmonic configurations based on different controlling mechanisms, such as:
temperature,*”*® voltage,[*****!I or photons.[*3°*%] This last option is, up to now, the
only demonstrated one that could work at high switching speeds. A competitive
alternative candidate for active plasmonics is the magnetic field, as it allows a
modification of the optical properties which depends not only on its magnitude, but also
on its direction. Moreover, as magnetism is intrinsically an ultrafast property,’®® the
switching speed at femtosecond levels could be attainable.

Magnetic field induced modifications of the optical properties of materials were first
observed by M. Faraday (1845)*°" and J. Kerr (1877, 1878).°%%°] They detected a
change in the polarization state of the transmitted (Faraday effect) or reflected light
(Kerr effect) when a magnetic field was applied to a glass or to a ferromagnetic
material, respectively (see Figure 2). Since then, magneto-optics has played a relevant
technological role in different areas, being the field of information storage an especially
important one. Nowadays, these effects are used to develop optical devices such as
isolators, modulators, or sensors, and many works have been focused on the
development of materials with large MO activity to improve the performance of these
devices and expand the applications area. Particularly in integrated optics, where the
size is an important factor, the search for new materials or structures with large MO
activity, low loses, and compatible with the fabrication processes is an open field of
research, and plasmonic resonances could play a key role in reducing the device size,
due to the enhancement of the MO response.

Let us first introduce some basic concepts on magneto-optics to present the notation and
to allow the reader inexperienced in this topic following the physical mechanisms that

underlie the phenomena to be presented in this review. Under the presence of a



magnetic field the dielectric tensor of an isotropic material becomes non-diagonal,

adopting the form:*!

g all, all,
e=—-all, ¢ —all, |, (1)
—all, all, £

where we keep the notation & for the diagonal tensor components and alT; represents the
MO constant of the material (emo), being IT; the components of the applied magnetic
field for paramagnetic and diamagnetic materials, and the magnetization for
ferromagnetic (FM) ones (only linear terms in IT are considered). Therefore, the effect
that an external magnetic field has on the light transmitted through or reflected by a
material depends on the relative orientation of the magnetic field and the light plane of
incidence, as shown in Figure 2.

For example, if the magnetic field or the magnetization are aligned perpendicular to the
sample plane (XY), which corresponds in reflection to the so called polar Kerr

configuration, the dielectric tensor presents the following form:

& all 0
c=|-all & 0], (2
0 0 ¢

and therefore the XY plane components of the light EM field are coupled, thus inducing
changes in the state of polarization of the light. As a consequence, when linear p-
polarized (s-polarized) light reflects from a sample, the reflected beam presents a small

component of s-polarized (p-polarized) light. In other words, the non-diagonal Fresnel



coefficients accounting for polarization conversion, rps and rsp, depend linearly with IT.
The magnitudes to be experimentally explored are the magnetic field induced rotation,
6, and ellipticity, ¢, experienced by the incident light (see definition in Figure 2), which
constitute a complex number denoted in the following the complex Kerr rotation, .

A similar effect is observed if the magnetic field or the magnetization is aligned parallel
to both the sample plane (XY) and the plane of incidence of the light (XZ), known as
the longitudinal Kerr effect.

On the other hand, a different situation occurs if the magnetic field or the magnetization
is aligned parallel to the sample plane (XY) but perpendicular to the plane of incidence

of the light (XZ). In this case the dielectric tensor becomes:

& 0 all
e=| 0 & 0| (3)
—-all 0 ¢

In this configuration (known as transversal Kerr or also Voigt configuration for
transmission) the magneto-optical element couples components of the EM field that are
on the incidence plane, i.e. only the p-component of the light will be affected by the
applied magnetic field, whereas the s-component does not experiment any variation.
This means that this configuration involves no change in polarization but a change in
the reflected intensity of the p-polarized light (see Figure 2).

For the situations regarding transmitted light, i.e. the Faraday effects, the corresponding
mathematical expressions are analogous to the ones for the Kerr effects, changing
reflectivity by transmission coefficients.

Once the MO effects are introduced, the next step is evidently to find out which
materials exhibit optimum MO properties. As a matter of fact, all materials exhibit MO
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activity, but the intensity of this response depends, mainly, on their magnetic nature.
Basically, this magnetic nature can be classified according to the magnitude and sign of
the magnetic susceptibility y (M = y H). This is illustrated in Figure 3, where the
materials magnetization M versus applied magnetic field H curves are shown for
paramagnetic (y small and positive), diamagnetic (y small and negative) and
ferromagnetic (y large and positive) materials. Additionally, the magnetic field
dependence of M is also distinctive depending on the magnetic nature of the material.
While for ferromagnets the magnetic saturation state may be reached at reasonable
small magnetic fields, a linear dependence of the magnetization with magnetic field
exists for paramagnets and diamagnets (see Figure 3 (a) and (b)). This differentiation
between ferromagnets, with saturation of the magnetization, and paramagnets-
diamagnets, without actual saturation reached in the magnetization, justifies why, when
defining the dielectric tensor, the off diagonal components of paramagnets and
diamagnets are proportional to the applied magnetic field while those of ferromagnets
are proportional to the magnetization. Along with this magnetic classification, the MO
constants of ferromagnets happen to be also orders of magnitude larger than those of
paramagnetic and diamagnetic materials.

Now, for the specific case of interest of this review, focused on plasmonics, it is
necessary to understand the physical origin and magnitude of the MO response of noble
metals (the generic plasmonic ones), which actually have a diamagnetic nature, as well
as of ferromagnets. In the first case, the optical properties of noble metals are
determined in an extended spectral range by the conduction electrons and thus
reasonably well described by the Drude model. Therefore their MO constant can be

expressed as:[®%?
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where t is the electrons relaxation time; «y, is the plasma frequency, o, :a/NeZ/gOm* ;

and a is the cyclotron frequency, @, =eH/m" Here, e corresponds to the electron

charge, N to the electronic density, H is the applied magnetic field and m* the electron
reduced mass. As it can be easily calculated, for noble metals and for not extremely
high magnetic fields, @ happens to be much smaller than @, and as a natural
consequence their resulting MO constants are very small.lP3¢4656€1 A 4 reference,
Figure 3 (d) shows the calculated MO constants for Au in the visible under an applied
magnetic field of 1 T.

On the other hand, for ferromagnetic metals, the spin-orbit coupling, exchange
interaction and the specific band structure of the material determine their MO activity,
which happens to be much larger than those of noble metals.’’”®8 This is shown in
Figure 3 (c), where the spectral dependence in the visible range of the MO constants for
Co is also presented. As it can be seen, the values for Co are roughly three orders of
magnitude larger than those for Au in the whole spectral range.

But the MO activity is only one of the factors determining the properties of interest in
magnetoplasmonic systems. Obviously the optical properties constitute the other factor,
and especially the optical losses, which in the end determine the quality of the
plasmonic response. In this case, as it is well known, noble metals are characterized for
their lower losses and sustain very well defined plasmonic resonances, compared for
example to ferromagnetic metals, which usually exhibit large losses and very broad
plasmon resonances in the visible range. This is illustrated in Figure 3 (e) and (f) for

both propagating and localized plasmon resonances, where the calculated SPP



propagation distance’®*] and extinction cross section of nanometer-sized metallic
particles® are plotted (for these calculations, the optical constants for Au and Ag were
taken from Ref. [69], and those for ferromagnetic metals from Ref. [70]). As it can be
seen, the SPP propagation distance is much larger for noble than for ferromagnetic
metals and the LSP resonances are narrower because of the optical losses of the last
ones.

Therefore, summarizing all these previous concepts in a few words, when dealing only
with noble metals, they constitute excellent plasmonic systems with very small MO
effects. On the other hand, ferromagnetic metals are paradigmatic in terms of their
sizeable MO effects but lack of competitive plasmonic properties. The initial ansatz
then is that an optimum combination of both MO and plasmonic characteristics can be
obtained by mixing ferromagnets and noble metals. The ferromagnet endorses the MO
activity to the system, whereas the noble metal allows SP excitation with low optical
losses. Actually, this approach has been followed up by a number of different groups
using either metallic or dielectric ferromagnetic materials. In these novel structures,
commonly denoted as magnetoplasmonic systems, magnetic and plasmonic properties
are intertwined, allowing for example plasmonic properties to become tunable upon the
application of a magnetic field (active plasmonics),” or the MO effects to be largely
increased by plasmon resonance excitation, as a consequence of the enhancement of the
EM field in the MO active component of the structure.™ In this last case, the study of
the enhanced MO activity in structures with subwavelength dimensions is especially
interesting since they may be viewed as nanoantennas in the visible range with MO
functionalities. The light harvesting properties of these systems upon plasmon
resonance excitation bring as a consequence an enhanced EM field in its interior, and in

particular in the region where the MO active component is present. Moreover,



magnetoplasmonic systems have opened new routes for the development of higher
performance gas and biosensing platforms®® 727371 as well as the exploitation of non-
reciprocal effects in devices with potential applications in the telecommunications
area.l™

With all this in mind, in this review we will mainly focus on the intertwined effects that
plasmonics and magneto-optics offer from the fundamental and applied viewpoints. We
will make special emphasis on the enhancement of the MO activity of the structures due
to plasmon excitation, considering the interest of these systems for the search of
materials with strong MO activity, and on the magnetic field control of the plasmon
properties thanks to the presence of a ferromagnetic component that are relevant for the
obtention of active plasmonic configurations. Additionally, there are in the literature a
number of relevant works dealing with exciting phenomena that are not directly related
to those described before, but which are as well associated with nanostructures where
plasmonic and magnetic features coexist, and which also make use of the
“magnetoplasmonics” term. These studies will be also briefly described in a specific
section as they constitute, together with the results presented in the rest of the review, a
global vision on the phenomenology associated to systems which share magnetic and
plasmonic functionalities.

Therefore, the present manuscript is organized as follows: in section 2 we will detail the
effects that plasmon excitation (either localized or propagating) have on the MO activity
of different kinds of structures. Section 3 will be devoted to review the works focused
on the magnetic field effects on the plasmon properties of different kinds of systems.
We will complete this work in section 4 with some examples of actual and potential
applications of the described phenomena. The variety of studies considering systems

with independent magnetic and plasmonic properties will be briefly put forward in
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section 5. Finally in section 6 we will present our conclusions and the perspectives that,

we believe, this whole phenomenology offers for the next years.

