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We unravel the underlying near-ﬁeld mechanism of the enhancement of the magneto-optical activity of
bismuth-substituted yttrium iron garnet ﬁlms (Bi:YIG) loaded with gold nanoparticles. The experimental
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results show that the embedded gold nanoparticles lead to a broadband enhancement of the magnetooptical activity with respect to the activity of the bare Bi:YIG ﬁlms. Full vectorial near- and far-ﬁeld simulations demonstrate that this broadband enhancement is the result of a magneto-optically enabled crosstalking of orthogonal localized plasmon resonances. Our results pave the way to the on-demand design
of the magneto-optical properties of hybrid magneto-plasmonic circuitry.

Introduction
The field of magneto-plasmonics has attracted a lot of scientific interest, both for its importance in potential technological
applications, and for its fundamental scientific relevance.1–4
Towards these directions, various ideas like using external
magnetic fields to control the dispersion relation of plasmonic
resonances (active magneto-plasmonics),5 or using plasmonic
resonances for spin current generation in adjacent magnetic
insulators,6,7 and the implementation of a magneto-plasmonic
interferometer,8 have been realized and explored.
Magneto-optical studies on magneto-plasmonic nanostructures, composed of magnetic and/or plasmonic materials,
have revealed new exciting eﬀects: nanopatterned hybrid
heterostructures,9–16 pure ferromagnetic films,17–24 and noble
metal/magnetic dielectric systems25,26 exhibit plasmon-induced
enhancement of their magneto-optical activity. Recently, the
correlation of near- and far-field eﬀects of a patterned magnetoplasmonic array has been shown with the aid of Photoemission
Electron Microscopy (PEEM),27 paving the way for tailoring the
magneto-optical response of these systems: the spatial distribution of the polarization- and energy-dependent electric near-

field of the propagating plasmon polaritons has been connected to the enhancement of the magneto-optical Kerr eﬀect.
As a further matter, the nature of the plasmonic resonances
(localized or propagating surface plasmons28,29) can alter diﬀerently the response of the magneto-optically active material in a
magneto-plasmonic structure. From the wider family of the
hybrid magneto-plasmonic structures,14–16,25,30,31 the system
composed of ferrimagnetic dielectric layers of bismuth-substituted yttrium iron garnet (Bi:YIG) with embedded Au nanoparticles (AuNPs) that support localized plasmon resonances
(LPRs), has attracted little attention for its importance.26,32,33
The underlying near-field mechanism is not clarified yet, while
there is lack of studies on the plasmon-induced magnetooptical response in the Longitudinal Magneto-optical Kerr
Eﬀect (L-MOKE) configuration.
In this paper, we explore the microscopic origin of the
magneto-plasmonic coupling in bismuth-substituted yttrium
iron garnet films (Bi:YIG), loaded with self-assembled Au
nanoparticles (AuNPs). We can unambiguously prove that the
features in the enhanced magneto-optical activity are the
result of two coupled orthogonal LPRs. The coupling is
mediated by the magneto-optical activity of the underlying
Bi:YIG matrix, for both polarization states of incident light.
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Results and discussion
Hybrid Au loaded Bi:YIG films
In Fig. 1(a), the structure of the investigated hybrid sample
(Bi:YIG/AuNPs) is presented. Scanning electron microscopy
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ation state. The polarization state of the reflected light is then
given by:
χs ¼

Epr

rps
 θs þ iεs
rss

ð1Þ

Esr rsp
¼
 θp þ iεp
Epr rpp

ð2Þ

Esr

¼
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Fig. 1 (a) Schematic cross section of the sample used in the present
study. (b) Scheme of the longitudinal MOKE conﬁguration, used to
record the Kerr angle of the BiY2Fe5O12/(AuNPs) samples. (c) Far-ﬁeld
measurements: (Top graphs) Experimental Rss and Rpp reﬂectance plots
as a function of wavelength for the BiY2Fe5O12/(AuNPs) samples.
(Bottom graphs) Dependence of the magneto-optical activity (M.O.A.s( p))
as a function of wavelength, recorded for the BiY2Fe5O12/(AuNPs)
samples for s- and p-polarized incident light. Both the reﬂectance as
well as the M.O.A. spectra have been recorded for angle of incidence
θi = 55 deg.

