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Abstract

Magnetic monopoles are hypothetical particles which, similarly to the electric monopoles that
generate electric fields, are at the origin of magnetic fields. Despite many efforts, to date, these
theoretical particles have yet to be observed. Nevertheless, many systems or physical
phenomena mimic the behavior of magnetic monopoles. Here, we propose a new type of
photonic nanoantenna behaving as a radiating magnetic monopole. We demonstrate that a
half-nanoslit in a semi-infinite gold layer generates a single pole of an enhanced magnetic field
at the nanoscale and that this single pole radiates efficiently in the far field. We also introduce
an effective magnetic charge using Gauss’s law of magnetism, in analogy to the electric
charge, which further highlights the monopolar behavior of this new antenna. Finally, we show
that different plasmonic and metallic materials can provide magnetic monopole antennas
covering the visible to near infrared range, and even down to GHz frequencies. This original
antenna concept opens the way to a new model system to study magnetic monopoles and a
new optical magnetic field source to study the “magnetic light-matter coupling”. Furthermore,

it opens potential applications at lower frequencies, such as in magnetic resonance imaging.

Keywords: Magnetic Monopole, Photonic Antenna, Plasmonics, Magnetic Field,

Nanostructure.



Introduction

Magnetic monopoles are hypothetical particles that carry a single magnetic pole, as opposed
to all other magnetic objects that come in pairs of magnetic poles. The concept of magnetic
monopoles was first proposed by Paul Dirac in the 1930s," and has since been the subject of

much theoretical and experimental research in the following decades.?

In many ways, magnetic monopoles are similar to electric charges. Just as electric charges
are the fundamental building blocks of electric fields, magnetic monopoles are expected to be
the fundamental building blocks of magnetic fields (figure 1). However, unlike electric charges,
that exist as isolated entities, magnetic poles always come in pairs (north and south). Indeed,
despite many experimental investigations, magnetic monopoles have yet to be unambiguously
observed in Nature. Many physicists believe that they must exist in order to explain certain
phenomena, such as the observed quantization of electrical charges.? In recent years, there
have been several proposed methods® * to investigate magnetic monopoles, including the use
of high-energy particle accelerators, cosmic ray detectors, and the quest for magnetic

monopole "tracks" in certain materials.
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Figure 1. Description of electric and magnetic monopoles. a) A negative electric point charge
generates electric field lines oriented in the direction of the charge. b) A south magnetic pole

creates magnetic field lines in the direction of the pole.

Although magnetic monopole particles are yet to be observed experimentally, for many years,
physicists have been trying to develop systems behaving like magnetic monopoles or have
used the concept to explain the behavior of certain materials. This is the case, for instance, in
topological insulators,® spin ice materials,® high-temperature superconductors,” during heavy
ion collisions,® in quantum Hall systems,® skyrmions, liquid crystals," Weyl semimetals,'? or
chiral magnets,”™ to name a few. However, all these systems referring to the supposed

behavior of magnetic monopoles are associated with a static behavior of the latter.

In electromagnetics, the concept of electric monopole is well known and well described in the
scientific literature and is widely used technologically.™ '® At all electromagnetic frequencies,

an electric monopole antenna consists in a conductive rod perpendicular to a conductive



surface that acts as a mirror or ground plane. The literature also refers to the existence of
magnetic monopole antennas at GHz frequencies.'® '” However, the term magnetic monopole
antenna in these studies is probably overstated as, to the best of our knowledge, the monopole

behavior of these systems has never been investigated.

Therefore, to contribute to this endeavour, this paper proposes a new type of plasmonic
nanoantenna, based on a half-nanoslit in a semi-infinite gold layer and behaving as a magnetic
monopole. We demonstrate that our plasmonic nanostructure develops a single and enhanced
magnetic hot spot at the nanoscale, which is locally free of any electric field. Furthermore, this
enhanced energy density of optical magnetic field is made of only one orientation of the
magnetic field, constituting a single pole, as opposed to plasmonic magnetic dipoles carrying
two opposite poles, which locally amplify the magnetic field. Finally, we describe how this
monopole oscillates in time at the excitation frequency, alternating north-south orientations,
allowing this antenna to efficiently radiate electromagnetically in the far field from this single

pole, similarly to how an electric monopole antenna would behave.