2. Plasmon resonance effects on the MO activity
The MO activity of a system is the result of the combined effects of the pure optical and
MO properties of the global structure. For example, as it can be seen in Figure 2, the

complex Kerr rotation, ¢, in polar configuration is defined as:

¢:49+igo:rps/rpp. (5)

Therefore, both an increase in rys (polarization conversion or pure MO contribution) or a
reduction in ryp (pure optical contribution) are mechanisms to enhance the MO activity,
and the excitation of plasmon resonances is a very effective way to affect both the pure
optical and pure MO parameters as we will show in what follows.

Regarding the pure MO contribution, let us consider the case of a nanostructure (either
continuous thin film or nanoparticle) with a very thin layer of MO material of thickness

d. In this system, the MO polarization conversion, rys, can be expressed as:!*8767778.7

oc<EpEs>d|8mo|, (6)

where <EpES> is the mean value of the product of both components of the field inside

the MO layer, normalized to the incoming intensity, and &y, its MO constant. As it can
be seen, the polarization conversion or pure MO contribution is directly proportional,

among other factors, to the EM field inside the MO material. Being EM field
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enhancement one of the main properties of plasmon resonances excitation, it can be
readily concluded that they can induce an increase in the MO activity.

On the other hand, the excitation of plasmon resonances usually induce minima in the
magnitudes corresponding to the pure optical contribution as for example is the case in
the excitation of SPPs using a Kretschmann (or attenuated total internal reflection,
ATR) configuration, where a minimum in the reflectivity is the signature of plasmon
excitation. In this specific case, the minimum value of the pure optical contribution, rp,,
has as a direct consequence a maximum in the Kerr rotation.

Therefore, it is possible to devise a system which exhibits an enhanced MO activity
either by largely concentrating the EM field at the MO active layer (pure MO effect), or
by reducing the reflectivity of the system (pure optical effect), or very often by the
combination of both. In what follows, we will detail the above described
phenomenology in systems sustaining both localized and propagating surface plasmons,
discussing which effect prevails in each situation. In particular, for LSPs, where strong
nanoantenna effects (enhancement of the EM field) take place, the influence of the MO
part is more important, while for SPPs the optical part dominates as usually the

propagating plasmon excitation gives rise to a reflectivity reduction.

2.1. Systems with localized surface plasmons

Back in 1987, Hui and Stroud already predicted large Faraday coefficients in
suspensions of small Faraday-active nanoparticles embedded in a host at the surface
plasmon frequency of the particles,'® ! with a physical origin for this effect attributed
to the increased local field within or just outside the nanoparticle. Motivated by these
theoretical works, already in 1988 Yusuf et al. explored the MO activity of Fe;O4
magnetic particles diluted in a fluid finding a large enhancement around 500nm.!

They interpreted their results according to Hui and Stroud’s calculations, attributing the
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enhancement to the presence of a resonance in the small nanoparticles, even though this
resonance cannot be of plasmonic nature since Fe3O, is non-metallic.

In these first theoretical studies both the MO and the plasmonic properties were
endorsed by the same component, modeled by a Drude dielectric tensor. Subsequently,
the plasmon resonance effects on the MO activity of many different real materials have
been studied, including nanoparticles made exclusively from ferromagnetic (FM) metals
but with no purely plasmonic component, nanoparticles combining ferromagnets and
noble metals or, as an alternative to this last one, noble metal nanoparticles embedded or
on top of a ferromagnetic dielectric matrix. The main results for all these kinds of

systems are described in what follows according to this classification.

2.1.1. FM metal nanoparticles

The chronological and conceptual continuation of the pioneering works of Hui et al.
was realized by measuring Polar Kerr and Faraday rotation spectra in a number of
metal-dielectric granular films for different ferromagnetic metals such as Co-Fe or Co,
grown using deposition techniques such as sputtering and e-beam evaporation. 828384
These works have shown that the MO properties depend on the volume fraction of
ferromagnetic metal, and they also found singularities which have been related to
plasmon excitation in the granular films. More recently, a purely ferromagnetic system
studied in more detail and where the localized plasmon excitation effects on the MO
activity has been demonstrated consists of arrays of Ni nanowires obtained by
electrochemical infiltration of Ni inside the pores of anodized alumina
membranes.[®%81 As it can be seen in Figure 4 (a), and despite the fact that the
amount of Ni in the nanowires sample is only 17% of that of a continuous film, the
observed Kerr rotation around 3.2 eV is very similar for both cases, whereas in the

infrared region the Kerr rotation is basically proportional to the amount of Ni. This
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behaviour has been attributed to the excitation of LSP resonances in the Ni nanowires.
This excitation induces an enhancement of the EM field inside the nanowires that gives
rise to an increase in the polarization conversion ratio rps in the spectral region where
the LSP resonance peak appears. By analyzing the dependence of the MO activity on
the Ni wires diameter, and taking also into account the effect of variations of the matrix
refractive index, it was concluded that the excitation of LSPs in the Ni wires was
affecting the MO response. To illustrate this, Figure 4 (b) shows calculated results of
the effect that the different components that appear in the MO activity have on the
overall MO response of the nanowire system. We first show the modulus of the wires
MO activity (Kerr complex rotation in particular) normalized to that of a continuous
film for three different wire diameters with the same amount of Ni. As it can be
observed, and despite the fact that the amount of Ni in the nanowires samples is about
1/6" of that of a continuous film with equivalent thickness, the magnitude of the MO
activity is comparable to that of the continuous film with a peak whose spectral position
varies with the wires diameter in the same way that the LSP of a metallic wire, that is,
the peak is red-shifted for larger diameters.®® Moreover, taking into account the
spectral shape of the nanowires reflectivity coefficients rps and rp, normalized to the
values for a continuous film, it can be concluded that rps is in this case the main
responsible of the observed enhancement in the LSP region, while ry, gives an almost
wavelength independent contribution.

Like in the nanowires case, Ni nanodisks also exhibit LSP resonance effects on their
MO properties.®®®% In this last work, Ni nanodisks of different diameters have been
studied, which present a surface plasmon resonance excitation whose spectral position
depends on the disk size (see insets in Figure 5). Surprisingly, in this work it has been

shown that the sign of longitudinal Kerr rotation loops depends on whether they are
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taken at wavelengths higher or lower than the LSP resonance, as shown in Figure 5.
Due to the relationship between the Kerr rotation and the polarizability,®” this behavior
Is attributed to the fact that the real part of the particle polarizability changes its sign at
the LSP resonance, and this change of sign is transferred to the MO response. In a
simplified picture, this can be understood as follows: the electrons of the nanoparticle
oscillate in phase (out of phase) with the exciting electric field for energies below
(above) the resonance, and therefore the Lorentz force and as a consequence the MO
response change sign.

Additionally, introducing order in these kind of systems gives rise to so-called
magnetoplasmonic crystals, in which the effect of the associated lattice anomalies

(Wood, Rayleigh, ...) on the MO response has been recently analyzed.[gl]

2.1.2. Noble metal-FM nanoparticles

Localized surface plasmon related effects on the MO activity have also been reported
for nanosystems where both ferromagnetic and plasmonic components coexist, mainly
in noble metal-ferromagnetic nanoparticles and nanodisks. A first step was given in
2005 by Li et al., who studied the Faraday response of colloidal solutions of dumbbell—
like Ag-CoFe,O4 nanoparticles.®® They found a different Faraday response for
CoFe,04 nanoparticle and Ag-CoFe3;0,4 dimer solutions, and attributed this difference to
the plasmonic contribution of Ag nanoparticles. More recently, clear surface plasmon
resonance enhancement of the MO activity have been observed in Au/Co/Au
nanosandwiches obtained by colloidal lithography (Figure 6 (a) and (b)).** In this
work, the diameter of the nanodisk sandwiches was varied between 60 and 110 nm,
while maintaining the thickness of the metallic layers. The change of the nanodisk
aspect ratio is directly translated to the position of the LSP resonance, varying in the 2.2

eV region as can be seen in Figure 6 (a), with a red shift in the peak position as the
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diameter of the nanodisks increases. Similar red shift trend is observed in the features
present in the corresponding polar complex Kerr rotation spectra, in this case centered
around 1.9 eV (Figure 6 (b)). Theoretical calculations confirm and quantitatively
reproduce the experimentally observed results, being interpreted in terms of an
enhancement of the EM field in the nanodisk upon LSP resonance excitation. Similar
enhancement has also been reported for different types of noble metal-ferromagnetic
nanoparticle systems, such as colloidal gold-magnetite nanoparticle composite films®*
or gold coated maghemite nanoparticles (Figure 6 (c) and (d)).*>°¢ In this kind of noble
metal-ferromagnetic oxide systems, the spectral and spatial overlap of the LSP
resonance with electronic transitions involved in the MO spectral response may play a
relevant role. As it can be seen in Figure 6 (c) and (d), an enhanced Faraday rotation in
the spectral range where both plasmon resonance and intrinsic electronic transitions of
the ferromagnetic oxide coexist has been observed.® A correlation between the MO
activity and the excitation of plasmon resonances has also been recently observed in
core-shell Au-Ferrite nanowires.’’) Additionally, purely metallic systems like AgFe
alloy nanoparticles,'®® or core-shell Co-Ag nanoparticles have also been studied. In
this last work, Wang et al. clearly demonstrate, both theoretical and experimentally, the
direct relation between optical absorption and MO activity in their Co-Ag nanoparticles.
As it can be seen in Figure 6 (e) and (f) for different nanoparticle stoichiometries,
similar trends with composition are observed in both the absorbance and Faraday
rotation, with a strong maximum around 3.2 eV, and higher values of absorbance and
Faraday rotation for the particles with higher Ag concentration.

Once the plasmon resonance effects on the MO activity of these systems are generally
understood, different aspects that could influence this effect have been considered. For

example, Du et al. have studied size and shape effects on Au/CoPt/Au nanodisks
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obtained by physical methods,®°*1%! finding a large tuning ability of the MO
enhancement with the geometrical parameters of the plasmonic entities. Additionally, it
Is important to keep in mind that in these kinds of MO studies, experiments are usually
performed in ensembles of 10° — 10° nanodisks or nanoparticles, and if they are close
enough to each other, EM interaction effects may play a relevant role. This has been
analyzed by Demidenko et al., who have studied theoretically local-field effects in the
magnetoplasmonic response of nanodisks deposited on a dielectric substrate %]
confirming that both interparticle and particle-substrate interactions have to be taken
into account to describe the magneto-optical properties of the system.

Moreover, to obtain an enhancement in the MO activity in this kind of systems, it is not
really necessary that the MO material and the LSP sustaining component are in contact,
as far as the EM field associated to the resonant plasmonic entity reaches the MO
material. This has been demonstrated in structures consisting of an array of gold
nanodisks separated from a Au/Co/Au trilayer by a SiO, layer.'® The LSP sustained
by the Au nanodisks modifies the MO response of the continuous trilayer due to the
redistribution of the EM field in the whole structure. In fact, depending on the specific
spectral range, the EM field intensity inside the Co layer may be enhanced or even
reduced, and it has been indeed shown that the spectral dependence of the pure MO
component, rys, is strongly correlated to the EM field value inside the MO active layer.
Besides, in this structure both rp, and rps contribute similarly to the modification of the
MO response.

