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We demonstrate the realization of a new hybrid magnetoplasmonic thin film structure that resembles the
classical optical analog of electromagnetically induced absorption. In transmission geometry our gold
nanostructure embedded in an EuS film induces giant Faraday rotation of over 14° for a thickness of less
than 200 nm and a magnetic field of 5 T at 7 = 20 K. By varying the magnetic field from =5to +5 T, a
rotation tuning range of over 25° is realized. As we are only a factor of 3 away from the Faraday isolation
requirement, our concept could lead to highly integrated, nonreciprocal photonic devices for light
modulation, optical isolation, and optical magnetic field sensing.
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I. INTRODUCTION

The combination of plasmonic nanostructures with mag-
neto-optic (MO) materials enables nanoscale systems that
offer magnetic tunability as well as strong nonreciprocal
optical response in ultracompact structures [1-6]. In recent
years, the demonstration of plasmonically enhanced MO
effects, such as the MO Kerr effect [7-11] and the Faraday
effect [12—14], have received considerable attention. Here,
the Faraday effect is of special interest as it is the potentially
largest MO effect. It describes the phenomenon that the
polarization plane of linearly polarized light propagating
through a material is rotated by an angle that is proportional
to the applied static magnetic field and to the material-
specific Verdet constant [15,16]. A very intriguing and
unique property of the Faraday effect is that time-reversal
symmetry and Lorentz reciprocity are broken [17]. As a
result, the direction of the polarization rotation is determined
by the direction of the applied magnetic field and not by the
direction of the wave vector of the incident light. This fact
fundamentally distinguishes it from effects such as optical
activity [18]. MO effects are actually the only practical way
to break Lorentz reciprocity in passive optical systems, since
other approaches rely on either nonlinear effects [19-21] or
time modulation [22-26]. For that reason, Faraday rotators
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are widely utilized as core elements in nonreciprocal optical
devices such as optical isolators [27]. As such, Faraday
rotators are essential components in a multitude of optical
systems, including optical telecommunication networks
[28-30] and laser systems [31-33]. Furthermore, Faraday
rotators are attractive for magnetic field sensing [34,35] and
optical modulation [36].

Most systems that involve Faraday rotators have recently
undergone massive miniaturization. Hence, there is a big
demand for down-sized Faraday rotators [37,38]. However,
such systems are very challenging to realize since Faraday
rotation is proportional to the thickness of the MO material.
The first approaches to solve this problem were based on MO
nanoparticles [12], photonic crystals [39—43], and micro-
cavities [44-46] but were hampered by either still weak MO
effects or relatively large structure sizes that are also difficult
to fabricate. Considerable attention was received by a recent
approach where the MO response of a dielectric thin film is
enhanced by the attachment of a plasmonic grating [13,14].
This technique also allows the amplified MO response to be
spectrally tailored by tuning the grating parameters [47].
Very recently, the underlying enhancement mechanism has
also been described analytically using a simple oscillator
model based on the Lorentz force [48]. However, the MO
performance of such a system is limited by the low Q factor
of the plasmon resonances of the grating.

II. PLASMONIC ANALOG OF
ELECTROMAGNETICALLY INDUCED
ABSORPTION (EIA)

This limitation is lifted elegantly by our novel approach,
which is based on a classical optical analog of electro-
magnetically induced absorption (EIA) [49,50]. Here, a
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strongly damped plasmon oscillation is weakly coupled
to a narrow linewidth waveguide resonance with a phase
delay, leading to constructive interference. By tuning this
coupling carefully, a high-Q absorptive hybrid mode is
realized, which can be used to resonantly amplify the
Faraday rotation response. Furthermore, the EIA mecha-
nism allows us to utilize the high oscillator strength of the
plasmonic resonance, leading to an efficient coupling of
the incident light into the structure without reducing the
effective Q factor due to the broad plasmonic resonance, as
was the case in previous approaches [7,14,47]. Although
being only less than 200 nm thick, our novel structure
design exhibits an order of magnitude better rotation
capability than previous Ansdtze that resulted in only
fractions of degree rotation [13,14,41-43]. Furthermore,
for low magnetic fields, our approach still yields rotation
angles that were only achievable with 20 times stronger
field strength in previous approaches [47]. The perfor-
mance of our thin film structure is only a factor of 3 away
from the 45° that are required for building a Faraday
isolator, which usually requires MO media with a thickness
on the order of centimeters. The first demonstration of
plasmonic resemblances of EIA [51,52] and its related
effect, namely, electromagnetically induced transparency
(EIT) [53-55], triggered significant attention. The special
dispersion properties of such systems are known to
facilitate plasmonic sensing with narrow linewidths
[56-58] as well as slow light [59-61] and delay lines
[62,63]. Furthermore, there have been extensive studies on
enhanced nonlinear response [64,65] in such systems.
Here, we demonstrate that the EIA-like optical dispersion
in our system also facilitates a giant MO response. While in
EIT the light within a narrow spectral band passes through
the sample, in the case of EIA real material polarization is
excited within a narrow spectral region.