(SEM) images of the sample (see ref. 6) reveal that the AuNPs
are randomly distributed close to the interface between
Bi:YIG and gadolinium gallium garnet (GGG), and that they
are embedded in the Bi:YIG film. Furthermore, they have the
shape of oblate spheroids, with an in-plane diameter ranging
from 30 to 90 nm and a height ranging from 20 to 50 nm.
The optical properties of this sort of system are mainly determined by localized plasmon resonances (LPRs), rather than
by geometrical-lattice resonances. A second sample, having
exactly the same structure, but containing no AuNPs
(BiY2Fe5O12), was used as a reference. The reader is referred
to the ESI† for further details on the fabrication of the
samples.

The L-MOKE configuration
The magneto-optical response of the samples was experimentally probed in the L-MOKE configuration, which is schematically depicted in Fig. 1(b). In the L-MOKE geometry, the
magnetization (M) of the sample lies in the sample plane, as
well as in the plane of incidence of the incident light. The incident light can either be s- or p-polarized. In Fig. 1(b) only the
case of a measurement performed with s-polarized light is presented for simplicity. Superscripts r and i denote the reflected
and incident light, respectively. The reflected light contains a
p-polarized component which causes a change in the polariz-
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where χs( p) is the complex Kerr angle, θs( p) is the Kerr rotation,
and εs( p) is the Kerr ellipticity for s- ( p-) incident polarized
light. In eqn (1) & (2) Es( p) is the magnitude of the electric field
for s- or p-polarization state of light, and rss, rpp, rps and rsp are
the Fresnel coeﬃcients. Optical reflectance spectroscopy has
been performed for both samples, as well. The reflectance
spectra were recorded by using the exact same geometry which
was used for the study of the magneto-optical response, with
angles θi = θr = 55 deg. For a more detailed description of the
experimental techniques the reader is referred to ESI.†
Measured magneto-optical response
In Fig. 1(c) (top graphs), we present the measured reflectance
spectra for both incident s- (Rss plot) and p-polarized (Rpp plot)
light. It is apparent, that the reflectance of the sample containing no AuNPs, retains a constant value in the spectral region
of 550–800 nm. In the case of the sample containing AuNPs, a
broad drop in the Rss and Rpp spectra is located in the spectral
region 550–900 nm, reaching a minimum at ∼675 nm. The
reflectance reduction in this spectral region, where the electronic transitions of Bi:YIG34,35 have no relevant influence, is
solely attributed to localized plasmon resonances (LPRs) in the
AuNPs, for sizes smaller than ∼100 nm.
Our interest is particularly focused on the influence of the
LPRs on the magneto-optical response in the L-MOKE configuration. The L-MOKE configuration is easy to be
implemented, and therefore quite attractive for technological
applications, as well. In order to obtain a direct insight into
the eﬀect, we extracted the modulus of the complex Kerr angle
χs( p), which qisﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
also called the magneto-optical activity
ðM:O:A:sðpÞ ¼ θsðpÞ 2 þ εsðpÞ 2 Þ, for applied external magnetic
fields suﬃciently large to saturate the sample along the film
in-plane direction. The spectral dependence of M.O.A. for sand p-incident polarized light is shown in the bottom graphs
of Fig. 1(c) for both samples. The increased M.O.A. of Bi:YIG in