Interestingly enough, plasmon resonance effects are so strong that it has become
possible measuring a sizeable MO activity in diamagnetic Au nanostructures, 0151061
This effect can again be explained in terms of the particle polarizability, which diverges

at the resonance peak, thus maximizing the Lorentz force on the collective response of
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the electrons and therefore the MO response at the LSP position. Paying attention to the
spectral shape of the MO activity, in purely plasmonic systems is different from that of
noble metal-ferromagnetic systems. This is related to the predominance of the
imaginary part of the off-diagonal elements of the dielectric tensor in the magneto-
optical response for purely plasmonic systems, while on the metal-ferromagnetic case it
is dominated by the real part, as has been shown by studying the effect that the amount
of ferromagnetic metal in the systems has on the spectral dependence of the MO
effect.1"]

In all the works described so far, the main goal was the study of ways to enhance the
MO activity of the systems, qualitatively due to the enhanced EM field at the
nanostructure upon plasmon excitation. A more quantitative relationship was directly
shown by Wang et al.,®” who correlate the MO activity of their core-shell Co-Ag
nanoparticles with the amount of EM field (actually the electric field) within the Co
core of the nanoparticles as a function of the Co amount (Figure 7 (a)). Moreover, even
though all these structures have dimensions smaller than the wavelength corresponding
to plasmon excitation, the EM field distribution within these nanostructures does not
necessarily need to be homogeneous (see Figure 7 (b)). Actually, the direct relation of
the MO activity with the EM field intensity (see Eq. (6)) can be used to experimentally
determine the EM field distribution inside the resonant magnetoplasmonic
nanostructure. In this way, the MO active component can be used as an internal EM
field probe, for example by tuning the position of a Co layer within a Au nanodisk. In
Figure 7 (c) we show results from Meneses et al.,!"¥ who have demonstrated that it is
indeed possible to determine the internal distribution of the EM field inside Au/Co/Au
nanodisks by recording the dependence of the MO activity with the Co layer position.

They grew Au/Co/Au trilayered structures changing the position of the Co layer within
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the system, both in thin film and in nanodisk form. By evaluating the MO activity
versus Co position in both systems, it is clearly observable how it exhibits the usual
exponential decay in the case of a continuous film, while presenting maximum values at
the top and bottom interfaces in the case of the nanodisks. Theoretical calculations of
the EM field distribution for both cases have a very good quantitative agreement with
the experiments.

As mentioned before, the EM field distribution within a resonant nanodisk is not
homogeneous, and therefore ways to boost this redistribution, concentrating the EM
field in the MO active materials while simultaneously reducing it in the non MO active,
lossy ones is of obvious interest. Routes that allow engineering the EM field distribution
within a metallic nanostructure include for example the insertion of a dielectric layer,
giving rise to the appearance of multiple mode resonances that come along with a strong
redistribution of the EM field. This has previously been shown in gold-silica-gold
nanodisks, 198191191 \whose results can easily be explained according to the so called
plasmon hybridization model.™Y Regarding magnetoplasmonic structures, onion-like
nanoparticles have been studied by Abe et al.**23114] from a theoretical point of view,
showing that multiple mode resonances can also be observed in this kind of systems,
and predicting an enhancement of the MO activity associated to the excitation of
plasmon resonances. Recently, simultaneous large MO activity and low optical losses
have been found in Au/Co/Au — SiO nanodisk structures,™**! shown in Figure 8. In
these systems, fabricated by hole mask colloidal lithography,**” Banthi et al. compare
the optical extinction and MO activity of such structures when a 20 nm thick SiO; layer
is placed below and above the Co layer, as well as for a pure Au/Co/Au nanodisk
system. The insertion of the dielectric layer produces the splitting of the single

resonance into two modes, at low and high wavelengths, which manifests both in the
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optical as well as on the MO spectra. While the MO spectra for both metal-dielectric
systems are basically unaltered, with a shoulder in the spectral region corresponding to
the MO peak of the fully metallic structure, and a stronger peak at larger wavelengths
(see Figure 8 (c) and (d)), the extinction spectra strongly change depending on the
position of the SiO, layer (Figure 8 (a) and (b)). Actually, for the system with the
dielectric layer below the Co, the extinction spectrum has a similar shape than the MO
one, with a peak at high wavelengths and a shoulder at low wavelengths. However, if
the dielectric layer is placed above the Co, the intensity of the optical features reverses,
the low wavelength peak being now stronger that the high wavelength one. This can be
explained considering the EM field distribution for the two resonance wavelengths and
both dielectric layer positions (insets of Figure 8 (a) and (b)). As it can be observed, in
all cases the EM field concentrates in the metallic regions, being maximum in the pure
Au nanodisk layers (this determines the strength of the extinction peaks). Regarding the
EM field at the MO active component (the Co layer), it is similar for both positions of
the dielectric layer (explaining the similar MO activities). As a consequence, for the
configuration where the dielectric layer is placed above the Co one, it is possible to
simultaneously obtain a situation with high MO activity and low optical losses, namely
in the high wavelength region (Figure 8 (b) and (d)), with a figure of merit MO activity
versus optical losses much larger than that of the corresponding fully metallic

nanodisks.[***!

2.1.3. Noble metal nanoparticles and FM dielectric layers

An alternative to deal with systems where both plasmon resonances and MO activity
components have a nanoparticle-like nature is to fabricate structures where both
functionalities are provided by structurally different elements. We have previously

described the case of a Au nanodisk-Au/Co/Au thin film trilayer system,[® which
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needed a dielectric spacer between the nanodisks and the trilayer to preserve the strong
nanodisk plasmon resonances. However, a simpler structural scenario may be faced if
the MO component itself is dielectric in nature. In this line, a number of works study
systems where the plasmonic activity lies in noble metal nanoparticles, whereas the MO
part is provided by continuous layers or matrices of ferromagnetic materials which, to
maintain the localized nature of the noble metal nanoparticle plasmon, are dielectric.
Moreover, the low optical absorption that a ferromagnetic dielectric matrix in principle
exhibits is a potential advantage. In this sense, in 2006 Tomita et al.**® studied layers
of Au nanoparticles embedded in garnet matrices obtained by co-sputtering together
with thermal annealing. They observed a change in the sign of the Faraday rotation in
the spectral region of the LSP of the Au nanoparticles and attributed it to a possible
coupling between the MO Kerr effect of garnet and the LSP. Later, other groups studied
similar systems observing an increase of the Faraday rotation in the spectral region of
the LSP resonance.[!19120121122123.124] 04 axample, Figure 9 shows the case of Au
nanoparticles embedded in a garnet layer, where the nanoparticles were produced by
annealing of a very thin Au layer. As the annealing temperature increases, the shape of
the particles is better defined and the size distribution narrows, giving rise to a sharper
LSP resonance (Figure 9 (a)) and therefore to a stronger enhancement of the Faraday
signal (Figure 9 (b)). Moreover, a correlated blue-shift is observed in both optical and

MO magnitudes when the annealing temperature is increased.!*?%

2.2. Systems with propagating surface plasmons
The opportunity of MO activity enhancement by exploiting plasmon resonances was
already foreseen in the ’70s, short after the excitation of SPPs by means of ATR

configuration was proposed: Ferguson et al.l!?1%]

used this configuration
(Kretschmann geometry) to excite SPPs in thin ferromagnetic films (Fe or Ni) deposited
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on top of a glass prism and theoretically predicted an increase in the transversal MO
response of the system. Indeed, the enhancement in the MO activity introduced by the
excitation of SPPs in the transversal configuration is as high as to allow a comfortable
experimental determination of the minute MO constants of several noble metals.®
Since then, an ample number of systems, composed not only of continuous but also of
patterned thin films, have been explored for this purpose. In this last direction,
perforated continuous plasmonic films are known to present exciting phenomena related
with extraordinary transmission properties,™*?” and recently magnetoplasmonic systems
with this phenomenology have been also studied. In what follows we will describe the
main published works dealing both with systems exhibiting SPPs and extraordinary

transmission like properties.

2.2.1 Continuous layers

During the late nineties and the beginning of this century, Safarov, Hermann and
coworkers pioneered investigations involving noble metal-ferromagnetic metal
multilayered systems,'"'8" with SPPs excited using the mentioned ATR geometry
(see sketch in Figure 10 (a)). These works analyzed the effect of SPP excitation on the
MO response in Au-Co multilayered systems using different magnetic configurations
(polar, transversal and longitudinal Kerr configurations). They reported an enhancement
of the MO response due to SPP excitation and a strong relationship between MO
activity and EM distribution inside the Co layer.

In ATR geometry, the plasmon excitation brings as a consequence a resonance shape of
the angular dependent reflectivity, with a minimum at a specific incidence angle. This is
in contrast with the case when no SPP is excited, where the reflectivity angular
dependence is featureless (see Figure 10 (b)). The same behavior is observed for the

MO signal, with a strong increase when the SPP is excited (Figure 10 (c)). In fact, the

22



main reason for the observed MO activity enhancement is the reduction of the
reflectivity, even though the MO component is also incremented, due to the
enhancement of the EM field inside the MO active layer. This last aspect is shown in
Figure 10 (d), where an angle independent exponential decay is observed in the EM
field in the absence of SPP excitation, while a strong increase of the EM field at the MO
active layer is observed for specific incident angles under SPP excitation. In the
particular case of transversal geometry, an important contribution to the MO activity
comes from the magnetic field wavevector modulation of the SPP. This modulation will
be discussed in detail in section 3.

Other groups have considered the analysis of these systems from a theoretical point of
view, 128129130771 showing that the optimum structures to maximize the MO response
depend on the specific measurement configuration (either polar, transversal, etc...). For
example, Bonod et al.""! have shown how in transversal configuration the optimization
is achieved by optimizing the plasmon excitation, whereas in longitudinal or polar
configurations, optimizing the magnetic layer may be better.