Another important aspect of our approach is the intro-
duction of EuS as a new dielectric material for hybrid
magnetoplasmonics. At low temperatures, EuS possesses
an exceptionally large Verdet constant in combination with
a high saturation magnetic flux density, resulting in a
potentially very strong MO response [66,67]. Furthermore,
it is transparent in the visible, qualifying it for utilization in
Faraday geometry. While EuS possesses a similar refractive
index and absorption coefficient to EuSe [66,67], EuS is
significantly cheaper and already exhibits a stronger MO
response at low magnetic field strengths. Further informa-
tion about the temperature dependence of the EuS material
parameters can be found in the Supplemental Material [68].
Despite the need for low temperatures, EuS is well suited
for studying plasmonic MO model systems, as it combines
the above-mentioned benefits with simple fabrication by
physical vapor deposition. This allows for the realization of
complex hybrid magnetoplasmonic structure geometries,
which are challenging when fabricated with commonly
used magneto-optic materials, such as bismuth iron garnet

[69] or yttrium iron garnet [70]. The reason is that the
deposition of garnet films is a sophisticated process that
usually involves pulsed laser deposition and high-
temperature annealing that could damage any underlying
plasmonic structures.

Our structure geometry is depicted in Figs. 1(a) and 1(b).
It consists of an EuS thin film with an embedded Au
nanowire grating. The EuS film is magnetized by an
external magnetic field in the z direction, which is also
the direction of propagation of the incident light. The
structure is fabricated in a three-step process. First, the
bottom layer of the EuS film with thickness b is evaporated
onto the glass substrate by physical vapor deposition. After
that, the gold wire grating with thickness ¢, width w, and
period p is structured via electron beam lithography. In the
last step, an EuS film with thickness (h — b) is evaporated.
This results in an EuS-Au thin film structure with a slightly
corrugated upper surface. Figure 1(c) shows a colored
scanning electron micrograph of the cross section of
such a structure with geometry parameters p = 490 nm,
t =33 nm,w =85 nm, 4 = 139 nm, and » = 33 nm. For
the case of b =0, the non-MO dispersion properties of
such a metal-dielectric hybrid structure have previously
been analyzed in detail by Zentgraf e al. [71]. Because of
the presence of the glass substrate with a higher refractive
index than the air above the sample, the x component of the
electric field of the TM waveguide mode is concentrated in
the upper part of the EuS waveguide. Hence, the coupling
between plasmon and TM waveguide mode is weak in
comparison to the case where the metal wires are attached
on top. In the work by Zentgraf et al., it was also
demonstrated that this weak coupling can lead to the
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FIG. 1. (a),(b) Schematic drawing of the sample geometry. p,

nanowire period; f, w, gold nanowire thickness and width. The
wires are buried with a distance b between the glass substrate and
their lower edge. The nominal thickness of the EuS magneto-
optical waveguide is /2, which is increased near the position of the
gold nanowires. (c¢) Colorized scanning electron micrograph of
the sample cross section. The samples are measured at 7 = 20 K.
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classical analog of the quantum mechanical effect of
electromagnetically induced transparency, resulting in a
narrow transmission peak on top of a broad transmission
dip for x-polarized incident light.