the low-wavelength spectral region is attributed to the wings of
the magneto-optical transitions located at photon energies of
2.8 and 3.3 eV (442 and 378 nm respectively).35 It becomes
apparent that the magneto-optical response of the Bi:YIG
layer, for the sample containing AuNPs, is strongly modified in
the broad optical region where the resonant localized surface
plasmon phenomena occur. Furthermore, by observation it
can be deduced that the enhancement of the M.O.A. is larger
in the case of incident p-polarized light. The experimental
results clearly show a significant broadband enhancement of
the magneto-optical response of Bi:YIG in a spectral regime far
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from the inherent Bi:YIG magneto-optical transitions, which
originates from LPRs in the hybrid sample.
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Near-field simulations & analysis
In order to gain insight into the deeper mechanism of the
enhanced magneto-optical activity of the hybrid BiY2Fe5O12/
AuNPs structure, we performed numerical simulations with
the aid of Computer Simulation Technology (CST) software
package and analyzed both the electric near-field features, as
well as the far-field magneto-optical behaviour (see ESI† for
further details on the Method). To perform these simulations,
the dielectric tensor of BiY2Fe5O12 was used. For the L-MOKE
geometry and the vector directions as they are defined in
Fig. 1(b), the dielectric tensor of Bi:YIG has the following form:
0
1
0
0
ϵxx
ϵBi:YIG ðλÞ ¼ @ 0 ϵyy ϵyz A
ð3Þ
0
ϵzy ϵzz
with ϵxx ≈ ϵyy ≈ ϵzz ≈ ϵ(λ) and ϵzy = −ϵyz = −iϵ(λ)Q, where Q is
the Voigt constant. The M.O.A. of Bi:YIG originates from spin–
orbit (SO) coupling and thus, it is an intrinsic property of the
material. The oﬀ-diagonal elements ϵzy and ϵyz of the dielectric
tensor account for the eﬀects of the SO interaction on the
dielectric properties of the magneto-optically active material.
The values of the diagonal and oﬀ-diagonal elements as a
function of wavelength of Bi:YIG were obtained from the existing literature.35,36 The dielectric tensor values for Au and GGG
were taken from existing literature, as well.36–39 The angle of
incidence for the incoming planar electromagnetic wave was
defined at 55 deg, in order to match with the angle of incidence which was used for the measurements ( presented in
Fig. 1(c)). The AuNPs are modeled as oblate spheroids with
fixed values of semi-axes: a = 60 nm and c = 35 nm. These
values are chosen to correspond to the mean value of the
nanoparticle sizes obtained from cross-sectional transmission
electron microscopy (TEM) images.6
In Fig. 2(a) (left side) the maps of the spatial y component
(Ey) of the local electric field E is presented at two characteristic spectral positions: λ = 550 nm, and 727 nm. In this case
the incident electric field is s-polarized. The maps reveal the
spectral position of the electric near-field enhancement which
emanate from the localized plasmon resonances in AuNPs. As
it can be observed, at λ = 727 nm a big volume of the hosting
Bi:YIG is exposed to the enhanced near-field around the AuNP.
In order to quantify these near-field results in a more comprehensive way, and reveal the exact spectral positions of the plasmonic resonances, we calculate the induced dipole moment in
the AuNP. In the small particle limit, the dipole moment
induced in the AuNP, which is embedded in the dielectric Bi:
YIG, is given by the following formula:40,41
p ¼ ϵo ðϵAu  ϵBi:YIG Þ

