N
N

N

HAL

open science

A chiral inverse Faraday effect mediated by an inversely
designed plasmonic antenna

Ye Mou, Xingyu Yang, Bruno Gallas, Mathieu Mivelle

» To cite this version:

Ye Mou, Xingyu Yang, Bruno Gallas, Mathieu Mivelle. A chiral inverse Faraday effect mediated
by an inversely designed plasmonic antenna. Nanophotonics, In press, 10.1515/nanoph-2022-0772 .

hal-04104754

HAL Id: hal-04104754
https://hal.science/hal-04104754v1

Submitted on 24 May 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04104754v1
https://hal.archives-ouvertes.fr

A Chiral Inverse Faraday Effect Mediated by an Inversely
Designed Plasmonic Antenna

Ye Mou, Xingyu Yang, Bruno Gallas, and Mathieu Mivelle*

Sorbonne Université, CNRS, Institut des NanoSciences de Paris, INSP, F-75005 Paris,

France

*Corresponding author: mathieu.mivelle@sorbonne-universite.fr
Abstract

The inverse Faraday effect is a magneto-optical process allowing the magnetization of
matter by an optical excitation carrying a non-zero spin of light. This phenomenon was
considered until now as symmetric; right or left circular polarizations generate magnetic
fields oriented in the direction of light propagation or in the counter-propagating direction.
Here, we demonstrate that by manipulating the spin density of light in a plasmonic
nanostructure, we generate a chiral inverse Faraday effect, creating a strong magnetic field
of 500 mT only for one helicity of the light, the opposite helicity producing this effect only for
the mirror structure. This new optical concept opens the way to the generation of magnetic
fields with unpolarized light, finding application in the ultrafast manipulation of magnetic
domains and processes, such as spin precession, spin currents and waves, magnetic
skyrmion or magnetic circular dichroism, with direct applications in data storage and data

processing technologies.

Keywords: plasmonic nanoantenna, inverse Faraday effect, inverse design, light-matter

interactions, chirality



1. Introduction

The inverse Faraday effect (IFE) is a magneto-optical process enabling the magnetization
of matter by optical excitation only('-3 (Figure 1). This magnetization is made possible by the
action of non-linear optical forces on the matter's electrons.*"! In particular, in a metal, the
free electrons subject to these non-linear forces are set in a drift motion at the origin of the
IFE. If we consider these electrons as free-moving charges, the expression of these drift
currents (Jq) can be described using the plasma community's formalism(® °! developed. In

this case, R. Hertel demonstrated that in metal, Jgq is written as:[”- 10

ld=ﬁRe(( Toub). (%E)) (1)

With e the charge of the electron (e < 0), n the charge density at rest, o, the dynamic

conductivity of the metal, and E the optical electric field.

These drift currents are, therefore, a function of the optical electric field and its divergence.
Because of their ability to manipulate fields and field gradients, nanophotonics and
nanoplasmonics are then particularly well suited to generate a strong IFE and thus create,

through the Biot and Savart equation (Equation (2)), strong stationary magnetic fields (B).I'"-

16]
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Where o is the vacuum magnetic permeability, dV is the volume element and r is the vector

from dV to the observation point.

Moreover, a plasmonic IFE will confine the created B-field to sub-wavelength scales due to
its nanometric scales.['!: 18 Finally, the generation of the B-field by IFE is due to light-matter

interactions; therefore, by using ultra-short optical pulses, nanoplasmonics is today the only
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technique allowing the creation of intense, confined, and ultra-fast magnetic field pulses.l'*
16,171 These unique properties have applications in many fields of magnetic research and
technology.['® Indeed, since the pioneering work of Beaurepaire et al,l'® researchers have
been looking for ways to manipulate and study magnetization at very short time and spatial
scales,?241 mainly through the use of femtosecond lasers, intending to control and
accelerate current data storage technologies. Unfortunately, the physical processes
involved in this type of interaction are still poorly understood. Likewise, the transient
processes of magnetic interactions, such as spin precession, spin-orbit coupling, and
exchange interactions, have their roots in the femtosecond time scale.?® The ability to probe
and address these different processes and their transient mechanisms using ultrashort
pulses of magnetic fields would benefit countless research activities in magnetism: from
Zeeman splitting,?®l magnetic trappings,?”! magnetic skyrmions,?8 magneto-plasmonics,?°!
ultrafast magnetic modulations,2% and magnetic circular dichroism" to spin control,*? spin