We now demonstrate that by increasing the burial
parameter b in our hybrid system, the phase between the
plasmonic mode and the TM waveguide mode can be tuned
such that the system undergoes a transition from EIT-like to
EIA-like behavior [51,52]. Figure 2 displays the simulated
transmittance and absorbance spectra for x-polarized inci-
dent light and different burial parameters b. The simula-
tions have been carried out using the Fourier modal method
for anisotropic materials [72]. Our implementation is based
on a scattering matrix algorithm [73], which has been
improved by adaptive spatial resolution [74] to enable an
efficient derivation of optical properties of metallodielectric
systems. The far-field spectra are derived from the small
scattering matrix, which provides the reflectance and
transmittance for all diffracted orders, i.e., for all open
far-field channels. The refractive index of the substrate is
assumed to be 1.456, and for the gold wires the permittivity
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FIG. 2. (a),(b) Simulated transmittance and absorbance
(1 =T — R, with T and R denoting transmittance and reflectance,
respectively) for x-polarized incident light and different burial
parameters b. For increasing b there is a gradual transition from
the regime of induced transparency to induced absorption. The
white dotted line indicates the Rayleigh anomaly. (c),(d) Slice
cuts for a clearer view on the line shapes of the spectra. The oval
indicates the EIA regime, characterized by very sharp induced
absorption peaks.

data by Johnson and Christy [75] are used. In the inves-
tigated wavelength range, the refractive index of EuS
is approximately 2. The utilized material model parameters
for EuS can be found in the Supplemental Material [76].
The geometry parameters are set to p =490 nm,
t=33nm, w=85nm, and 7 = 139 nm. In all simula-
tions the bumps in the EuS film above the Au wires are
approximated by a rectangular shape with thickness ¢ and a
width of 2w. As expected [71], for small values of b, the
transmittance spectrum exhibits the characteristic EIT line
shape with a broad, mainly plasmon-induced dip and a
narrow, mainly TM waveguide-induced peak. For increas-
ing values of b, this effect is reversed and the sharp
waveguide feature flips around, resulting in a sharp
absorbance peak that is characteristic for an EIA-like
system. At 715 nm, the spectra are slightly distorted due
to the Rayleigh anomaly [77]. The transition of the spectra
with increasing b can be understood in the picture of
coupled Lorentz oscillators introduced by Taubert et al.
[52]: Here, a strongly damped Lorentz oscillator (in this
case the plasmon) and a less damped Lorentz oscillator (in
this case the TM waveguide mode) are coupled via a
complex coupling constant that includes an additional
phase delay. It was shown that by changing the phase of
the coupling constant, the optical response of the system
turns from EIT-like to an EIA-like behavior. In our case,
this behavior is particularly pronounced for b between 25
and 36 nm [see Fig. 2(d), oval area]. Furthermore, by
changing the distance between the wire grating and the
substrate, we can change the coupling phase. As in other
cases of plasmonic EIT and EIA, the reflection behavior of
the system also changes with the coupling phase, which
leads to the situation that the EIT coupling regime can be
observed most pronounced in the transmittance spectrum,
whereas the EIA case can be identified best in the
absorbance spectrum [52]. In Sec. III, we elaborate more
on interpreting the magnetoplasmonic system in the picture
of coupled oscillators.

For a burial parameter of & = 33 nm, the EIA coupling
regime manifests itself also in the transmittance spectrum in
the form of a small dip [see Fig. 2(c)]. For this case the
relation between the EIA-like behavior and the MO
response is investigated experimentally. Figures 3(a)
and 3(b) display the measured transmittance and Faraday
rotation spectra for x-polarized incident light and different
grating periods p. The measurements are performed at 20 K
and a magnetic field of 5 T in the z direction. The Faraday
rotation is measured with a rotating analyzer setup where
the incident polarization state is prepared using a polarizer
inside the cryostat [47]. For a period of 490 nm, the sharp
EIA feature is best centered with respect to the broad,
mainly plasmonic, transmittance feature. For the same
grating period, at the spectral position of the EIA reso-
nance, the Faraday rotation exhibits a sharp maximum of
about 8°, which is a substantial rotation enhancement
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FIG. 3. The left-hand column displays the measured trans-
mittance (a) and Faraday rotation (b) for x-polarized incident light
for a wire width of 85 nm, burial parameter » = 33 nm, and
different grating periods. The experimental data agree with the
performed simulation shown in the right-hand column (c),(d).