More recently, a deeper analysis of this kind of systems has been carried out, focused
mainly in the transversal configuration, where the plasmon excitation,™! the
dependence on the ferromagnetic layer thickness™*? and its position within the
layer, 1313478 the nature of the plasmonic material **>**®! the crystalline and interface
quality,™” have been studied in a series of noble metal/ferromagnetic/noble metal
trilayer structures or nanocomposite!****% thin films. For example, Figure 11 shows
how both the reflectivity (which is related to the SPP excitation quality) and the purely
MO component, 4Ry, here, can be optimized by appropriate choice of the layer
thicknesses to obtain the desired MO enhancement. The optimization of each

component is obtained with different thicknesses, and a compromise has to be
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established depending on which magnitude, R, ARp, or 4AR,/R, we are interested in
maximizing.[’®

In the preceding paragraphs, we have presented works in which Kretschmann geometry
is used to excite SPPs, but this can also be achieved by the use of periodic systems such
as gratings. Following this approach, Newman et al.?*® and Grunnin et al.**"! have
studied the effect of such excitation in Ni and Co gratings as well as Ni gratings covered
by Ag thin films, and Clavero et al.**? analyze Au/Co/Au gratings, finding an
enhancement of the MO activity correlated with the increase of the EM field associated
to the presence of SPPs in the system.

As previously mentioned, the use of MO materials of dielectric character offers the
advantage over ferromagnetic metals of the lower optical absorption, which makes
continuous films systems composed of noble metal layers and MO dielectric layers very
interesting. In this sense, a preliminary experiment on the influence of surface plasmons
on the Faraday effect in bismuth-containing iron garnet (Bi-1G) films coated with a thin
film of Au was presented by Bremer et al. in ATR geometry.'**! On the other hand,
Kochergin et al.'*4 detected an enhancement in the longitudinal MO signal associated
with the propagation of a SPP for a Bi-1G grating coated with a Ag/Au multilayer, and
subsequently proposed the use of SPP excitation as a tool for resolution increasing in
MO imaging of films.[*!

Finally, mention that the strong concentration of EM field generated by the SPP
excitation has effects not only on the linear component of the MO effects, but also on
the MO second-harmonic generation, as demonstrated by Newman et al. for Ni

gratings,'**®! by Pavlov et al. in ultrathin Au/Co/Au multilayers,™*" and more recently

by Valev et al. in chiral Ni nanostructures.[**®!
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2.2.2 Perforated continuous layers and extraordinary transmission effects

An alternative route to excite surface plasmons in continuous films is to fabricate arrays
of holes in them, obtaining nanoperforated structures which are also called plasmonic
crystals.***! This kind of systems is nowadays object of intense investigation, since they
may present extraordinary optical transmission properties.'”! Regarding the specific
scope of this review, even though not in transmission but in reflection, the effect of SPP
excitation on the MO activity has been reported in hexagonal arrays of subwavelength
holes in optically thin cobalt,*>**%! jron,[1521533% and nickel membranes,****% as well

as in nanocorrugated films,[156:157:158.159.160.161,162]

The excitation of propagating
plasmons due to the extra momentum provided by the underlying periodic structure
gives rise to clear signatures in the reflectivity of the samples, in a similar fashion as in
the ATR configuration. This plasmon excitation influences the MO response, leading to
an enhancement. This is clearly seen in Figure 12, where results for a perforated iron
membrane with hexagonal symmetry are presented. Figure 12 (a) shows a sketch and
SEM image of such membrane, with indication of the membrane lattice parameters.
Then, in Figure 12 (b) the correlation between the reflectivity minima and the maxima
in the polar Kerr rotation at normal incidence is presented, highlighting the importance
of the optical component in the increase of the MO activity. Figure 12 (c) presents the
effect on the TMOKE signal. Here, both the angle of incidence and the sample
azimuthal angle are varied to show that the spectral location of the enhancement follows
the SPP lattice band structure. This kind of systems may also sustain localized surface
plasmons in the holes, which can also influence the MO response, as is discussed in
Ref. [154].

More directly dealing with extraordinary transmission kind of systems and phenomena,

the effect that a magnetic field has on the optical transmission through nanostructured
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conducting films was first analyzed by Strelniker and Bergman!*®*'%*! for a Drude-like
metal in the presence of a magnetic field applied in the plane of the sample. They found
that the frequency of the extraordinary transmission peaks depends on both the
magnitude and direction of the applied magnetic field. Also, the tuning of the
extraordinary optical transmission through subwavelength hole arrays in Ag films by an
external magnetic field has been calculated.™®! Obviously, as no ferromagnetic material
is present in these structures, the predicted effects are very small unless very large
magnetic fields (tens of Tesla) are applied.

On the other hand, regarding noble metal-garnet systems, Belotelov et al. analyzed the
effect that the extraordinary transmission has on the Faraday and Kerr effects of
nanostructured Au thin films deposited on top of a garnet layer, both in 2D™*® and 1D
perforated systems*®”%82] taking into account all the different MO configurations:
polar,™® Jongitudinal*®” and transversal.*®®?" Large enhancements of the MO effect
were predicted at the transmission peaks, as shown in Figure 13 (a) and (b). In
particular, Figure 13 (a) corresponds to the calculated wavelength dependence of the
transmittance and the Faraday rotation for a perforated Au film deposited on top of a
magnetic dielectric Bi-IG film of a specific thickness (h = 118 nm) in polar
configuration. A correlation between a transmission resonance and a maximum in the
Faraday rotation for wavelength 963 nm is clearly observed. Figure 13 (b) presents the
evolution of both the transmittance and the Faraday rotation with the thickness of the
magnetic dielectric film h at this wavelength, showing that the maximum enhancement
of Faraday rotation takes place at h = 118 nm. Moreover, this graph also indicates that
transmission resonances and enhanced Faraday rotation are not fully correlated, as an
effective TM (p-polarized)-TE (s-polarized) polarization conversion also requires that

the edges of the photonic bandgaps for both TE and TM modes coincide, which is only
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achieved for appropriate values of h.'®! Wurtz et al. experimentally analyzed a similar
type of system,!*®! and Figure 13 (c) shows the effect of a perpendicularly applied
magnetic field on the cross-polarized intensity transmitted through a perforated
Au/garnet structure. As it can be seen, the polarization rotation increases with the
magnetic field intensity at the crystal band edges. Finally, mention that Khanikaev et
al.”®! have also predicted large Faraday rotations at frequencies near extraordinary
optical transmission in perforated optically thick metallic films with holes filled with a
MO active material.

To summarize all this section, the effect of plasmon resonance excitation on the MO
activity of magnetoplasmonic system has been clearly demonstrated in multiple
systems. In general, since the MO activity depends both on the magneto-optic and
optical contributions, either one of them, or even both, may affect the overall result. For
example, we have shown cases where the optical part dominates the global MO activity
(SPP excitation in ATR configuration), and situations where both contributions are of
similar importance (systems with LSPs in close proximity to MO active layers).
Besides, the direct relation between the pure MO component and the EM field intensity
in the MO active layer has been established.

Finally, we would like to point out that the increase in the magneto-optical effect due to
plasmon excitation can have an interesting derivative in the so-called inverse Faraday
effect, which consists on the generation of a permanent magnetic field induced by
incident circularly polarized light.*"®*™ The intensity of this effect is very small, and
so far it has been demonstrated by using high power femtosecond lasers.'">*®! Some
recent theoretical results show that the EM field enhancement associated with

plasmonic resonances could help increasing this effect. /1731741751761
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3. Magnetic field effects on the plasmonic properties

The effects of an external magnetic field on plasmon resonances may be observed both
in systems presenting localized and propagating surface plasmons. In the first case, and
for metals whose optical and MO properties are well described by a Drude model with
low optical losses, a splitting of the plasmon resonance under very large magnetic fields
has been predicted in polar configuration and under circularly polarized light
illumination!*’" (see sketch in Figure 14). However, these effects are extremely small
to be realistically observed in an actual system. Much clearer effects have been
predicted and observed in systems exhibiting propagating plasmons, which will be
exposed in this section.

The theory of the effect of a magnetic field on a surface plasmon polariton (SPP) was
developed in the early seventies, together with the formalism to explain the propagation
of these surface waves in different kinds of materials, including anisotropic ones.
Initially, the work was focused on degenerate semiconductors, such as n-type InSb. For
these materials the plasma frequency is comparable to the cyclotron frequency at
magnetic fields of the order of a few Tesla, and therefore the MO constants can be
varied from zero to values comparable to those of the optical ones (see Eq. (4)) and the
magnetic field induced effects are quite strong. In these works,123178179.180.1811 4|
possible magnetic configurations were analyzed for the most basic geometry of an
interface between two semi-infinite media. These studies already contain the main
phenomenology regarding magnetic field induced effects in SPP waves. In particular,
when the magnetic field is applied either perpendicular to the surface or parallel to the
SPP wavevector (polar and longitudinal configurations), it induces a TE component in

the initially pure TM surface wave, and introduces a term quadratic with the magnetic

term IT (see Eq.(1)) in the SPP dispersion relation, as it can be seen in Figure 14. On the
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other hand, a magnetic field applied in the interface plane and perpendicular to the SPP
wavevector (transversal or Voigt configuration) induces a term linear with ITin the SPP
dispersion relation, and it does not produce any modification of the TM character of the

surface wave. In this last case, the SPP wavevector, ks, can be expressed as:

k,, (IT) = kS + Ak, (IT), (7)

Sp

with kfp being the SPP wavevector of the single interface’®"! without applied magnetic

field and Aks, being the magnetic field induced modulation of the surface plasmon
wavevector. For an interface composed of a non-magnetic dielectric material of
dielectric constant ¢4 and a magnetic metal of diagonal dielectric constant &, and MO

component emo, this SPP wavevector modulation can be expressed as:

—kO I o2
Ak = Kafm Kofylng ®)

- /
! E4E,, (1—8%‘] (& +&n )32(8d —&,)

&y

where ko is the light wavevector in vacuum. In later years, the case of Ni and
degenerate semiconductors thin films embedded between two semi-infinite
dielectrics[*83184.185.186.187.188.189] 5 ayen multilayersi*®® was also analyzed, showing
similar behaviour.

Recently, with the push of plasmonics, there has been a renewed interest of the effect of
the magnetic field on SPPs, now focused on SPPs supported by metals. For these
systems, the most attractive configuration is that with the magnetic field applied parallel

to the interface and perpendicular to the SPP wavevector, where the TM nature of the
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plasmon is preserved, the SPP wavevector is modified and a magnetic field induced
non-reciprocity effect appears (w(k)#w(-k)), an effect that will be specifically discussed
later in this section.