precession,3 spin currents,®4 and spin waves.[?%
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Figure 1: Principle of the inverse Faraday effect. A circularly polarized electromagnetic
wave magnetizes a material. This magnetization is oriented A) against the direction of the
wave propagation when the light is left circularly polarized and B) in the direction of the light

propagation when it is right circularly polarized.

The IFE is a symmetrical process, i.e., the magnetization of matter by a right circular

polarized wave will be opposite to a left circular polarized wave. In particular, the magnetic
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field created for a right circular polarization will be oriented in the propagation direction of
the light, and that of a left circular polarization will be oriented in a counter-propagative way
(Figure 1). Although, by analogy with what has been demonstrated in the past in the chiral
interactions between light and matter, it is known that a chiral nanostructure interacts
differently with right or left circularly polarized light.B® In these studies, this translates, for
instance, into a different distribution of the local chirality density and/or measurements of far

field circular dichroism on these chiral structures.

Here, we demonstrate the generation of a chiral IFE through the manipulation of light at the
nanoscale and, in particular, via the local manipulation of the spin density (characterizing
the degree of circular polarization of a wave). Using an inverse design algorithm, we have
generated a plasmonic nanostructure that creates a non-zero B-field for a single helicity of
light. Moreover, we show that the mirror image of the optimized plasmonic nanostructure
generates a non-zero B-field oriented in the opposite direction and only for the other helicity
of light. Also, under the illumination conditions used here, the amplitude of the created B-
field is estimated to be 0.5 T, making it one of the strongest generated by a plasmonic
nanostructure.[': 12 14. 161 Finally, this chiral IFE results from the photonic nanostructures'
ability to manipulate light in the near field. Indeed, we demonstrate that this effect is due to
generating a spin-density hot spot within this nanostructure for a single excitation
polarization of light. These results are particularly important since they imply that this
approach allows optically generating, even with unpolarized incoherent light, magnetic fields
that are intense, ultrafast, nanoscale, and always oriented in the same direction. Thus,

allowing for manipulation, at very short time and space scales, of many magnetic processes.



2. Results and discussions

Specifically, we have optimized, using a genetic algorithm (GA),?"-3% a plasmonic
nanostructure made in a thin gold layer of 30 nm thickness deposited on a glass substrate
(Figure 2). This nanostructure is based on a 2D matrix of 10x10 elements matrix, each
element consisting of metal or air with a size of 28 nm, constituting a total structure size of
280x280 nm?. These dimensions are chosen to enable the experimental fabrication of this
structure by lithography techniques, for instance. For the same reasons and to avoid the
non-physical effects that a numerical approach can generate locally, the corners of the
nanostructure are smoothed (Figure S1). The excitation of the structure is done by a
circularly polarized plane wave, with a wavelength of 800 nm, launched from the substrate
side and an energy density of 5.3 mJ/cm? (see supporting information for the full simulation
parameters). This excitation power is chosen to be below the threshold of what the material
can withstand.% 41 Each generation of the GA optimization is composed of 200 structures.
For each structure, two simulations are performed, one with a right and another with a left
circular polarization. The optical response of each structure is calculated by a Finite
Difference Time Domain method (see supporting information), and the associated electric
field is then used to calculate the drift currents according to the non-linear Equation (1), in
the center part of the structure (see supporting information). Hence, Biot and Savart's law
(Equation (2)) estimates the field B generated under these two excitation conditions at the
center of the nanostructure in X, Y and Z (symbolized by the green star in Figure 2) from
those calculated drift currents. Note that only the central volume of 1 nm mesh (140x140x32
nm®, see supporting information) is considered to integrate the drift currents allowing the
calculation of the B field via Equation (2). We then choose to maximize the difference B.-
rcp-abs(Bz.Lcp) as a GA optimization function, with Bz.rcp and Bz.Lcp the B-fields oriented

along Z created by a right or left circular polarization, respectively. The evolution from a
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generation N to N+1, N being the number of the generation, is then done by keeping the
200 best structures of the generations 1 to N. The breeding of these 200 structures produces
half of the structures of the generation N+1, the other half being constituted of mutated

structures with a mutation rate of 10%.