compared to a bare EuS film with thickness # = 139 nm
(gray curve). This behavior can be understood in the
following way. For wavelengths close to the narrow EIA
resonance, the system acts as a resonator with a relatively
high Q factor, implying multiple vertical round-trips of the
light through the MO material before it is coupled out in the
z direction. Because of Lorentz nonreciprocity, the polari-
zation rotation adds up for each propagation cycle, result-
ing in an enhanced rotation compared to a single pass
through the EuS film. Furthermore, the EIA mechanism
allows us to utilize the high oscillator strength of the
plasmonic resonance, leading to an efficient coupling of
the incident light into the structure without reducing the
effective Q factor due to the broad plasmonic resonance, as
was the case in previous approaches [7,14,47]. As such, the
plasmonic EIA mechanism provides an elegant way to
greatly increase the interaction between the incident light
and the MO material. In Sec. III, we discuss the connection
between the EIA dispersion and Faraday rotation enhance-
ment in further detail by utilizing a coupled oscillator model.
The measurement is also in good agreement with the full
numerical simulation displayed in Figs. 2(c) and 2(d). In the
measured wavelength region, the Faraday rotation of EuS
shows a notable wavelength dependence due to a material
resonance (see gray line). Hence, in order to obtain realistic
simulation results, we model the material dispersion of EuS
with a MO Lorentz oscillator [78]. The free model param-
eters are fitted such that the measured MO response of a bare
EusS film matches the simulated MO response in the wave-
length range of interest between 650 and 850 nm. More
details on the EuS permittivity model can be found in the
Supplemental Material [79]. The discrepancy between
measured and simulated Faraday rotation below 650 nm
is due to the limited model accuracy in this range. In
the transmittance spectra, the grating-induced Rayleigh

anomaly is barely visible. For example, for p = 490 nm
it occurs at 715 nm and is most visible in the simulated
Faraday rotation, where it manifests itself by a small kink.
However, the Rayleigh anomaly has no major influence on
the Faraday rotation enhancement, as it is well separated
from the enhancement by the EIA resonance.

Also for y-polarized incident light, large Faraday rotation
angles can be realized. This is illustrated by Figs. 4(a)
and 4(b), which depict the corresponding transmittance
and Faraday rotation spectra for a sample geometry with
t=33nmnm, w=75nm, h=139 nm, b =33 nm, and
different grating periods p. Since a direct excitation of
the plasmon resonance and TM waveguide resonance is
only possible for x-polarized light, they have no discernable
influence on the transmittance line shape. However, as the
x- and y-polarized eigenmodes are coupled via the mag-
netic field, the Faraday rotation spectrum for y-polarized
incidence is strongly influenced by the x-polarized eigen-
modes (and vice versa) [48], which results in strongly
enhanced Faraday rotation also for y-polarized incidence.
Furthermore, this behavior is discussed in more detail in
Sec. III. For a grating period of 505 nm, the Faraday
rotation reaches values of up to 14° at a transmittance value
of 17%. Given the thin structure profile of below 200 nm,
this is a giant Faraday rotation value and only a factor of 3
away from a Faraday isolator. Again, the measurement
results are in good agreement with the numerical simu-
lations plotted in Figs. 4(c) and 4(d), except that the
Rayleigh anomalies (kinks in the left shoulders of the
transmittance spectra) are washed out in the measurement.
This happens certainly due to sample roughness and
limited fabrication accuracy. As in the case of x-polarized
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FIG. 4. The left-hand column displays the measured trans-
mittance (a) and Faraday rotation (b) for y-polarized incident light
for a wire width of 75 nm, burial parameter » = 33 nm, and
different grating periods p. The experimental data agree well with
the performed simulation shown in the right-hand column (c),(d).
For a period of 505 nm, the Faraday rotation reaches values of
up to 14°.
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FIG. 5. (a) Measurement of the magnetic field dependence

of the polarization rotation for a period of 505 nm. (b) Closer
view on the rotation spectra for weak magnetic fields. Already
for 250 mT the Faraday rotation reaches values of over 4°.
(c) Saturation behavior of the Faraday rotation at 737 nm.

incidence, the Rayleigh anomalies are well separated from
the Faraday rotation enhancement feature and have no
significant influence on the Faraday rotation spectra.

