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Abstract

Magnetoplasmons in a graphene sheet immersed in a periodic magnetic field produced by a ferromagnetic
nanowire membrane are analyzed. The periodic magnetic field modifies the classical cyclotron radii and generates a
periodic non-uniform carrier density. Depending on the strength of the magnetic field and the corresponding cyclotron
radii, different regimes requiring different treatments are identified and analyzed.

1.Introduction

Graphene, a zero thickness carbon material arranged according to a honeycomb structure, has recently revealed
unprecedented fundamental phenomena such as giant Faraday rotation [1] and half integer quantum Hall effect [2—4],
and has spurred significant research interest since its first production in 2004 [2—4]. As a 2D electron gas, under a
magnetic bias the carriers in graphene follow elliptical cyclotron orbits, when excited by an incident electric field. The
cyclotron motion results in an anti-symmetrical 2D conductivity tensor, and is responsible for gyrotropic properties of
graphene, such as Faraday rotation. Faraday rotation is a transmission effect, and demands a structure which is
transparent to electromagnetic waves. Although magnets could be used for this purpose, for practical applications they
are bulky, heavy and expensive. We recently proposed a multi-scale transparent gyrotropic metamaterial, composed of a
stack of graphene, a ferromagnetic nanowire membrane and a frequency selective surface, as a candidate for practical
graphene based Faraday rotators [5]. In this metamaterial, graphene is immersed in a periodic magnetic field. This
structure is analyzed using a multi-physics model combining magneto-statics, electromagnetics, carrier transport and
diffusion [5]. In oblique incidence the propagating surface mode of the graphene sheet in a periodic magnetic field, will
enter the picture as well, and should be taken into account. In this paper we investigate these magnetoplasmonic modes
for an infinite graphene sheet in a periodic magnetic field.

2. Magnetoplasmons in periodic magnetic fields

At terahertz and optical frequencies where the imaginary part of the conductivity of graphene becomes
significant compared to its real part, graphene supports surface plasmons, and in the presence of a magnetic bias,
magnetoplasmons. A graphene strip supports an infinite number of bulk magnetoplasmon modes with transverse
resonances and two edge modes. These edge modes show interesting non-reciprocal properties, with applications in
non-reciprocal graphene-based plasmonic devices such as non-reciprocal phase shifters, non-reciprocal couplers and
isolators [6—8]. With the application of an electric bias these non-reciprocal devices get endowed with the additional
flexibility of electrical tenability [8, 9]. The non-reciprocity in the presence of a magnetic bias appears through an anti-
symmetric conductivity tensor resulted from the cyclotron motion of carriers in magnetically biased graphene.
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Figure 1: Graphene magnetoplasmons in a periodic magnetic field.

For graphene magnetoplasmons in a periodic magnetic field, shown in Fig. 1, the classical cyclotron orbits get
modified. The periodic magnetic field generates a periodic non-uniform carrier density. Depending on the strength of
the magnetic field and the corresponding cyclotron radii the problem will enter different regimes requiring different
strategies [5]. For cyclotron radii much larger than the FMNW periodicity [11,12] shown in Fig. 2(a), the carriers sense
an average magnetic field along their path, and a uniform averaged magnetic field would be a good approximation. For
cyclotron radii much smaller than the FMNW periodicity shown in Fig. 2(b), the carriers sense a local magnetic field. In
this case graphene can be modeled as a local tensorial periodic conductivity sheet. For cyclotron radii comparable to the
magnetic field periodicity shown in Fig. 2(c), the problem enters a non-local regime where the averaging and local
techniques are not accurate. In this case, we are dealing with a non-local multiscale multyphysics problem involving
magneto-statics, carrier transport, electromagnetics and diffusion. These regimes are investigated in details through
analysis appropriate for each scenario.

oS
ocn
5085 ?? 088
°o°o° O
Ry Iy

e . e

:
§
)
b
il

Figure 2: Cyclotron radii for different regimes. (a) Average, (b) local conductivity and (c) non-local regime.

3. Conclusions

Magnetoplasmons in a graphene sheet immersed in a periodic magnetic field generated by a ferromagnetic
nanowire membrane, are analyzed. Depending on the strength of the magnetic field and the corresponding cyclotron
radii, average, local conductivity and non-local regimes requiring different treatments are identified and analyzed
accordingly.
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