1 X
Vm E m
Np m

ð4Þ

where ϵo is the vacuum permittivity, ϵAu is the dielectric tensor
of Au, and ϵBi:YIG is the dielectric tensor of the surrounding Bi:
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Fig. 2 Near-ﬁeld simulations: (a) (Left side) Maps of the y electric nearﬁeld component (Ey) for two diﬀerent wavelength values of incident
s-polarized light. The color scale has been normalized to the maximum
spatial ﬁeld value in each case. (Right side) Calculated 〈Ey〉 in the AuNP,
for incident s-polarized light. The values have been calculated from the
simulated y electric near-ﬁeld components in the Au nanoparticle. The
〈Ey〉 values have been normalized to the maximum value. (b) Calculated
〈Ex〉 and 〈Ez〉 in the AuNP, for p-polarized incident light. The values have
been calculated by following the same procedure as in (a).

YIG material. Np is the total number of the discrete mesh cells,
at which each value of the electric field Em is calculated
numerically. Vm is the volume of the mth cell of the total discretized volume. From eqn (4), it can be deduced that p ∝ 〈E〉,
1 X
where hEi ¼
Vm Em is the average electric field in the
Np m
AuNP. The calculated y component of the averaged field (〈Ey〉)
as a function of the wavelength of the incident light, in the
case of s-incident light, is shown in the right hand side plot of
Fig. 2(a). The results show a clear intensification of the average
field along the y direction, with the peak of 〈Ey〉 located at
727 nm. All of the values have been normalized to the
maximum value of the curve. In the case of p-polarized light,
the vector of the oscillating incident electric field can be analyzed along the x and the vertical z direction. Therefore, in
Fig. 2(b), we choose to show both 〈Ex〉 and 〈Ez〉. The plots
reveal the existence of a clear intensification along the x direction (where 〈Ex〉 is considered), as well as a clear but more
feature-complicated intensification spectrum along the z direction (where 〈Ez〉 is considered). By comparison, we can deduce
that the 〈Ey〉 plot in the case of s-polarized incident light, and
the 〈Ex〉 plot in the case of p-polarized incident light, have
identical shapes. This can be clearly explained from the symmetry of the geometrical shape of the simulated nanoparticle
on the xy plane. From the 〈Ez〉 plot in Fig. 2(b), we can observe
a field intensification close to the lower limit of the simulated
spectral region. A clear peak is shown at λ = 575 nm, with an
extra feature at about λ = 625 nm. In the case of p-polarized
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incident light, 〈Ez〉 becomes enhanced at a much smaller wavelength value than the component 〈Ex〉 does. This, can be
understood by the fact that the dimension of the nanoparticle
along the z direction is smaller than that along the x or y direction. Therefore, the resonant mode along z is shifted at lower
wavelength values, as it is compared to the resonances along
the x or y direction. Furthermore, the fact that the 〈Ez〉 curve
has a more complex shape, in comparison to the 〈Ex〉 curve,
could be explained by the geometric complexityof the oblate
spheroid shape.
Far-field simulations & analysis
Subsequently, we want to compare the near-field simulations
with the obtained far-field data. Therefore, we initially calculated
the reflectivity for incident s- and p-polarized light, Rss and Rpp
respectively. Additionally, the polarization conversion eﬃciencies
Rps and Rsp have been calculated in the L-MOKE geometry.
*
These values are defined as follows: RssðppÞ ¼ rssðppÞ rssðppÞ
and
*
RpsðspÞ ¼ rpsðspÞ rpsðspÞ . The Fresnel coeﬃcients rss, rpp, rps and rsp
have been calculated with the aid of CST by calculating the scattering matrix elements in the defined waveguide port above the
simulated structure. The simulating method is based on the calculation of the power of the electromagnetic waves impinging on
the defined waveguide port (see ESI† for further details), and
provides very useful qualitative information about the reflectivity
and the polarization conversion eﬃciency.
The simulated Rss and Rpp for the corresponding oblique
angle of incidence of θi = 55 deg, are presented in Fig. 3(a). For
incident s-polarized light (Rss), in the case of the film containing AuNPs, the characteristic minimum in the reflectivity
associated with plasmon excitation is observed at ∼700 nm.
Plasmon excitation is further verified by the spectral position
of the maximum of the near-field 〈Ey〉 (Fig. 2(a)), which is also
very close to the minimum of the measured reflectance spectrum at ∼675 nm. Furthermore, the simulated Rss plot reproduces the corresponding experimental one, also very well. In
the case of incident p-polarized light (Rpp), the modification
due to the LPRs is stronger than in the case of incident s-polarized, as observed in the experimental Rpp curve in Fig. 1(c). It
is worthwhile to notice that the influence of the two resonances associated to 〈Ex〉 and 〈Ez〉 appearing at two distinct
spectral positions (see in Fig. 2(b)), becomes visible in the Rpp
curve. This distinction is not clear in the experimental curves,
we surmise, due to the dispersion of the aspect ratios of the
AuNPs and other typical imperfections in the actual samples.
To account for this distribution of the sizes and the aspect
ratios, a large number of simulations over diﬀerent configurations would be required, leading to an unaﬀordable timescale for each numerical spectrum.
In Fig. 3(b), we show the simulated polarization conversion
eﬃciencies Rps or Rsp for each sample. The polarization conversion eﬃciency expresses quantitatively the part of the intensity of the incident light which is converted from one polarization state to the other, upon reflection from the sample.
These appear always to be identical in every case, namely Rps =
Rsp. The latter is dictated by the symmetry imposed by the
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Fig. 3 Far-ﬁeld simulations: (a) Simulated Rss and Rpp for both samples.
(b) Polarization conversion eﬃciency Rps or Rsp. (c) Post-calculated
M.O.A., extracted from the simulated rss, rpp, rps, and rsp values.

material itself (ϵ yz = −ϵzy). The simulations show that Rps(sp)
clearly exhibits a broadband enhancement in the spectral
region of 600–800 nm where the plasmonic resonances are
located, and it is independent of the incident light polarization. This proves that even in the case of incident s-polarized
light, there is a resonance along the z direction. This resonance is the result of polarization coupling, and it is mediated
through the magneto-optical properties of Bi:YIG, giving rise
to the broadband enhancement of the polarization
conversion.40,41 Indeed, if we express the complex oscillating
electric dipole in the AuNP as p = αAuEi, where Ei stands for
the electric field of the incident light, then it can be shown
that in linear response of ϵyz:
0