Furthermore, since the rotation angle scales with the
applied magnetic field, our structure offers an impressive
polarization tuning range of over 25°. This is indicated in
Fig. 5(a), where the Faraday rotation spectra are plotted for
different magnetic field strengths ranging from —5 to +5 T.
The spectra for inverted magnetic fields exhibit almost
perfectly mirror symmetric shapes. Any deviations from
absolute mirror symmetry can be explained by a slight
misalignment between the gold wires and the incident
polarization. Figure 5(b) shows a close-up of the Faraday
rotation enhancement feature for lower magnetic field
strengths that can be realized easily using standard perma-
nent magnets [80]. Even for magnetic fields as low as
250 mT, the Faraday rotation still reaches values of up to
4.9°. This is a similar rotation performance as was
previously realized for a 220-nm thick hybrid structure
based on EuSe, however, only with 20 times larger
magnetic fields [47]. Figure 5(c) displays the Faraday
rotation at 737 nm as a function of applied magnetic field
and illustrates the saturation behavior. Up to 500 mT the
rotation angle increases linearly with the applied magnetic
field, whereas for larger fields saturation sets in and the
response curve flattens out.

III. HARMONIC OSCILLATOR MODEL

To obtain further insight into the connection between
EIA-like modal coupling and the enhancement of the

magneto-optic response, it is useful to view our magneto-
plasmonic system in the picture of coupled oscillators, as
depicted in Fig. 6(a). This oscillator scheme was originally
introduced in Ref. [48] and is now modified in analogy to
the non-magneto-optic model by Taubert et al. to account
for EIA [52]. In this very simple model, our system is
described using two charged oscillators that are driven by
the external light field: The oscillator on the right-hand side
represents the plasmonic excitation, and its movement is
restricted to the x direction, as the plasmonic resonance can
only be excited for x-polarized light. The second oscillator
is associated with the waveguide excitations inside the MO
slab. This oscillator can be displaced both in the x and y
direction, which corresponds to the excitation of TM and
TE polarized waveguide modes, respectively. As discussed
by Taubert et al., it is crucial for realizing the coupling
regime of EIA that the coupling between the two
contributing oscillators has to include a retardation phase
[51]. Hence, we model the coupling between plasmon
and TM waveguide with a complex coupling constant
Kk = kexp(i¢p), with ¢ as the phase. The influence of the
applied static magnetic field is taken into account via
the Lorentz force acting on the 2D waveguide oscillator.

“ _— y

-_—
(DTE?fE; t__’,x
OB > e
1YYV V\é '.’t't't'\@x

SeaEe’

Waveguide

TM P

Plasmon

k=0.1

x=0.06

0/4
Q=TT
—z /2

-

-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5
o - o, (1/s) o - o, (1/s) o - ®, (1/s)

FIG. 6. (a) Oscillator model representing the magnetoplasmonic
nanostructure. A precondition for EIA is that the coupling between
the TM waveguide mode and the plasmon mode is weak and
includes retardation. This is taken into account by the complex
coupling constant xexp(i¢) with phase ¢. (b) Imaginary part
of the component y,, which is proportional to the absorbance of
x-polarized incident light. (c) Imaginary part of y,, which induces
polarization rotation of both x- and y-polarized incident light.
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The resulting electric susceptibility associated with this
oscillator system is given by [48]

Xx +)(xy
x(w) =
_)(xy )(y

) = nRTM~'R, (1)

where we introduce the matrices

QTM —Keidl —lﬂ
—Kke'?  Qp 0 (2)
+ip 0 Qg

M =

and
pm O
R=1{ pp 0 1. (3)
0  pmE

Here, the terms Q; = w; — @ — iy;/2 (i = TM, P, TE) con-
tain the eigenfrequencies and damping coefficients of
the individual oscillators. The magneto-optic coefficient
f is proportional to the gyration of the waveguide
material and, thus, to the applied magnetic field. The
occurrence with two different signs originates from the
cross product in the Lorentz force. The nonzero compo-
nents p; (i = TM, P, TE) in the matrix R are proportional to
the charge of the oscillators and relate to the individual
oscillator strengths. 7 is a proportionality constant.