100 nm

Plane wave
A =800 nm
Energy density = 5.3 mJ/cm?

Figure 2: Optimized structure and excitation conditions. Example of a GA-optimized
structure, realized in a 30 nm thick gold layer, for excitation by a right- or left-circular
polarized plane wave at the wavelength of 800 nm and for an excitation energy density of
5.3 mJ/cm?. The field B generated under the two excitation conditions is evaluated at the

center of the gold nanostructure in X, Y and Z (symbolized by the green star)

These optical and selection characteristics give an optimized structure after 76 generations
(Figure 2,3A and S2). From the optical response of this optimized structure (Figure S3) and
via Equation (1), the associated drift currents are calculated inside the metal (Figure S4).
Using Biot and Savart's law, we calculate and show in Figure 3B and C the Z-oriented
stationary magnetic field distribution in an XY plane at the Z-center of the optimized structure
for left and right circular polarization, respectively. As can be seen, only the right circular
polarization generates an intense B-field of 0.5 T, oriented in the direction of light

propagation (along the positive Z), with an abs(Brcp/BLcp) ratio of 11. Also, using the
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plasmonic mirror structure to the optimized one (Figure 3D), we observe that under the same

excitation conditions but for a left circular polarization, a B-field of the same intensity is

generated but oriented in a counter propagative way to the incident light (along the negative

Z) and for a left circular polarization. This is the first time a chiral IFE has been observed,

moreover with this intensity and at the nanoscale.
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Figure 3: Magnetic response of the optimized plasmonic nanostructure. A) Schematic, in

an XY plane, of the GA-optimized structure. B) and C) Spatial distribution of the magnetic

field oriented along Z and generated in the Z-center of the structure shown in A) for the left

and right circular polarizations of excitation, respectively. D) Schematic, in an XY plane, of

the mirror structure displayed in A). E) and F) Spatial distributions of the B-field oriented

along Z and generated in the Z-center of the mirror structure shown in D) for the left and

right circular polarizations of excitation, respectively. See Figure S5 for other B-field

components and Figure S6 and S7 for its full amplitude in 2D and 3D. The black arrows

indicate the incoming polarizations.



The observation of this new physical effect is due to the ability of optical nanostructures to
manipulate light and its characteristics in the near field. Indeed, it is known that the
manipulation of electromagnetic fields in the near field allows, for instance, to control of local
densities of states,[*?>44 radiation patterns,*d chirality densities,*® 4”1 or even some
nonlinear effects.*® However, from Equation (1), we can see that a necessary condition
must be met to generate drift currents at the origin of the IFE. The light incident on the metal
must carry a certain degree of ellipticity so that the product E.E* is not zero. In particular,
we can see that a right circular or elliptical polarization will generate a stationary magnetic
field oriented in the same direction as the propagation of the light. In contrast, a left circular
polarization will create it opposite to the propagation direction (Figure 1).['> 14 Also, a linear
polarization will not generate a drift current and, therefore, no magnetic field. Here, we use
the unique properties of plasmonic nanostructures to manipulate the spin densities of light
locally, or in other words, the local helicity of light to generate a chiral IFE . The equation

describing the electric spin density of light is:

1

|Eo|?

s Im(E* X E) (3)

With Eo the electric field of the incoming light.