The results presented here are of great significance for several reasons. Firstly, this
nanoantenna can be used as a model system to study the behavior of magnetic monopoles.
Also, by its ability to concentrate, isolate and enhance the optical magnetic field at the
nanoscale, this type of nanostructures opens new possibilities for manipulating the coupling
between magnetic light and matter.'®?” In particular, research topics where the optical

magnetic field plays a major role, such as the interactions between light and chiral matter,2%3°

electrically forbidden photochemical processes,*

or nonlinear photon avalanche processes
involving the magnetic transitions of lanthanide ions,* will benefit directly from this type of
system. Finally, owing to its efficient far-field radiation and ability to concentrate the magnetic
field locally in the near-field, and similarly to other types of photonic antennas, the extension
of this new concept to GHz and MHz frequencies will profoundly impact certain technologies

such as magnetic resonance imaging.
Results and discussions

In electromagnetism, antennas can feature a broad range of features® in terms of directivity,

bandwidth, or gain. In the visible range, these structures, called nanoantennas,* have been

35-38

developed in different types of materials, dielectric®**=® or metallic,* ° to cover a wide range

t41

of properties. Examples include fluorescence enhancement,*' heat generation,*? biosensing,*?

or directionality.**

Many sophisticated antenna geometries have been used for these
applications.** *°* However, some of the simplest nanoantenna geometries induce multipolar
behaviors when they are excited by an optical field.*® Figures 2a-c list some of these antennas.

For instance, a gold nanorod (figure 2a) behaves like an electric dipole.*’ In particular, this



behavior leads to a strong enhancement of the optical electric field (E) at both ends of the
nanorod when it is excited at resonance by a light polarized with the electric field collinear to
the long axis of the antenna (figure 2a). Also, by reciprocity and via Babinet's principle, a
nanoslit in a gold layer (figure 2b) behaves like a magnetic dipole.*® *° In this case, the optical
magnetic field (H) is enhanced at the ends of the nanoslit, at resonance, for an excitation
polarization with a magnetic field that is collinear to the antenna's long axis (figure 2b).
Similarly, it has been demonstrated that a metal half-nanorod attached to a semi-infinite layer
of the same metal (figure 2c) behaves like an electric monopole, ' this time with a single electric
hot spot at the end of the half-nanorod (figure 2c). From then on, by reciprocity and via the
same Babinet principle, one can wonder whether the electromagnetic behavior of a half-
nanoslit in a semi-infinite layer of metal is similar to a magnetic monopole which would
generate only one magnetic hot spot (one pole) at the end of it (figure 2d). This paper
numerically demonstrates this property in comparison to the behavior of the magnetic dipole
(See Figure S2 of the Supporting information for comparison with electric monopoles and

dipoles via the Babinet principle).
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Figure 2. Schematic illustration of different plasmonic multipolar antennas. Design of dipolar

a) electric, b) magnetic and monopolar c) electric, d) magnetic nanoantennas.

For this purpose, in this work, two structures are considered. One consists of a nanoslit drilled
in a thin layer of gold, hereafter called the magnetic dipole, shown in figure 2b, and the other
is a half-nanoslit in a semi-infinite layer of gold, hereafter called the magnetic monopole and
shown in figure 2d. These two nanostructures are both made in a 40 nm thick gold layer, and

their groove width is 20 nm. Simulations were performed in FDTD (Finite Difference Time