In the following, we use this model to illustrate the
relation between the EIA and EIT coupling regimes as
well as their influence on the magneto-optic response. For
this, to keep the degrees of freedom to a minimum, the
following simple (and dimensionless) parameter constella-
tion is utilized: The individual resonances in our system are
spectrally close, while the waveguide modes having sig-
nificantly smaller linewidths than the plasmon. Hence, the
eigenfrequencies of the three oscillators are assumed to be
equal, i.e., oy = Wg = Wp = Wy, and for the damping
coefficients we assume yp =1 and yry =yt = 0.1.
Furthermore, we set # = 1 and assume that the plasmon
oscillator couples much stronger to the external light field
than to the TM waveguide mode and set pryy = 0 and
pp = 1. The oscillator strength of the TE waveguide
oscillator is set to prg = 0.32, which represents the case
in which y, and y, are approximately equal (see
Supplemental Material [81]).

The plots in Fig. 6(b) show the resulting frequency
dependence of the imaginary part of y,, which is propor-
tional to the absorbance of x-polarized incident light. The
different line colors correspond to the different coupling
phases. Furthermore, from the left to the right column, the
coupling amplitude « is decreased. All spectra of y, show a
broad, mainly plasmon-induced, background with a sharp
modulation on top. For ¢ = 0, this modulation is a narrow

dip at wy and corresponds to the case of EIT. Increasing the
coupling phase to ¢ = z/2 turns this modulation into a
narrow EIA resonance, while the case of ¢p = x/4 repre-
sents an intermediate regime. Furthermore, an increase of «
leads to a more pronounced modulation. However, at some
point when « is increased further (not shown here), the
coupling is not weak anymore and a significant mode
splitting occurs for ¢p =0, and for ¢ = z/2 nonphysical
solutions with negative absorption can emerge [52]. In
summary, the classical analogs of EIT and EIA are indeed
very closely related: Both scenarios occur in the regime of
weak coupling where there is no significant spectral
repulsion between the narrow linewidth mode (in this case,
the TM waveguide mode) and the broad linewidth mode (in
this case, the plasmon). The only difference between the
two scenarios lies in the coupling phase ¢p. We note at this
point that the absorption behavior is approximately inde-
pendent of the magnetic field, as || can be assumed to be
small (here, it is set to 0.001), in which case it predomi-
nantly influences the off-diagonal elements of y but not the
diagonal elements [48].

The corresponding magneto-optic response is encoded in
the off-diagonal elements of y that are proportional to
and, thus, to the magnetic field. In first approximation, the
Faraday rotation of the system is proportional to the
imaginary part of y,, [82], which is plotted in Fig. 6(c).
We note in passing that the real part of y,, would
correspond to the ellipticity (not plotted here). The graphs
nicely illustrate the fundamental working principle of our
system: With increasing x, not only the modulation of y,
increases (i.e., the EIA or EIT resonances become more
pronounced), but also the modulation of y,, becomes
stronger. In other words, due to the magnetic field, the
EIA or EIT resonances not only occur in absorption, but
also in Faraday rotation. The more pronounced the EIA or
EIT resonances are, the larger the Faraday rotation
enhancement becomes. Furthermore, for a constant x this
modulation of y,, is strongest for ¢ = /2, i.e., for the EIA
case. At this point we should note that in practice the
difference in the MO response obtained by EIA-like and
EIT-like coupling can be less pronounced than in the
modeled spectra. The reason is that tuning the structure
geometry from the EIT to the EIA case usually also slightly
influences the other coupling parameters such as k, which
also have strong influence on y,,. However, the model
correctly reflects the trend that the EIA case produces
stronger MO response than the EIT case. Another revealing
aspect of this model is that, although only the oscillators
moving in the x direction contribute to the EIA resonance,
this resonance also leads to increased polarization rotation
for y-polarized light: This follows from the fact that y is
antisymmetric. Hence, the resonance in y,, translates to a
conversion from x to y polarization as well as to a
conversion from y to x polarization. However, in general,
the Faraday rotation spectra for x- and y-polarized light are
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not completely equal since for finite propagation distances
also the diagonal components y, and y, possess an
influence [48,82]. As shown by the measurements in
Fig. 4, the Faraday rotation can be even larger for
y-polarized light than for x-polarized light. We also point
out that the line shape of y,, depends on the complex phase
of the magneto-optical coupling constant 3, which is related
to the gyration of the MO material [48]. For the present
example, this phase is set to —45°. Changing this phase
does not affect the average magnitude of the magneto-optic
response, but only determines whether the Im(y,,) spectra
show a down-up line shape (negative phase), an up-down
line shape (positive phase), or a peak (zero phase) when
plotted over angular frequency [83].

