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ABSTRACT

Reliable communication networks require high-performance, low-cost, efficient, and miniaturized components,
especially in the photonic domain. In particular, essential building blocks for photonic integrated systems are
optical circulators and isolators. These non-reciprocal elements can enable full integration of the systems, can
diversify circuit architectures, and can protect lasers from spurious back reflections in the optical path. Magneto-
plasmonic waveguides support asymmetric modes resulting from the Transverse Magneto-Optical Kerr Effect
(TMOKE) interaction between Magneto-Optic (MO) materials and coupled plasmonic modes. The induced
asymmetry in the mode profiles and the non-reciprocal propagation can be exploited for designing integrated
isolators and circulators.

Keywords: magneto-plasmonic waveguides, magneto-optics, non-reciprocal integrated devices, optical isolators,
optical circulators, photonic integrated circuits.

1. INTRODUCTION

The continuous development of optical communication technologies demand low-cost, efficient, and miniaturized
systems that can efficiently realize data switching, routing, processing functions, and wideband or multi-
wavelength operations [1-7]. Photonic integrated circuits (PICs) are among the most promising technologies due
to the high performance in terms of transmission speed, bandwidth, energy efficiency, but photonic integration
still needs extensive research to implement optical isolator and circulator functions. The realization of integrable
non-reciprocal (NR) elements would allow for full system integration, protecting lasers from spurious reflections
in the optical path, and would allow for diversification of circuit architectures.

Different integrated solutions have been proposed in the literature for the realization of non-reciprocal components.
For example, Magneto-Optic (MO) metals have been used as a top or side cladding to exploit their non-reciprocal
behavior, and Transverse Magneto Optic Kerr Effect (MOKE)-induced phase shift was also exploited in garnet
interferometers [8-10]. Through direct integration of (Ce:YIG) garnet material, performance and footprint
optimization have been achieved with high-Q (quality factor) non-reciprocal resonators or improved
interferometers [10-13]. Nonetheless, the current integrated solutions are generally forced to compromise between
performance, bandwidth, footprint, and large-scale fabrication.

This paper investigates the non-reciprocal behaviour of integrated plasmonic strip waveguides arising from the
magneto-plasmonic effect. This effect, stemming from the interaction between a magneto-optical material and
plasmonic modes (SPP — Surface Plasmon Polariton), offers broadband operation since it does not rely on resonant
structures. Moreover, thanks to the technological compatibility with virtually any photonic platform, the magneto-
plasmonic phenomenon in plasmonic waveguides holds promise for the development of circulators and isolators
integrated into different photonic circuits.

2. NON-RECIPROCAL MAGNETO-PLASMONIC STRIP WAVEGUIDES

Fig. 1 (a) shows the cross-section of the analyzed magneto-plasmonic strip waveguide. The metal waveguide is
made of gold (Au), with complex permittivity modelled according to [14], deposited on a silicon dioxide substrate,
which is typical of integrated photonic platforms such as Silicon on Insulator (SOI). On the sides of the metal strip
the magneto-optical dielectric material is considered with refractive index nmo=2.3. The superstate is made of a
material with a refractive index equal to that of silicon dioxide nsjo2=1.445.

To incorporate the magneto-optical phenomenon into the electromagnetic analysis of plasmonic modes, the
material properties need to be described using a permittivity tensor. In magneto-optical materials, the permittivity
tensor has non-zero extra-diagonal elements &; and g (with i and j equal to x, y, z according to the chosen
coordinate system) with equal values, but opposite signs. In the considered garnet MO material, these coefficients
become non-zero due to the application of an external magnetic field. In the absence of the magnetic field,
however, the material behaves like an isotropic material.

Considering the reference system in Fig. 1(a), the magneto-optical material, with a magnetic field applied along
the z-axis inducing a magnetization M, can be represented by the permittivity matrix:
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The parameter g represents the gyrotropic coefficient, whereas nyo is the refractive index of the magneto-optical
material.

The structure shown in Fig. 1(a) was simulated using a full-wave three-dimensional Finite Difference Time
Domain (3D-FDTD) model [15], in which the magneto-optical material and the TMOKE were simulated by
incorporating a non-diagonal permittivity matrix. In addition, to account for the effect on propagation, a matrix
transformation was performed by determining the eigenvalues and eigenvectors associated with the permittivity
matrix. These eigenvectors were then assigned as properties to the calculation grid. In this way, when the
gyrotropic coefficient is non-zero, the non-reciprocal effect on the propagation modes can be analyzed.