Domain - Lumerical software). The total computational window was chosen to be 2x2x1.4 ym?®
along the X, Y, and Z directions, respectively. A 1 nm fine mesh of 200x100x100 nm? in the X,
Y, and Z directions was used for the area surrounding the dipole and magnetic monopole
nanoantennas. An incident plane wave (A = 800 nm), polarized perpendicular to the long axis
of the nanoslits (i.e., along Y) generated at 700 nm below the gold layer, propagates in the
positive Z direction (figure 2 b,d). The lengths of the nanoslits were chosen so that these
photonic antennas resonate at a wavelength of 800 nm (see Figure S1 of the supporting
information for the influence of the geometrical parameters on the antenna resonance). This
behavior is not limited to gold nanostructures and near-infrared wavelengths, but by using
other plasmonic materials such as silver and aluminum, it is possible to develop magnetic
monopole antennas at visible wavelengths (see Figures S2-3 in the Supporting information)
and using longer antennas, telecommunication wavelengths are also reachable (see Figure

S4 in the Supporting information).

Figure 3 presents the spectral response of these two magnetic antennas. In particular, it shows
the increase of the local magnetic field at the surface of these antennas 10 nm from their ends
and in the middle of the gold layer, as represented by the black star in the inset. From these
spectral responses, it can be seen that these structures resonate at 800 nm wavelength and
that the local magnetic field is increased by 12 and 6, respectively, for a dipole of length 140
nm and monopole of length 57 nm. In addition, we note a lower quality factor in the case of the
magnetic monopole, indicating a faster dissipation of the energy of this antenna compared to

the magnetic dipole, i.e. a high radiation efficiency.
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Figure 3. Magnetic spectral responses. Near-field spectral responses of the increase in optical
magnetic field for the magnetic dipole nanoantenna (blue curve) and for the magnetic
monopole nanoantenna (orange curve) at the position symbolized by the black star, at a

position 10 nm from the end of the nanoslits and in the Z-center of the gold nanostructures.



To further detail the electromagnetic behavior of these antennas, the distributions of the
electric and magnetic field enhancements in different planes of these structures are shown in
Figure 4. In particular, the distributions of the electric (Fig. 4a,c,f,h) and magnetic (Fig. 4b,d,g,i)
fields for the magnetic dipole (Fig. 4a-d) and the magnetic monopole (Fig. 4f-i) in the XY plane
at the Z-center of the antennas (Fig. 4a,b,f,g) and the XZ plane at the Y-center of the antennas
(Fig. 4c,d,h,i), are shown. As one can see, the magnetic dipole localizes the electric field inside
the nanoslit and the magnetic field at both ends. This behavior is typical of a magnetic dipole
antenna, as previously reported.*” Furthermore, we can notice a substantial increase of the
electric and magnetic field amplitudes in the near field, particularly by a factor of 30 and 14,
respectively. On the other hand, the spatial distribution of the optical fields around the magnetic
monopole antenna is very different; we observe that the latter appears truncated compared to
the magnetic dipole, with only one magnetic and one electric hot spot, at each end of the
nanoantenna. Also, we can observe that the amplitudes of the fields in the case of the
monopole are divided by two compared to the magnetic dipole. These results indicate that the
half-nanoslit behaves as half of a magnetic dipole with only one pole and therefore forming a

magnetic monopole.

To investigate this phenomenon further, figures 4e and j provide the magnetic field lines in
each of the antennas in an XZ plane at the Y-center of the nanostructures and at an arbitrary
time t. In the case of the magnetic dipole, at the ends of the antenna where the magnitude of
the magnetic field is the highest, the orientation of the field lines is opposite (Figure 4e), with
on one side an orientation towards positive Z (left) and on the other side towards negative Z
(right). These two orientations can be seen as the north and south poles of the magnetic dipole
antenna. On the other hand, in the monopole case, we have only one orientation of the
magnetic field lines (figure 4j) at the position of the hot spot shown in figure 4i. Therefore, the
antenna described in figures 4f-j behaves like an antenna with only one pole, i.e., like a

magnetic monopole antenna.
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Figure 4. Spatial distributions of electric and magnetic fields in the near field. Spatial
distributions of the (a,c,f,h) electric and (b,d,g,i) magnetic fields for the (a-d) magnetic dipole
and (f-) magnetic monopole antenna in an (a,b,f,g) XY plane at the Z-center of the
nanostructures and in a (c,d,h,i) XZ plane at the Y-center of the nanoantennas. Field lines,
amplitudes, and vector distributions of the optical magnetic field for e) the magnetic dipole and
J) the magnetic monopole in an XZ plane at the Y-center of the structures. The yellow parts

indicate the position of the nanoantennas.