The spin density is a vectorial physical quantity that describes the polarization state of light
in a given plane. This density can take positive or negative values corresponding to right or
left elliptical polarizations. In particular, in our reference system, a positive spin density
corresponds to a right-handed helicity, a negative spin density corresponds to a left-handed
helicity, and a zero density corresponds to a linear polarization. In the far field, the spin

density can only take values between -1 and 1, -1 being a left circular polarization and 1 a
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right circular polarization (Figure 4A and B). On the other hand, in the near field, the spin
density normalized to the incident intensity |Eo|? can take much larger values due to the
increase of the fields, leading to the concept of super-circular light by analogy with super-
chiral light.[*®l Therefore, since the generation of drift currents requires an elliptical or circular
polarization (Equation (1)), by creating locally non-zero spin densities, the generation of an
IFE is possible in a plasmonic structure. Here, the chiral property of our optimized design
comes from the fact that for excitation for two different circular polarizations, only one
polarization generates locally a non-zero spin density (Figure 4C and D), the one that is right
circular (Figure 4D). This behavior results from constructive and destructive interferences of
the light locally around the plasmonic structure. Similarly, for the mirror plasmonic structure
(Figure 4E and F), only one opposite light helicity generates a non-zero spin density, the left
circular polarization (Figure 4E). Moreover, as can be seen in Figure 4D and E, the signs of
the local spin densities generated in the nanostructures are opposite. It is positive in the
case of a right circular excitation (Figure 4D), corresponding to a right elliptical polarization,
and negative in the case of a left circular excitation (Figure 4E), corresponding to a left
elliptical polarization. As a result of the IFE, the optimized structure thus generates a B-field
oriented in the propagating wave direction and the mirror structure in the counter-
propagating one. Finally, the high amplitude of the generated B-field is directly related to the
super-circular nature of the light generated by these plasmonic structures, creating, in turn,

strong drift currents.
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Figure 4: Distribution of spin densities. A) And B) spin density for left and right circularly

polarized plane waves, respectively. C) and D) Local spin density in the Z-center of the
optimized plasmonic nanostructure for left and right circular polarization of excitation,
respectively. E) and F) Local spin density in the Z-center of the mirror plasmonic structure
of the optimized one, for excitation by E) a left or F) right circularly polarized wave. The white

and black arrows indicate the incoming polarizations.

3. Conclusion

In conclusion, we have demonstrated for the first time that the magneto-optical process of
the inverse Faraday effect can be a chiral mechanism occurring only for one helicity of light.
This new physical effect is due to manipulating the light polarization at the nanoscale. Using
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an inverse design algorithm based on natural selection, we have shown the generation of a
non-zero spin density locally in a plasmonic nanostructure for a single helicity of light,
making the selective magnetization possible as a function of the excitation polarization. Also,
we have demonstrated that using a mirror structure allows the generation of a B-field
equivalent in size and amplitude but of opposite orientation, demonstrating a perfect chirality
effect. Finally, due to the super-circular light created by these structures, a concept similar
to super-chiral light and which describes an elliptical polarization of the light where the
optical fields are strongly increased, the generated B-field has an amplitude of 0.5 T, which
makes it one of the most intense generated at these scales and by IFE. The results
presented here are significant for several reasons. The IFE by plasmonic nanostructures is
the only approach allowing for the generation of ultrafast magnetic field pulses at the
nanometer scale. The possibility of generating a structure-defined magnetic field for
unpolarized excitation would have applications in the manipulation of magnetic processes
such as skyrmion manipulation, ultrafast magnetic modulation, magnetic trapping, spin

currents, or spin precession, with, for example, ultrafast data writing as a direct application.
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Simulation parameters:

The simulations carried out in this study were done by the finite difference time domain
(FDTD) method performed on the commercial software Lumerical from Ansys. This method
solves Maxwell's equations in space and time using a finite difference technique. Indeed,
the FDTD method solves these equations on a discrete spatial and temporal grid. The
dimensions of the 3D computational window for the simulations were 750x750x900 nm3.
The boundary conditions of this window are made of a perfectly matched layer (PML),
avoiding any parasitic reflection inside the calculation window. Several meshes are used for
the discretization of the computational space, a coarser non-uniform mesh of 4 to 16 nm for
the external unstructured parts, of the simulation, a finer mesh of 4 nm for a central
nanostructured part of 288x288x36 nm? in X, Y, and Z, respectively containing the
nanostructures, and an even finer mesh of 1 nm for the part where the drift currents and
magnetic field are calculated of 140x140x32 nm3in X, Y, and Z (Figure S1C). The choice of
this mesh size for the central part is chosen because convergence in the amplitude of the
magnetic field is observed starting from this mesh size (Figure S8). The excitation of the
nanostructures is performed by a pulsed plane wave of duration 5.3 fs spectrally centered
at a wavelength of 800 nm. The peak power of the pulse is 10> W/cm?, which corresponds
to an energy slightly lower than 4.8 pJ applied to the plasmonic nanostructures (energy
density of 5.3 mJ/cm?). The convergence of the simulation was obtained when the energy
inside the calculation window was lower than 10-° of the initial injected energy. The textbook

values of Johnson and Christy were used for the gold properties in these simulations.
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Supporting figures:

Figure S1: Construction of the elements constituting each generation of the genetic
algorithm. Inside A) a uniform gold layer of 30 nm thickness, holes are made according to a
binary matrix playing the role of the DNA in the evolutionary process. C) The obtained
structure is then smoothed to avoid all the roughnesses not experimentally feasible and
generating non-physical effects. The different mesh areas are shown in C.

0 10 20 30 40 50 60 70 80 90
Number of generations

Figure S2: Evolutionary process. Evolution during the different generations of the
optimization function consisting in maximizing the difference Brcp-abs(BLcp), with Brcp and
B.cr the B-fields created by a right or left circular polarization, respectively. Each generation
consists of 200 structures. The optimized structure appears after 76 generations.
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Figure S3: Optical responses in an XY plane. A) and B) Spatial distributions of the optical
electric intensity enhancement at the surface of the optimized structure (2 nm below the
upper edge of the gold layer) for the left and right circular polarizations of excitation,
respectively. C) and D) Spatial distributions of the optical electric intensity enhancement at
the surface of the mirror structure for the left and right circular polarizations of excitation,
respectively. The white arrows indicate the incoming polarizations.
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Figure S4: Distribution of drift currents in an XY plane. A) and B) Spatial distributions of drift
currents at the surface (2 nm below the upper edge of the gold layer) of the optimized
structure for the left and right circular polarizations of excitation, respectively. C) and D)

Spatial distributions of drift currents at the surface of the mirror structure for the left and right
circular polarizations of excitation, respectively. The black arrows indicate the incoming

polarizations.
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Figure S5: Vectorial magnetic field components. A) Schematic, in an XY plane, of the GA-
optimized structure. B) and C) Spatial distributions of the B-field along X (Bx) and the B-field
along Y (By) generated at the Z-center of the structure shown in A) for the right circular
polarizations of excitation. D) Schematic, in an XY plane, of the mirror structure. E) and F)
Spatial distributions of Bx and By generated at the Z-center of the mirror structure shown in
D) for the left circular polarizations of excitation. The black arrows indicate the incoming
polarizations.
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Figure S6: Amplitude of magnetic fields. A) Schematic, in an XY plane, of the GA-optimized
structure. B) and C) Spatial distributions of the B-field amplitude at the Z-center of the
structure shown in A) for the left and right circular polarizations of excitation, respectively.
D) Schematic, in an XY plane, of the mirror structure. E) and F) Spatial distributions of B-
field amplitude at the Z-center of the mirror structure shown in D) for the left and right circular
polarizations of excitation, respectively.The white arrows indicate the incoming
polarizations.
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Figure S7: Amplitude of magnetic fields in 3D. XY amplitude distributions of the magnetic
field B in different Z planes from -15 nm below the gold layer to +15 nm above it in steps of
A) 10 nm and B) 2 nm. The distributions in figure B) are partially transparent in order to
obtain a 3D representation of this magnetic field distribution.
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Figure S8: Amplitude of the magnetic field oriented along Z and generated by the optimized
nanostructure for excitation by a right circular polarization and for different mesh sizes of the

central zone. A convergence is observed from a mesh size of 1 nm, justifying the choice of
the latter in the central zone of 140x140x32 nm?
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