The strip structure in Fig. 1 (a) can support Long Range Surface Plasmon (LRSP) and Short Range Surface
Plasmon (SRSP) modes, the characteristics of which change as a function of magneto-optic material properties. In
particular, the magneto-plasmonic effect induces an asymmetrization of the electromagnetic field intensity. For
example, Fig. 1 (b-d) show the E, component of the electric field of the LRSP mode in the y-z cross-section for
different values of the gyrotropy g: (a) g=0, (b) g=+0.1, (c) g=-0.1. The magneto-optic effect concentrates the
electromagnetic field on one of the two interfaces between metal and magneto-optical material. When no external
magnetic field is applied (i.e. g=0), the LRSP is symmetric. However, with a non-zero external magnetic field,
the mode concentrates on one interface depending on the propagation direction (i.e. one interface for forward
propagation (g=+0.1) and the other one for backward propagation (g=-0.1)). Similar behaviour is observed for
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Figure 1. (a) cross section of the magneto-plasmonic strip waveguide, (b-d) Electric field Ey component of the
LRSP mode in the y-z cross-section for different values of the gyrotropy g: (a) g=0, (b) g=+0.1, (c) g=-0.1.

In the case of magneto-plasmonic waveguides, an important parameter, that influences the properties of the

propagating modes, is the width w of the strip waveguide. Fig. 2 (a) and (b) show the trend of the real (Fig. 2 (a))
and imaginary (Fig. 2(b)) parts of the effective refractive index of the LRSP (dashed curves) and the SRSP (solid
curves) as a function of the strip waveguide width w, calculated for different values of the gyrotropy. In this
example, the magneto-optical material has refractive index nmo=2.3, whereas the thickness t of the gold strip is
t=300 nm , and the wavelength is A=1.55 yum.
As shown in Fig. 2 (a), the real part of the effective refractive indices of the LRSP an SRSP modes are well
separated for low values of the width w. However, these curves converge to significantly closer values as the width
increases. Additionally, Fig. 2 (b) shows that the imaginary part of the effective refractive index of the SRSP mode
(solid curve) is higher than that of the LRSP mode (dashed curve). However, as the width increases, the curves in
Fig. 2(b) also converge to significantly closer values.



For NR transmission, both time and spatial symmetries must be broken. While the strip waveguide is spatially
symmetric, the TMOKE effect induces a spatial asymmetry within each mode (i.e. LRSP and SRSP). Interestingly,
both modes exhibit the same degree of asymmetry, but with opposite repartition between their lobes. Since the
excitation of both modes does not induce spatial symmetry breaking, only the less lossy (i.e. the LRSP) should be
excited to achieve NR behavior. The trends of the effective refractive indices of the LRSP and SRSP suggest that
for low values of the width w, it is possible to selectively excite the mode. In fact, when the width is narrow, the
effective refractive indices of the two modes are strongly different. Therefore, in principle, it is possible to excite
only one of the two modes by an external electromagnetic field with the same symmetry characteristics (e.g. even
symmetry for the LRSP and odd symmetry for the SRSP) and the same propagation constant as the selected
plasmonic strip mode.
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Figure 2. (a) Real part and (b) imaginary part of the effective refractive index, and (c) intensity ratio as a
function of the strip waveguide width w, calculated for different values of the gyrotropy. The magneto-optical
material has refractive index nyo=2.3, whereas the thickness t of the gold strip is t=300 nm.

The asymmetrization of electromagnetic field strength due to the magneto-plasmonic effect can be quantified by
defining the intensity ratio (IR) as the ratio, expressed in dB, of the maxima of the electric field modulus [E| at
metal-dielectric interfaces calculated as:

max |E|
y=20

max |E| |
y<0

IR = 20 lOglO

Figure. 2 (c) shows the intensity ratio IR for the SRSP (solid curves) and LRSP (dashed curves) modes as a
function of the width of the magneto-plasmonic strip waveguide, calculated for different values of the coefficient
g. As it can be seen from Figs. 2 (c), the intensity ratio increases with the width of the magneto-plasmonic strip
waveguide for non-zero g values. This behavior can be explained by considering that each mode (i.e LRSP and
SRSP) can be seen as the superposition of modes localized at the individual metal-dielectric interfaces. When the
metal strip is narrow, the modes at the two interfaces are strongly coupled and the magneto-plasmonic effect is
less apparent. Conversely, by increasing the width w, the modes at the two interfaces become weakly coupled and



the magneto-plasmonic effect is more efficient, resulting in higher asymmetry. Thanks to the mode asymmetry
and to the non-reciprocal behaviour, the magneto-plasmonic effect in strip waveguides can enable the
implementation of isolators or circulators [16-17].

3. CONCLUSIONS

The analysis of three-dimensional magneto-plasmonic strip waveguides has been reported, highlighting the effects
of the gyrotropic coefficient g and of the geometric parameters of the propagating modes. The trends in the
effective refractive indices of the LRSP and SRSP suggest that, for low values of the width, it is possible to select
the desired propagation mode by exciting only one of the two. The investigation also found that the
asymmetrization of the modes increases when the width w of the strip waveguide is increased. Therefore, in
principles, by tapering the waveguide this effect can be exploited to achieve high asymmetry, especially when low
gyrotropy materials are used.
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