Moreover, this magnetic monopole being an electromagnetic antenna, the orientation of the
magnetic field lines oscillates in time so that the orientation of the magnetic field changes

accordingly at the same frequency. For instance, this means that the pole of this antenna



alternates between south and north as shown in Figure 5. In this figure, the lines, the vector
orientation, and the amplitude of the magnetic field are shown as a function of time at six
equidistant moments of an optical cycle (see the full video online). We observe that the
magnetic field amplitude oscillates over time, passing through maxima and minima. Also, as
expected, the two extrema present in each optical cycle are oriented in opposite ways, one
being oriented toward the positive Z, which can be called north, and the other towards the
negative Z, which is south. Therefore, we have a north-south fluctuation in the orientation of

this pole and, thus, an oscillating magnetic monopole nanoantenna.

We can also observe that the magnetic field lines, shown as gray lines in Figure 5, never loop
back on themselves as observed for a magnetic dipole in Figure 4j. This behavior is yet another
strong indication that our antenna behaves like a magnetic monopole. In addition, these field

lines rotate around the magnetic hotspot generated by the magnetic monopole antenna.
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Figure 5. Temporal study of the H-field vectorial distribution. Field lines, amplitudes, and vector
distributions of the magnetic field in an XZ plane at the Y-center of the magnetic monopole at
different times of a single optical cycle (the time is indicated in each figure). The yellow parts

indicate the position of the monopole antenna.

To further highlight how the behavior of a half-nanoslit antenna is associated with the presence
of a single magnetic pole, we propose to compute an effective magnetic charge, Qn, in analogy
with electric monopoles that exist due to the presence of a single electric charge (Figure 1). It
is indeed possible to formulate Gauss’s law of magnetism in terms of the magnetic field

strength H instead of the magnetic field flux density B as:

¢ uoH.dS = Q,,(1)

Where H is the magnetic field strength, po is the vacuum permeability, dS the surface element,
and Qn is an effective magnetic charge, homogeneous to a magnetic flux. This definition of Qnm
remains fully compatible with Maxwell’s equations, which state that the divergence of the
magnetic induction B must be equal to 0 in the absence of true magnetic charges (hence the
term of effective magnetic charge used here), simply by introducing a magnetization M due to

the antenna as B = po.(H+M).

Since the magnetic monopole is an oscillating antenna, we can calculate the evolution of this

integral over time. Figure 6e shows the evolution of Qm over an oscillation period of time. As



one can see, Qn is not zero and oscillates over time with the same periodicity as the incident
wave. For the sake of comparison, the exact same calculation is carried out for each pole of
the magnetic dipole antenna (Figure 6b,c) and the dipole antenna as a whole (Figure 6d). In
that case, taken separately, the magnetic charges of each pole oscillate in the same way and
with the same periodicity as the magnetic monopole, with a phase shift of T concerning the
pole of opposite symmetry (Figure 6e). However, when computing the effective magnetic
charge over the entire dipole antenna, we find that Qn, is zero as expected (Figure 6e and f).
Zooming in on the temporal behavior of Qm in the case of the dipole antenna, we can clearly

see that the signal is made up entirely of numerical noise (Figure 6f).
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Figure 6. Calculation of the effective magnetic charges generated by the magnetic monopole
and dipole antennas for a planewave excitation with E=1V/m. a-d) Schematic representation
of the surfaces considered (green parallelepiped) for the calculation of Gauss's law, for a) the
magnetic monopole, b,c) the two poles of the magnetic dipole, and d) the magnetic dipole as
a whole. e) Effective magnetic charges calculated for these different antennas over time. Curve
colors and continuities correspond to the panels in a-d). f) A zoom in of the two poles taken
together of the magnetic dipole antenna.