The wavevector modification in pure ferromagnetic layers and in a single interface case
has been studied using two gratings to induce the light-SPP conversion and
viceversa.l'®y] However, the strong optical losses associated with the ferromagnetic
metals and the resulting short propagating distance of the surface plasmons makes these
materials not interesting from an applied point of view. To overcome this limitation,
again the combination of noble metal and ferromagnetic layers allows facing this
problem, and for example Au/Co/Au structures have been studied. Temnov et al. have
explored the wavevector modulation using plasmonic microinterferometers, as shown in
Figure 15.57 Here, a few nanometers thick Co layer is located at different positions
with respect to the surface of an optically opaque Au film. It has been demonstrated
that, in this configuration, the magnetic field introduces a perturbation on the SPP
wavevector due to the presence of this thin Co layer. For this particular case, Aks, takes

the form:

2 s mo
Aksp (M ) = 2h1 (ko &y gA;) . 1&c, e—thzAu , (9)
(gd tén )(gd —En ) Eco

where h; is the Co layer thickness; ¢a, the dielectric constant of Au; &4 the dielectric

constant of the interface dielectric medium; ec, and &y represent the optical and MO
constants of Co, respectively; k™ is related to the SPP field penetration in the metallic

layer; and h corresponds to the depth of the Co layer inside the Au film.
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This equation can also be expressed in the following way to explicitly show the
dependence of the wavevector modulation with the SPP EM field intensity inside the

2
FM layer, ‘Hyc" .192]

K J— + iem
Aksp ~ h1 OgdgAu (gd gAu) Ich | H;:O |2 ) (10)

&~ Eny Eco
As it can be seen in these equations, there are three ways of controlling the wavevector
modulation: by tuning the Co layer thickness (more Co material provides more
modulation); by tuning its position within the noble metal layer (being the SPP an
evanescent wave, the amount of EM field inside the Co layer and therefore the
modulation exponentially increase as we approach the Co layer to the surface, see
Figure 15 (f)); and by modifying the dielectric material on top of the metal layer™
(conversely to the previous situation, in this case the change of dielectric material
induces a EM field redistribution which may lead to an increased value in the Co layer,
as it is shown in Figure 15 (g)). Indeed, similarly to what was shown in the MO
enhancement section regarding LSP resonances, where the FM layer could be used as a
probe to determine the EM field distribution inside the metallic structure by determining
the evolution of the MO activity, the analysis of the wavevector modulation can also be
applied in this way.

Additionally, we can exploit the wavelength dependence of the optical and MO
constants of the different materials involved and explore the spectral ranges with higher
modulation. In this kind of noble metal/ferromagnetic metal multilayer systems, the

wavelength dependence of the SPP wavevector modulation is dominated by the spectral

dependence of the SPP electromagnetic field inside the FM layer (associated to the
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noble metal optical constants) rather than by the wavelength evolution of the MO
constant.'*4

On the other hand, the analysis of metallic thin films surrounded by two dielectric
materials has been faced using ATR geometry for noble metal/ferromagnetic
metal/noble metal multilayers.[*37813:1361371 |y these systems, comparing the angular
derivative of the reflectance with the angular shape of the transversal MO signal, the
value of the wavevector modulation can be determined (see Figure 16 (a)).*?
Actually, the similitude between both curves indicates that the origin of the strong
transversal MO Kerr signal under SPP excitation is due to the modification of the SPP
wavevector under an applied magnetic field and the subsequent modification of the
optimum angle for SPP coupling. These works have analyzed the influence that the
nature of the plasmonic material,**** the amount and position of ferromagnetic
material,*2"® and the structural quality of the multilayer interfaces™™*” have on the
wavevector modulation. Roughly speaking, the effect of the amount and position of the
FM layer is similar to what has been described in the single interface case. On the other
hand, the role of the noble metal is directly affecting the optical constants present in the
wavevector modulation expression (Eg. (9)), which have a different spectral dependence
for each plasmonic material. Most importantly, it has been shown for purely plasmonic
systems that the surface and interface quality of the metallic structure play a relevant
role. 194195191 For magnetoplasmonic multilayers, the interface sharpness between the
noble metal and the ferromagnet greatly affects the optical and MO constants of the
system, which in the end determine the magnetic modulation of the wavevector (see
Figure 16 (b)):"*"! rough noble metal-ferromagnetic metal interfaces may be visualized
as effective media with reduced MO constants, whereas ultraflat interfaces make it

possible to preserve the FM metal MO constants intact.
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The previously described systems only support plasmons of propagating nature. In more
complex structures, such as the plasmonic crystals, modes of different character,
localized and propagating, may coexist. In this case, the magnetic field dependence of
the surface plasmons wavevector can be modified by the interaction between the modes.
This effect has been analyzed by Torrado et al.’®”! in a system consisting of a
continuous Au/Co/Au trilayer separated of an array of Au nanodisks by a SiO, spacer
(see sketch in Figure 17). In this system, the SPP of the trilayer coexists with the LSP
of the nanodisks, the former being excited by the grating effect of the array. The
coupling between the SPP and the LSP can be controlled by changing the light angle of
incidence.[*%%! |n the region of strong coupling between the localized and propagating
modes, the magnetic field dependence of the wavevector of the propagating surface
plasmon is reduced, due to the partial loss of propagating character of the SPP induced
by the strong coupling with the LSP modes. In the same way, the LSP, typically without
modulation capabilities, is now modulated by the magnetic field, again by its mixed
character with the SPP counterpart (see Figure 17 (a) and (b)).

The magnetic field dependence of the SPP wavevector has also been studied in noble
metal-MO dielectric systems.[*® Analyzing the MO response of a one dimensional Au
grating deposited on top of a Bi-IG film, Belotelov et al. have shown an enhancement of
the TMOKE signal, which they unambiguously associate with the MO modulation of
the SPP wave vector localized at the gold-garnet interface. This can be seen in Figure
18 (a) and (b), where the transmission through the structure presents different minima
related with the excitation of SPPs on the system, and the MO signal shows maxima
associated with these minima. They claim that this relationship between wavevector
modulation and MO enhancement could be used as a tool to determine the SPP nature

of the modes supported by complex structures. This is also shown in Figure 18 (a) and
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(b), where the maxima in transmission related with a Fabry-Perot resonance (hole cavity
modes) do not have any associated feature in the transversal MO signal. Moreover, they
show a clear example (see Figure 18 (c)) of magnetic field induced non-reciprocal
effects in SPP propagation: under an applied magnetic field, SPPs of the same
frequency but propagating in opposite directions have different wavevectors. This is
reflected in an inversion of the peak sign associated with the SPP when reversing the
angle of incidence and therefore reversing the SPP propagation direction.

Non-reciprocity in SPP propagation is indeed one of the most appealing effects that the
magnetic field introduces, both from a fundamental point of view and for applications.
Examples of applications based on SPP non-reciprocity will be discussed in detail in the
next section. Regarding the fundamental concept, the better known example of non-
reciprocity, which is indeed a consequence of the axial nature of the magnetic field, is
the Faraday effect in bulk materials, where the wavevector of circularly polarized light
propagating in the same direction as the applied magnetic field depends on the
propagation sense. The same situation can be found in different kinds of surface
waves,?2%2% and in particular in surface plasmon polaritons. As it has been shown
above, and only for the case of magnetic fields applied parallel to the interface but

perpendicular to the SPP propagation, the SPP wavevector for a given frequency has a

linear term that depends on the magnetic field or the magnetization: ki =ks°p +Akg,.
Let’s assume that the SPP propagates in the x positive direction (+ks°p), and we apply a
magnetic field along +y axis such that Ak, is positive; then, ks, increases. If the SPP
propagates in the negative direction, —kfp, but the applied magnetic field is not
modified, the resulting ks, will be reduced, as Aks, keeps its sign (see the sketch shown

in Figure 19). Therefore, for a given frequency, the wavevector of an SPP propagating
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in one way is different from that of a counter-propagating SPP under an applied
magnetic field. In terms of the dispersion relation, this means that it becomes
asymmetric, i.e., (k) # o(-K).

This simple picture is valid for single interface, but it can be strongly modified in the
case of interacting multiple interfaces, such as thin metallic films surrounded by
dielectrics. For example, for a thick MO metallic film surrounded by two dielectrics, a
SPP is supported in the upper interface and another one in the lower interface. For an
applied magnetic field that increases the wavevector of the upper SPP, the effect on the
lower SPP would be the opposite (rotate sketch 1 in Figure 19 around y axis).["™ For
interacting SPPs, the wavevector modification induced by the applied magnetic field is
therefore reduced. In particular, for the symmetric case of thin films embedded in a
dielectric, Ak, is zero and the dispersion relation becomes reciprocal. This problem has
been treated in more detail by several authors.!*82027%]

Non-reciprocity effects in more complex systems have also been analyzed, such as
dielectric layers embedded in thin metallic films,*®! media that combine both
gyroelectric and gyromagnetic effects,”™¥ interfaces composed of one gyromagnetic
media and another media with negative refractive index,’?® or plasmonic crystals
exhibiting extraordinary transmission properties embedded in MO dielectric
materials.!”® Finally, other non-reciprocity effects have also been observed in the

scattering of SPPs by magnetic nanoparticles.’”!

4. Applications

As mentioned in the introduction, the fields of applications of magnetoplasmonic
structures lie in the domains of sensing and telecommunication devices. Here we will
account for the main demonstrations achieved so far in both fields combining magnetic
and plasmonic functionalities in an intertwined fashion.
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4.1. Sensing

Surface plasmon resonance (SPR) platforms are currently of common use in gas and
biosensing applications. They are basically refractive index change sensors that rely on
the sensitivity of the SPP wavevector to changes in the dielectric environment, thanks to
the evanescent nature of this mode.™®! For this application, a Au layer is attached to a
prism to conform an ATR configuration and the reflectivity curve (or the intensity at a
specific point of this curve) is recorded as a function of the dielectric environment
changes. Recently, magnetoplasmonic systems have been proposed as alternative
transducers to the Au layers in these well established SPR sensors. These systems,
denoted magneto-optical SPR (MOSPR) sensors, employ the transversal MO Kerr
signal as the sensing magnitude instead of the reflectivity intensity (see Figure 20 (a)
and (b)). This approach was first proposed by Septlveda et al.”®! using Co/Au layers
and finding a threefold enhancement in the limit of detection with respect to standard
SPR sensing platforms (Figure 20 (c)). Later, similar structures, both with Au/Co/Au
and Au/Fe/Au trilayers, have been used to show their suitability in biosensing
applications.l”®7420821 |y these works, a careful analysis of the optimum multilayer
structure to maximize the system sensitivity is performed, finding that a trade-off in MO
response and optical absorption (this last determines the width of the plasmon
resonance) is fundamental to achieve the optimum result. An alternative
functionalization of the surface of the transducer, for example with highly porous,
columnar TiO, also opens new routes in gas sensing.t’?

Although not as extended as the ones based on propagating plasmons, LSPs based
sensors are receiving an increasing attention. Very recently, Bonanni et al.®® proposed
the use of Ni nanodisks as good candidates for the development of biosensing devices.