α

Au

αxx
¼@ 0
0

0
αyy
αyz

1
0
αyz A
αzz

ð5Þ

with i ¼ x; y; z

ð6Þ

where
αii ¼

ðϵAu  ϵBi:YIG ÞLi 1
V
ϵAu þ ðLi 1  1ÞϵBi:YIG

and
αyz ¼

ϵBi:YIG
ϵAu Ly 1 Lz 1
yz
½ϵAu

þ ðLy

1

 1ÞϵBi:YIG ½ϵAu þ ðLz 1  1ÞϵBi:YIG 

V

ð7Þ
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In eqn (6) and (7), V is the volume of the nanoparticle, Li is the
depolarizing factor along the ith, direction with Lx + Ly + Lz = 1.
In our case Lx = Ly, thus αxx = αyy and diﬀerent from αzz. The
reader is referred to ESI† for further details on the derivation
of eqn (6) and (7). As it can be observed from eqn (7), the oﬀdiagonal element αyz of the polarizability tensor of the AuNP is
proportional to the oﬀ-diagonal element ϵBi:YIG
. The latter, in
yz
terms of the damped harmonic oscillator model, implies that
the directly generated electric dipole along the y direction
induces an indirect orthogonal electric dipole along the z
direction. Conceptually, the coupling between the two orthogonal electrical dipoles in the AuNP is mediated by the
magneto-optically active Bi:YIG matrix, and is mathematically
described by the non-zero ϵyz value. The concept of the
coupled orthogonal LPRs has been experimentally demonstrated and described analytically by Lodewijks et al. and
Maccaferri et al.,24,42 only for circular and elliptical ferromagnetic islands, however. Quite diﬀerently here, we show the
existence of coupled orthogonal LPRs in non-magnetic plasmonic nanoparticles (Au), where the coupling is mediated by a
magneto-optically active matrix. In Fig. 3(c), the post-calculated M.O.A. for the case of s- and p-polarized incident light
are presented. The simulated M.O.A. reproduces very well the
experimental one in the spectral region of about 675 nm, in
the case of the structure containing AuNPs. By comparing the
simulated M.O.A. curves, we see that the one corresponding to
the pure Bi:YIG structure without AuNPs, becomes largely
modified by the presence of AuNPs. In the case of incident
p-polarized light, the influence of the two characteristic features attributed to the LPRs along the two semi-axes of the
nanoparticle, are visible. The distinction between these two
resonances in the experimental data (Fig. 1(c)) are, again,
washed out due to the distribution of the nanoparticle sizes
and their aspect ratios. The modified M.O.A. in the far-field is
generated by the landscape of the electric near-field modifications. These near-field features in the plasmonic structure
have a direct impact on the exhibited reflectances as well as on
the polarization conversion eﬃciency, and therefore on the
magneto-optical activity.

Conclusions
In summary, we have experimentally demonstrated a broadband enhancement of the magneto-optical activity of hybrid
Bi:YIG/AuNPs systems induced by localized plasmon resonances, by analyzing the longitudinal magneto-optical Kerr
configuration. In order to unravel the role played by the localized plasmon resonances on the magneto-optical behaviour of
the host Bi:YIG, we performed near-field simulations, and correlated the obtained results with the numerical far-field
spectra. We have unambiguously shown that the features in
the enhanced magneto-optical activity are the result of two
orthogonal localized plasmon resonances that are coupled by
the magneto-optical activity of the underlying Bi:YIG matrix,
and are presented for both polarization states of the incident
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light. Our results pave the way to the design on-demand of the
magneto-optical response of hybrid magneto-plasmonic circuitry, by controlling the localized resonances through the size
and the aspect ratio of the nanoparticles.

Experimental
The Kerr rotation (θ) spectra measured with the aid of a spectroscopic Kerr eﬀect setup operating in the longitudinal geometry (L-MOKE). A Wollaston prism, combined with a
balanced photodiode setup mounted on a motorized
rotational stage, was used to detect the rotation of the polarization axis. The Kerr ellipticity (ϵ) has been recorded as a function of wavelength, by incorporating into the detection path a
superachromatic quarter-wave prism from Thorlabs. The setup
is fully automated and, with proper calibration, can provide
Kerr rotation and ellipticity in absolute values. The probing
light in the range of 550–800 nm was produced by a supercontinuum laser light source (SuperK Extreme) and was properly
monochromatized by an acousto-optical tunable filter. The
reader is referred to the ESI† for an indicative example of Kerr
rotation and ellipticity measurements.
The specular reflectance spectra were recorded with the aid
of the same setup, by replacing the balanced photodiode
module with an integrating sphere photodiode power sensor.
The power sensor was read by a PM400 power and energy
meter from Thorlabs. An aluminium mirror was used as a
reference for all of the recorded reflectance spectra.
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