The calculation of this non-zero flux of the magnetic field strength, or effective magnetic charge
Qn, is thus further proof that our antenna does indeed behave like a magnetic monopole (see
Figure S5 of the Supporting Information for the case of the electric monopole and electric
dipole antennas). Furthermore, the ability of magnetic monopole antennas to locally create a
non-zero value of Qn indicates that they are interesting building blocks to manipulate the

relative permeability y. Indeed, if y can be defined as B=po.u.H, and considering that the flux

10



of B is zero, then equation (1) implies that y must be different from 1 in the case of the magnetic
monopole antenna while it remains equal to 1 for a magnetic dipole antenna. This is an
appealing observation since it suggests that, just as metamaterials made up of antenna arrays
manipulate effective permittivity and permeability in order, for example, to create negative-

index materials,>® %

a magnetic monopole modulates the permeability at the single-antenna
level, opening up new prospects for the engineering of effective optical constants by photonic

nanostructures.

Finally, to demonstrate the versatility of this new type of antenna in terms of materials and
resonant frequency range, Figure 7 shows the spectral response of a monopole antenna
fabricated in a copper foil with millimeter dimensions (Figure 7a). For these dimensions, the
monopole resonates at GHz frequencies (Figure 7b). Also, as shown in Figure 7c, by changing
the length of this antenna, it is possible to tune its resonant wavelength over several GHz.
Figure 7b also shows that several modes co-exist. The first, at 1.5 GHz, corresponds to a
magnetic monopole, as shown by the magnetic field distribution in Figure 7d. The second and
third modes correspond to higher-order modes (Figure 7e,f), in this case, half poles of order 8
and 12 (see Figure S4 for a description of this multipolar effect at optical frequencies). These
results demonstrate the potential of this new type of magnetic monopole antenna at low

frequencies, with direct applications such as magnetic resonance imaging.
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Figure 7. Study of a copper monopole antenna at gigahertz frequencies. a) Dimensions of the
monopole antenna in a copper foil. The width of the slit is 1 mm, the thickness of the foil is also
1 mm, and the length of the monopole varies. b) Spectral response of the 40.5 mm long
monopole excited by a plane wave polarized as shown in a) and centered at the 5GHz
frequency. The spectrum is calculated at 0,25 mm from the metal, at the end of the monopole,
and the Z-center of the antenna. c) Spectral responses for different monopole lengths. d-e)
Normalized magnetic field distribution at the Z-center of the 40.5 mm long monopole for the

resonance wavelengths identified in b) and in XZ plane.

Conclusion

In conclusion, we demonstrated that a half-nanoslit carved in a thin semi-infinite gold layer
behaves as a magnetic monopole antenna. We showed that the latter allows the generation of
a single magnetic hot spot where the optical magnetic field is enhanced. Furthermore, by
studying the field lines within this locally enhanced magnetic energy density, we established
that the vectorial distribution corresponds to a single pole, validating the monopole character
of this antenna. Also, by studying the temporal response of this system, we showed that the
magnetic vectorial distribution alternated between north-south orientations over time due to
the electromagnetic character of this magnetic monopole, thus allowing this antenna to radiate
its energy efficiently in the far field. Finally, using a Gauss's law of magnetism applied to the
magnetic field strength on a closed surface surrounding this antenna, we demonstrated the

presence of an effective magnetic charge within it, demonstrating even further the magnetic

12



monopole behavior of this antenna and opening up new perspectives in locally manipulating
the effective permeability of the material.

In addition to this antenna's new model for magnetic monopoles, this research also opens the
way to generating intense magnetic hot spots, free of any electric field, to couple magnetic
light to matter®? efficiently. In particular, topics strongly dependent on the magnetic component
of light will directly benefit from this type of system. Finally, although the present study is mainly
performed at optical wavelengths, the extension of this type of antenna to lower frequencies

opens new possibilities in terms of applications, such as magnetic resonance imaging.*®
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