This work points out the advantages of this system where the inverse of the MO rotation
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would be taken as the detection signal: the sensitivity to refractive index changes is
similar to that of the absorption peak position in Au nanoparticles, but with an improved

figure of merit (shift divided by FWHM of resonance).

4.2. Nanophotonic devices: Integrated optical isolators and modulators

As mentioned before, under a magnetic field in transversal configuration, SPP
propagation is non-reciprocal, i.e., the wavevector propagating in one direction is
different from that propagating in the other (w(k)#w(-k)). Non-reciprocity of SPPs
offers an interesting way to design integrated optical isolators, elements that are likely
to be highly demanded in the context of nanophotonic circuitry, and some proposals,
most of them theoretical but also some experimental demonstrations, have been put
forward.

Starting with the theoretical schemes, Septlveda et al..’”™ made a general study of the
effect of the magnetic field in the long-range SPP of a thin Au layer surrounded by
garnet films (or only one garnet film and one passive dielectric) and discussed the
applicability of this system to develop an optical isolator in a Mach-Zehnder

interferometer configuration. Similarly, Khurgint?*%!

offers an analysis of the
propagation of SPPs in a noble metal (Ag)/garnet interface and in a Ag thin film
surrounded by passive dielectric on one side and garnet on the other, and he proposes
the development of an optical isolator in a Mach-Zehnder configuration with one active
arm and one passive one. Yu et al. [ suggest a different approach by coupling a Au
film that sustains SPPs with a semi-infinite photonic crystal in such a way than when a
magnetic field is applied the “forward”-SPP can propagate but the “backwards”-SPP
cannot propagate because it is in the gap of the photonic crystal. Although the idea

behind this proposal is quite attractive, a practical realization dealing with pure Au films

does not seem feasible because of the tiny MO response of Au, as already discussed in
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this review. The introduction of MO active photonic crystals®®**! or magnetoplasmonic
multilayers in this kind of system could provide enough magnetic-field wavevector

modulation to make the effect realistic. Finally, Montoya et al.[**?

propose the coupling
of a dielectric waveguide mode (InP/InGaAsP/InP) with a SPP sustained in a pure
ferromagnetic metal (Fe)/air interface. When a magnetic field is applied, coupling exists
for the backward-propagating mode but not for the forward-propagating one. As a
consequence, only the forward propagating wave is efficiently transmitted through the
waveguide, as the backwards one is finally absorbed in the ferromagnetic metal. An
important advantage of this scheme is that it contains no garnets, which so far pose
important problems in terms of fabrication and integration, as garnet deposition is not
easily compatible with the fabrication techniques usual in integrated silicon photonics.
From the experimental point of view, there is one demonstration carried out by Van
Parys et al.l??4 and also based on the coupling of a dielectric waveguide
(AlGalnAs/InP in this case, with amplification included) with an SPP supported by a
CosoFesp alloy cladding located on top of the waveguide (see Figure 21 (a)). They
demonstrate a TM-mode AlGalnAs/InP amplifying optical waveguide isolator with an
experimental isolation ratio of 99 dB/cm. An analogous proposal but for TE-mode
waveguides can be found in the work of Shimizu et al.l”*>*®! They used here
InGaAsP/InP semiconductor optical amplifier waveguides combined with a Fe layer to
provide the non-reciprocity. In this case, in order to keep the appropriate geometry, the
ferromagnetic layer is placed on one sidewall of the waveguide, and the magnetic field
is applied perpendicular to the waveguide (see Figure 21 (b)). A performance of 14
dB/mm was demonstrated in this case.

Finally, the modification of the SPP wavevector by an external applied magnetic field

also allows the development of integrated optical modulators. The first proposal,?*”!
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demonstrated only on a theoretical basis, uses SPPs excited in a Ag/bismuth-substituted
yttrium iron garnet interface. The modulator geometry is based on the ATR
configuration, being therefore relatively bulky and not fully integrable, and its basis of
operation relies on the modification of the SPP coupling angle under an applied
magnetic field perpendicular to the plane of incidence due to the SPP wavevector
modification. The analysis of this device shows that it is able to provide high efficiency
modulation, around 50%, at high speed, i.e. GHz regime, in the IR range (at 1550 nm).
Some years later a more compact geometry, based on a plasmonic interferometer
engraved in a noble metal/ferromagnetic metal multilayer, was experimentally
developed (see Figure 15).B"*21%] The magnetoplasmonic interferometer consists of a
slit-groove pair, with the groove slightly tilted with respect to the slit, milled in a
Au/Co/Au trilayer (see the sketch in Figure 15 (a)). For an incident beam illuminating
the interferometer, a portion of the light hits the groove and it is able to excite a SPP at
the metal-air interface which propagates towards the slit (Is,) and another portion travels
through the slit (I;). When the surface plasmon reaches the slit, it is again reconverted
into radiative light and traverses the slit. The light intensity at the other side of the slit is

therefore given by the interference of these two contributions:

| =12+12 +2,[T1_ cos(k,d () + ), (11)

with d the distance between the slit and the groove and ¢y and arbitrary phase
introduced at the SPP excitation and decoupling. As d varies with the position along the
slit due to the angle between groove and slit, the cosine argument changes and a full
interference pattern is produced (see Figure 15 (b)). When a magnetic field is applied

parallel to the slit (transversal configuration), the SPP wavevector is modified and as a
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consequence the interference pattern is shifted. This results in a modulation of the
intensity transmitted through the slit at each point, whose amplitude under direction
reversal of an applied magnetic field high enough to saturate the sample (~ 20 mT) is

given by:

|y = —4,[1, T, Ak d sin(ked +g,). (12)

As it can be seen from Eq. (12), the modulation amplitude is proportional to the product
of the SPP wavevector modification and the slit-groove distance, Aks, x d. In the case
of Au/Co/Au layers, taking slit-groove distances of 20 um and working at 800 nm,
intensity modulations of around 2% were demonstrated. However, this can be increased
by adding a dielectric layer on top of the interferometers, which as it has been
previously mentioned increases Aksp;[l%] by optimizing the properties of the MO layer,
for example using the above described Fe layers with flat interfaces; ™" and by working
in the spectral range that maximizes the figure of merit 4ks, x Lgp, being L, the SPP
propagation distance.’®? In fact, for a magnetoplasmonic interferometer of Au/Fe/Au
covered with a dielectric of refractive index n=2, working in the spectral range around
950 nm and with the slit placed at a distance of 3Lg, from the groove, which still
provides defined interferences, modulations around 12% can be achieved, which is
close to the 15-20% values reported in the literature for other integrated plasmonic
modulators based on non magneto-optical effects.[*) Moreover, the magneto-optical
effect has an advantage over other driving agents proposed in the design of integrated
photonic modulators, such as thermo-optical or electro-optical effects: switching can be

much faster. The generation of magnetic fields by integrated electronic circuits can
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easily reach speeds in the GHz regime, and modulations in the THz regime could also

be achieved by controlling the magnetization with femtosecond light pulses.®®

5. Other phenomena associated to systems with plasmonic and ferromagnetic
functionalities

As mentioned in the introduction, this review focus on the rich phenomenology
resulting in systems with intertwined magnetic and plasmonic properties. These
structures are formed mainly combining plasmonic materials and magnetic ones, in the
so-called magnetoplasmonic structures. Additionally, there are in the literature a
relevant number of studies devoted to structures that also combine both type of
materials, but where the plasmon effects and the magnetic ones are treated in an
uncoupled way. This kind of structures can be defined as magnetic-plasmonic systems,
and in the last years have appeared several relevant applications associated with them.
For the sake of completeness, we present in this last section of the review a few
examples of these magnetic-plasmonic systems, and refer the reader to the specialized
literature to obtain more information on this approach.

One of the most interesting examples of non-interacting but coexistent magnetic and
plasmonic properties can be found in particles containing magnetic elements (typically
an iron oxide) and noble metals (usually gold). The reason for the intense activity and
interest in these of systems lies in the possibility of application for detection and
treatment (theranostics) of malign cells. The range of application is large, e.g. various
types of cancer, Alzheimer, virus-induced infections, etc.?®2'%) That wide range of
applications comes from the different capabilities endorsed by each element. Plasmonic
nanoparticles can be used for imaging, since their tunable properties via size and shape
permit to place the resonance at the desirable wavelength according the tissue to be

imaged.?202212221 O the other hand, the magnetic counterpart has been used as contrast
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agent in magnetic resonance imaging, and it is essential for magnetic
separation.[?222422°1 As mentioned, magnetic-plasmonic systems are not only useful for
imaging but also for therapy. In that case, both are used for hyperthermia: in the case of
the noble metal the plasmon resonance is the mean to increase temperature, while high
magnetic fields are needed for the magnetic case. Their combination permits stabilizing
magnetic nanoparticles and easy biofunctionalization using thiol-based protocols.’?*®!
These kind of systems also find an ample spectrum of applications in biosensing areas,
like the novel approach proposed by Scrittwieser et al. for homogeneous real-time
immunodiagnostics, based on the plasmon related optical detection of the relaxation
dynamics of magnetic nanoparticles.”?’l If the nanomaterial also presents shape
anisotropy, then polarization might play an important role, improving the performance
as bio-probes.?22%1 Another potential application of anisotropic magnetic-plasmonic
systems is in the field of magnetic tweezers and magnetic separation.?®!

A different aspect that has been studied is the effect of plasmon excitation in magnetic
properties different from the MO activity. In this sense, C. de Julidn and co-workers
have studied the coupling between the magnetic and optical properties of Au-Fe
nanoparticles, exploring their plasmonic and MO properties, as well as the photo-

induced effects on their coercivity.[?*#3

6. Conclusions and perspectives

Nowadays the tools that nanotechnology offers allow us to devise novel structures
where EM resonances and the subsequent subwavelength field distribution may be
tailored at will. This is the most relevant driving force in plasmonics, which, in addition
to the versatility that combining constituting elements with different functionalities

(magnetic and plasmonic in this case) offers, brings as a consequence the possibility to
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design quite a large variety of systems where plasmonic and magnetic properties are
intertwined, one acting on each other.

From a historical perspective, the paradigmatic example is the plasmon resonance
enhanced MO activity in a wide variety of systems, with a wide range of structural
complexity covering from isolated nanoparticles (including dimers, core-shell,
nanodisks with multilayered internal architecture, etc...) to continuous thin films with
more or less complex internal multilayered structure, including the combination of both.
The enhancement in the MO activity observed in systems upon plasmon excitation can
be up to several orders of magnitude, making magnetoplasmonic structures interesting
candidates for a number of applications. Of them, sensing (MO-SPR sensing) is the one
currently more developed and settled.