As a final remark, we mention that the presented
oscillator model is the simplest possible approach to
illustrate the relation between EIA-like coupling and the
enhanced MO response in our system. Of course, this
results in neglecting secondary influences observed in the
actual measurements, such as material dispersion, back-
ground Faraday rotation due to the film, or diffraction
effects such as Rayleigh anomalies [48]. Nevertheless, the
benefit of this model is that it provides a very intuitive
description of our system.

IV. CONCLUSION

We exploit the design flexibility enabled by the use of
EuS as magneto-optic material to realize a hybrid magneto-
plasmonic thin film structure that represents the classical
optical analog of EIA. Unlike in previous approaches
where the low quality factor of localized surface plasmon
resonances limited the Faraday rotation enhancement, the
coupling regime of EIA allows us to leverage both the high-
quality factor of the waveguide resonances and the large
oscillator strength of the plasmons. Both these aspects
result in dramatically increased light-matter interaction and
MO response. In relation to its thickness, our system
exhibits giant Faraday rotation response that substantially
exceeds the results of previous approaches. Furthermore,
compared to EuSe-based structures, our approach reaches
similar performance already at much lower magnetic fields.
A fruitful strategy to even further increase the MO response
of our system could be to use a thicker MO slab in
combination with grating periods that are comparable to
the ones we use in this work. This way, higher-order
waveguide resonances can be excited, which in combina-
tion with EIA-like dispersion could lead to Faraday rotation
values closer to or even above 45°. Furthermore, some sort
of physical or chemical treatment to enhance the surface
quality of the EuS film could also further increase the
resonator performance resulting in larger Faraday rotation.
In future designs, the necessity for low temperatures could
be significantly relaxed by doping europium compounds
with gadolinium. For example, it has been shown that
alloying EuO with gadolinium can raise the Curie

temperature (where the Faraday rotation starts to drop)
from 69 to 135 K [84,85], which is well above liquid
nitrogen temperature. Of course, the concept of an EIA-
boosted MO response is not restricted to EuS or other Eu
compounds and can, in principle, be applied to many
materials. The only requirements are sufficient transpar-
ency of the MO material and a suitable procedure for the
nanostructure fabrication. Furthermore, as was demon-
strated recently, strong MO dispersion of nanostructured
systems can also be leveraged for refractive index sensing,
allowing very precise detection of biochemical substances
[86]. Here, the exceptionally sharp EIA-induced features in
the MO spectra of our system could also turn out to be a
powerful tool. With all that, we believe that our concept
can lead to highly integrated, nonreciprocal nanophotonic
devices for light modulation, optical isolation, and optical
magnetic field sensing. Moreover, we prove that EuS
enables simple fabrication of complex layer-based
magneto-optical geometries. This is a very powerful and
rare property among transparent magneto-optic materials.
Since EuS is much cheaper than EuSe and also provides
stronger MO response already at low magnetic fields, EuS
could become a trigger for other interesting and potentially
very powerful magneto-optic and magnetoplasmonic
designs. This could include both 2D and 3D systems,
for instance, EuS photonic crystals, as well as even
magneto-optic metamaterials [38,87].
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