Regarding the physical mechanisms responsible of this enhancement, both the optical
and MO parts of the total MO response of a system play a relevant role, being in some
cases the MO contribution more important, while the optical one dominates in others.
For a fundamental understanding of this phenomenology and to favour the design of
future systems with optimized MO activity, it is important to keep in mind that, for
systems where the pure MO contribution dominates, the EM field intensity at the MO
active layer will be in the end the key factor to determine the global MO activity of the
whole system. For this reason, the EM field engineering in subwavelength scales
provided by the plasmonic structures make them perfectly suited for this purpose. The
final goal would therefore be to fabricate a system whose plasmonic resonances would
concentrate most of the EM field in the MO active component, minimizing it in all the
rest non MO, but somehow lossy ones. This way, those novel systems could become an
alternative to state of the art dielectric MO materials, like garnets. Another possible path

for MO enhancement is the use of systems with propagating surface plasmons in
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transversal configuration, where the magnetic field induced SPP wavevector modulation
also translates in an increase of the system MO activity.

On the reverse direction, it is also relevant the potentiality of generating active
plasmonic systems with ultrafast response times exploiting the plasmon wavevector
modulation under the application of a magnetic field in magnetoplasmonic systems.
One envisaged application in this case would be ultrafast magnetoplasmonic modulators
in the visible. Moreover, the non-reciprocal property exhibited by these systems can
also be exploited for the design of optical isolators for integrated photonic circuits,
components that are highly demanded to prevent circuit damages.

Additionally to the fundamental understanding and development of all these properties,
an important angle of the magnetoplasmonic field deals with the materials point of
view. One needs to find novel materials which simultaneously exhibit good plasmonic
and MO properties, with low losses and realistically transferable to the production area.
If these materials do not exist in nature, nanotechnology allows us to combine different
materials that, in a partial but complementary way, fulfill the desired requirements,
engineering the plasmonic and MO characteristics and giving rise to advanced systems
which finally present the optimized magnetoplasmonic properties. For this purpose, in
many cases it will be necessary to combine noble metals, ferromagnetic metals,
ferromagnetic and non ferromagnetic dielectrics in a smart way. All the materials
science investigation needed for this development is also extremely relevant.

Currently, there is an increasing number of research groups in the world working in this
area, and the faced problems evolve in a dynamic way adapting to the scientific and
societal needs. For example, in the future systems with large MO and low absorption
will be highly desirable, as they would allow the design of MO-based spatial light

modulators that will afford the transmission of holograms at high speed for a true 3D
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vision. Regarding the expanding field of sensing and biosensing, MO sensing not only
with SPP configurations but also with LSP ones is foreseen, with expected even higher
sensitivities. The field of integrated non-reciprocal devices is really open, as the choice
of systems offering non-reciprocity is limited, and there are many alternatives that may
be considered here.

Finally, graphene is nowadays the most studied novel material due to the wide variety
of exciting properties that it exhibits. In addition to the purely plasmonic properties that
make graphene an interesting research topic in this area,[?*>?*! other aspects closely
related to the present review such as its MO activity have also been recently put
forward, finding for example Faraday rotations of several degrees for magnetic fields of
a few Teslas in single- and multilayer graphene structures.™* More interestingly, the
potential that this MO activity of graphene offers in terms of applications in the far IR
and terahertz regime has recently been boosted by the experimental finding of the
graphene plasmons effects in the MO activity.[?*>?** This implies that a great deal of
interest regarding the applications of magnetoplasmons in graphene for fast tunable
ultrathin infrared and terahertz MO devices is clearly foreseen. As a matter of fact, the
interest in the terahertz regime is increasing with the appearance of new EM sources and
detectors that have opened a new range of applications,’>” motivating new studies of
plasmonic devices in this frequency range.[3823924% Thjs offers good opportunities also

for magnetoplasmonic devices using n-doped semiconductors. 24124
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Figure 1. Top: (left) Sketch of charges oscillation for a localized surface plasmon (LSP)
in a metallic nanoparticle; (center) Calculated field distribution for a Au nanodisk under
LSP excitation; (right) Extinction spectrum of a set of Au nanodisks (120 nm diameter,
40 nm height) on glass. Bottom: (left) Sketch of charges oscillation and fields for a
surface plasmon polariton (SPP) in a metal/dielectric interface; (center) Evanescent SPP
field distribution; (right) Dispersion relation of a Au/air SPP, considering both the cases

of Au without absorption (real dielectric permittivity, blue line), and with absorption



Kerr effect

Faraday effect

Kerr effect

Longitudinal Transversal

Figure 2. Top drawing: Sketch illustrating the magneto-optical (MO) effects, both in
reflection (Kerr effect) and in transmission (Faraday effect). Bottom panel: The three
possible MO configurations, defined regarding the relative orientation between the
magnetic field and the plane of incidence, illustrated for the Kerr effect. The four rows
in the pannel provide, respectively: the configuration geometry, the corresponding
dielectric tensor, the associated reflectivity matrix and the relevant measurable

quantities.
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Figure 3. Magnetic response for a ferromagnetic material, Fe (a) and a diamagnetic and
a paramagnetic material, SrTiOz and Pd respectively (b). Real and imaginary part of the
MO constants of Co (c) and Au (d). For Co, these constants were experimentally
obtained, whereas those for Au were obtained through a Drude model calculation
considering an applied magnetic field of 1 T. (e): Calculated SPP propagation distance,
Lsp, for noble and ferromagnetic metals. (f): Calculated extinction cross-section for 10-
nm-diameter spheres of noble and ferromagnetic metals in water. The optical constants
for Au and Ag were taken from Ref. [69], and those for ferromagnetic metals from Ref.
[70]. (c)-(d) are reproduced with permission from [107]. Copyright 2010, American

Institute of Physics.
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Figure 4. (a) SEM image of an hexagonal array of nickel nanowires embedded in an

alumina matrix. The nanowire diameter is 40 nm and the interwire distance, 105 nm.
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The red curve represents the Kerr rotation spectrum of the array shown in the SEM
image and the black curve represents the Kerr rotation spectrum of a nickel thick film.
Due to the excitation of the LSP resonance of the wires, an enhancement of the rotation
around 3 eV is clearly observed. (b) Calculated curves of: modulus of the complex Polar
Kerr rotation, @ (1), modulus of rys (2) and modulus of ry, (3) for arrays of Ni nanowires
embedded in an alumina matrix, normalized to that of bulk Ni. The three arrays have the
same amount of Ni (17%), but different nanowire diameter: 40 nm (black curve), 80 nm
(red curve) and 120 nm (green curve) with lattice parameter of 90, 180 and 270 nm
respectively. As it can be observed, the modulus of the Polar Kerr rotation has a peak
whose position shifts towards lower energies as we increase the wire diameter. From the
two contributions to the enhancement of the Kerr rotation, rps and ryp, it can be seen that
the MO component localizes the enhancement in the spectral region of the LSP
excitation, whereas the overall reduction of the reflectivity contributes to the
enhancement in an almost wavelength independent way. Adapted with permission from

[86].
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Figure 5. Normalized longitudinal MO Kerr rotation for randomly distributed nickel
nanodisks of 60 (a), 95 (b), and 170 nm diameter (c), at two different excitation
wavelengths: 405 nm — blue lines and 633 nm — red lines. The insets show the far-field
extinction spectra for the corresponding nanodisks, with the blue and red line pointing
the relative position of the wavelengths of the MO Kerr measurements with respect of
the LSP peak. MO Kerr loops taken at the right of the LSP peaks have an opposite sign
to those taken at the left due to the change of sign in the particles polarizability when
crossing the LSP resonance. Reproduced with permission from [89]. Copyright 2011,

American Chemical Society.
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from [99]. Copyright 2011, American Chemical Society.

Normalized Faraday Rotation(arb.u.)

Figure 6. (a) Absorption spectra of Au/Co/Au nanodisks of diameter 60 and 110 nm,
showing the presence of an LSP resonance. (b) Ratio of the squared modulus of the
complex Polar Kerr rotation for the nanodisks normalized to that of an equivalent
continuous Au/Co/Au film and weighted by the nanodisks concentration. (c) Faraday
rotation spectrum of y-Fe,Oz nanoparticles and (d) same for gold-coated y-Fe,O3
nanoparticles, showing the effect of the LSP resonance of the Au shell. () Absorption
and (f) Faraday rotation spectra for Co-Ag nanoparticles with different Co:Ag
concentration ratios. The Faraday rotation and absorption peaks decrease and blue-shift
when the Co concentration increases. (a) and (b) are adapted with permission from [71].
Copyright 2009, 10P Publishing Ltd. (c)-(d) are reproduced with permission from [95].

Copyright 2009, American Chemical Society. (e)-(f) are reproduced with permission
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Figure 7. (a) Calculated intensity of the EM field at resonance within the Co core and
maximum Faraday rotation for Co-Ag core-shell nanoparticles embedded in oil as a
function of the Co concentration. The direct relation between the EM field and the MO

signal is clearly observed. (b) Calculated EM field distribution at resonance for a Au
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nanodisk on top of a glass substrate. Note the inhomogeneous field distribution inside
the nanodisk. (c) MO activity as a function of Co position, z, for a series of Au/Co/Au
nanodisks at resonance. Symbols correspond to experimental data. Full lines represent
theoretical calculations of the EM field distribution within the disk structure, red line for
pure Au disks and grey line for Au disks with a 6 nm Co layer inside at different
positions. (a) is reproduced with permission from [99]. Copyright 2011, American

Chemical Society. (b) and (c) are reproduced with permission from [79].
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Figure 8. Extinction spectra of (a) Au/Co/SiO,/Au nanodisks on glass and (b)
Au/SiO,/Co/Au nanodisks on glass. The insets represent the electromagnetic field
intensity distribution within the nanodisks, showing the location of the field for the two
resonance wavelengths. (c) and (d) show the spectra of the modulus of the complex

Polar Kerr rotation for the two structures. Adapted with permission from [115].
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Figure 9. Transmission spectra of Au nanoparticles embedded in bismuth-substituted
yttrium iron garnet (Bi:Y1G). The Au nanoparticles were formed on quartz substrates by
heating a 5 nm Au thin film. The nanoparticles were covered with a 60 nm thick Bi:YIG
film. A clear reduction of the transmission is observed at the LSP resonance of the Au
nanoparticles, whose position depends on the heating temperature. Faraday rotation
spectra of the same films are also shown. A clear relationship between the LSPs and the
increase in the Faraday rotation is observed. A large resonance enhancement of the
Faraday rotation is obtained for the 1000 °C sample. The SEM image corresponds to the
1000 °C sample. Reproduced with permission from [120]. Copyright 2009, Elsevier

B.V.
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Figure 10. (a) Sketch of standard (left) and ATR (right) Kerr geometries , with an
external magnetic field applied perpendicular to the plane of incidence (transversal
configuration). SPP excitation is only possible under ATR geometry. Comparison
between standard and ATR configurations of the reflectance (b) and the transversal MO
Kerr signal (c) of a Au/Co/Au trilayer. (d) Electromagnetic (EM) field distribution

inside the metallic layers for the same Au/Co/Au trilayer under standard and ATR
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configurations at three different angles. When the SPP is excited, a strong redistribution
of the EM field can be seen, with a sizeable enhancement inside the Co layer.(b)-(c) are
reproduced with permission from [132]. Copyright 2007, The American Physical
Society. (d) is reproduced with permission from [71]. Copyright 2009, 10P Publishing

Ltd.
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Figure 11. Calculations of: (a) reflectivity curves for Co and Au films of thickness 9.7
nm and 48.2 nm respectively; (b) SPP electromagnetic field at the metal-air interface for
Co and Au films as a function of the thickness. The thickness providing maximum EM
field value for each material, and therefore optimum SPP excitation, are the ones used
for the reflectivity calculations in (a); (c) transversal MO Kerr effect, ARy, for a single
Co film and for Au/Co/Au trilayers (3nmAu, dnmCo, 20nmAu) as a function of the Co
thickness; (d) Rmin for any combination of Au and Co thickness in the Au/Co/Au
trilayers (3nmAu, dnmCo, dnmAu); (e) |Hylmax for Au/Co/Au trilayers as in (d); (f)
ARpax for Au/Co/Au trilayers as in (d). Reproduced with permission from [78].

Copyright 2010, Optical Society of America.
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Figure 12. (a) Sketch of the perforated Fe membrane showing the definitions for the
angles of incidence, a SEM of a fabricated membrane, and the geometrical parameters
of the membrane. (b) Reflectivity at normal incidence (top) and the corresponding Kerr
rotation (bottom) as a function of the energy of the incoming light beam for two
membranes with different hole diameters. Two minima in the reflection spectra at 2.8
eV and 3.8 eV attributed to plasmon excitations are seen. At the same positions, an
enhancement of the Kerr rotation takes place. (c) Reflectivity (top) and transversal MO
Kerr reflectivity (bottom) at off-normal incidence for two high symmetry directions of
the in-plane lattice for p-polarized light (s-polarized in the insets). The evolution of the
excitation of the low energy SPP as the incoming angle is varied can be seen, as well as

how the transversal MO Kerr signal is largely enhanced at the excitation wavelengths.
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(b) is reproduced with permission from [152]. Copyright 2010, The American Physical

Society. (a)-(c) are reproduced with permission from [153].
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Figure 13. (a): Calculated spectra of the optical transmittance (solid line) and Faraday
rotation (dashed line) for a magnetoplasmonic crystal consisting of a perforated 68-nm-
thick Au-film on top of a uniform 118-nm-thick bismuth-substituted yttrium iron garnet
(Bi:Y1G) film. The holes in the perforated membrane, of radius 395 nm, are arranged in
a square lattice of period 750 nm as shown in the inset. The dielectric film is uniformly

magnetized perpendicularly to its plane. (b) Calculated transmittance (solid line) and
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Faraday rotation (dashed line) at wavelength 963 nm versus the thickness h of the
magnetic layer for the same magnetoplasmonic crystal as in (a). The dotted line
represents the Faraday rotation for the same Bi:YIG layer placed in optically matched
and non-structured surrounding medium. (c) Experimental cross-polarized transmission
spectra at normal incidence for a magnetoplasmonic crystal (50-nm-thick Au film
perforated with an array of holes of 125 nm diameter and 400 nm period deposited onto
a 3.5 pum thick single crystalline iron garnet film) in a varying external magnetic field
(0-80 mT) applied perpendicularly to the film. The polarization of the incident light is
parallel to the (1,0) axis of the crystal lattice. (a)-(b) are reproduced with permission
from [166]. Copyright 2007, The American Physical Society. (c) is reproduced with
permission from [169]. Copyright 2008, I0P Publishing Ltd. and Deutsche

Physikalische Gesellschaft.
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Figure 14. Left: Effect of an external applied magnetic field on a LSP resonance. For a
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Figure 15. (a) Sketch of a magnetoplasmonic interferometer, consisting of a tilted slit-
groove pair on a Au/Co/Au film. SPPs are generated at the groove by the incident light
and propagate towards the slit, where they interfere with the light transmitted through
the slit giving rise to a periodic interference pattern along the slit, as can be seen in the
image shown in (b). An oscillating magnetic field is applied parallel to the interface and
perpendicular to the SPP propagation direction which modifies the SPP wavevector and
therefore modifies the interference pattern. (c) Optical interferogram, which
corresponds to the DC component of the light intensity collected after passing through
the slit. (d) Magnetoplasmonic interferogram, i.e. magnetic field induced changes of the
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collected light intensity. (e) Normalized magnetoplasmonic signal, obtained from (d)
and (c). The magnetic field induced modulation of the SPP wavevector, Aksp, is obtained
from slope of the dotted line. (f) Dependence of 4ks, on the position of the Co layer
inside the multilayer, reflecting the exponential decay of the SPP electromagnetic field
inside the metallic film. 4k, can be increased by introducing a thin layer of dielectric on
top of the interferometer, as can be seen in (g) for increasing PMMA thickness. The
value of 4k, closely follows the evolution of the electromagnetic field inside the cobalt
layer. (a-f) are adapted with permission from [37]. Copyright 2010, Macmillan
Publishers Ltd. (g) is adapted with permission from [193]. Copyright 2010, American

Institute of Physics.
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Figure 16. (a) Comparison between the transversal MO Kerr reflectivity (black dots)
and the derivative of the reflectivity (red triangles) for a 6 nm Au/2.7 nm Co/16 nm
Aul/glass trilayer. The value of AO needed to match the peak-to-peak intensity of the
derivative to that of the transversal MO Kerr signal allows to determine the wavevector
modulation, Aksp. (b) Experimentally determined values of Ak, for polycrystalline and
epitaxial 7 nm Au/ d nm Fe/7 nm Au/ buffer layer/MgO(001) multilayers as a function
of the Fe layer thickness, d. The polycrystalline structures are obtained by depositing a
buffer layer of 2 nm Cr by MBE, whereas the epitaxial structures are obtained by
depositing a buffer layer of 1 nm Fe by PLD. The better interface quality obtained in the
epitaxial structures gives rise to a much stronger SPP wavevector modulation. (a) is
reproduced with permission from [132]. Copyright 2007, The American Physical
Society; (b) is reproduced with permission from [137]. Copyright 2011, American

Physical Society.
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Figure 17. Sketch of the analyzed structure, a square array of gold nanodisks supporting
LSPs (L) separated by a SiO, spacer from a Au/Co/Au trilayer that supports SPPs. The
excitation of the SPP is allowed by the periodicity of the disks array. This configuration
permits the excitation of two SPPs, associated to each interface, being the most efficient
that of the Au/SiO, spacer interface (P1). (a) Experimental (symbols) and theoretical
(lines) dispersion relations of the LSP and SPP modes for the sample with an array of
period 400 nm. The interaction region is located around 6 pm™, where strong coupling
takes place (anti-crossing). (b) The strong coupling modifies the magnetic-field effect
on the plasmon modes wavevector (AE o« AK): LSP (dot-dashed black line, theory), SPP
(red continuous line for theory, triangles for experimental data). The dotted red line
shows, for comparison, the calculated modulation induced in the SPP sustained by a
SiO,/Au/Co/Au multilayer system without disks array on top. Reproduced with

permission from [197]. Copyright 2010, Optical Society of America.
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Figure 18. (a) Measured transmission as a function of the photon energy and the angle
of incidence for a Au grating (grating period = 595 nm, Au film height = 120 nm and
slits width = 110 nm) on top of a planar bismuth iron garnet film. The incidence light is
p-polarized. Features marked as (1)-(4) correspond to: (1) excitation of the second-band
SPP at the air/Au interface; (2)-(3) excitation of the second and third-band SPP at the
Auliron garnet interface; (4) collective Fabry-Perot cavity mode inside the slits. (b)
Transversal MO Kerr reflectivity, ARp/R, as a function of the photon energy and angle

of incidence. The garnet film magnetization is parallel to the slits and the applied

86



magnetic field strength is 0.2 T, enough to saturate the film. (c) Transmission (black
line) versus wavelength at angle of incidence 6 = —10° and transversal MO Kerr
reflectivity at 6 = —10° (green line) and 6 = 10° (red line). Reproduced with permission

from [168]. Copyright 2011, Macmillan Publishers Ltd.
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Figure 19. Sketch of SPP non-reciprocity. Under the same applied magnetic field, the
modulus of the wavevector of a plasmon polariton propagating along one directions is
different from that of a SPP travelling in the opposite way under the same applied
magnetic field (schemes 1 and 3). Similarly, for a given SPP propagating along one
direction, the wavevector changes when the applied magnetic field is reversed (schemes
1 and 2). In terms of dispersion relation, the non-reciprocity implies that, under the
same applied magnetic field, the dispersion relation for propagating and

counterpropagating plasmons is different, w(k) = w(-Kk).
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Figure 20. (a) Sketch of the MOSPR (left) and SPR (right) sensors. The experimental
parts are very similar, the differences being the transducer, a Au layer for the SPR and a
Au/Co/Au trilayer for the MOSPR, together with the application of an external
magnetic field for the MOSPR. (b) Operating principle of the SPR (1) and MOSPR (2)

biosensors: sensing response generated in a SPR sensor, 6Ryp, or in a MOSPR one,

3(ARpp/Ryp), by a refractive index change of the dielectric medium, dng. (c) Comparison
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of the experimental normalized signals of the MOSPR and the SPR sensors due to
refractive-index changes, and evaluation of their experimental sensitivities. The inset
shows the normalized signal of the detection of the physical adsorption of bovine serum
albumin proteins. (b) is adapted with permission from [74] and [208]. Copyright 2011,
Optical Society of America. (c) is adapted with permission from [36]. Copyright 2006,

Optical Society of America.
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Figure 21. (a) Schematic structure of a TM mode optical waveguide isolator, with a
ferromagnetic metal placed on top. (b) Schematic structure of the TE mode waveguide
optical isolator, with a ferromagnetic metal layer placed on one sidewall. (a) is
reproduced with permission from [214], Copyright 2006, American Institute of Physics;
(b) is reproduced with permission from [215], Copyright 2004, The Japan Society of

Applied Physics.
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