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ABSTRACT

The multifold enhancement of the Faraday effect induced by magnetic dipole and Voigt effect amplification due to electric dipole
Mie resonances of the magnetophotonic metasurface is demonstrated. The values of the magneto-optical responses up to 0.8°
and 0.5% are experimentally observed for the metasurface with an ultrathin ferromagnetic layer. The results can be used for the

development of novel active magnetophotonic metadevices.

(©) 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses /by /4.0/). https://doi.org/10.1063/1.5066307

The primary goal of magneto-optics (MO) is to manip-
ulate the light properties by applying an external magnetic
field through combining two areas of physics: magnetism and
optics. Spin-orbit interaction is responsible for MO effects,
which are widely used to understand the internal structure
of magnetic materials, elementary excitations, and motion of
magnetic domain walls." This knowledge allows one to under-
stand the mechanisms of magnetism. The driving force of MO
effects is the Lorentz force? being considerably smaller than
the electric one accounting for weak MO effects at the opti-
cal frequencies.? Thus, these effects need to be enhanced
to be successfully implemented to photonic technologies
for controlling light properties via an external magnetic
field.

During the past 30 years, various methods have been dis-
covered to boost the magneto-optical response. One of the
first mechanisms for MO enhancement is exciting the local
plasmon resonance in magnetic nanoparticles made of Fe3Oy4.*
Many modifications have been proposed to localize light at
the nanoscale.* For example, combination of noble and mag-
netic materials in nanoparticles,> embedding gold nanoparti-
cles in magnetic dielectric,®”7 and ferromagnetic nanodisks®?.
The enhancement of magneto-optical effects can be reached
via the excitation of surface plasmon-polaritons.'® The exter-
nal magnetic field in a transverse geometry modulates the
wave vector of the surface plasmon-polaritons leading to
the modification of an intensity magneto-optical effect.!’
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Localizing this surface wave near the magnetic dielectric can
also enhance the polarization magneto-optical effect.'? The
modification of magneto-optical spectra was demonstrated in
case the localized plasmons were hybridized with propagating
surface plasmon waves.'3

Another mechanism to enhance MO is a slow light regime
due to a multibeam interference in magnetophotonic crys-
tals.’* These structures are advantageous as they are made of
all-dielectric materials without metal inclusions and demon-
strate a high value of Faraday rotation as well as transmit-
tance.'>'6 The intriguing results are observed in magnetopho-
tonic crystals when the optical Tamm or Bloch surface states
are excited.7-20 Recently, a novel method has been demon-
strated to enhance the intensity magneto-optical effect.?’ The
excitation of magnetic dipole Mie resonance in far-standing
silicon nanodisks covered with the thin nickel film leads to
an increased magneto-optical response. The basic idea to
enhance MO effects is to concentrate the light energy inside
a magnetic material or on its edge. The phenomenon of MO
effect enhancement is widely used for various applications
in optical modulators,?? filters,?> isolators,?* sensors,252°
and lasers.?” Another possible application is the magneto-
optical data writing, where powerful femtosecond laser pulses
can be used for magnetic order manipulating in gyrotropic
materials.?®2° These pulses result in demagnetization pro-
cesses or magnetization reversal because of a strong excita-
tion of the electrons and spins of the system. Structures with
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different kind of optical resonances are used to decrease the
radiation fluence for magnetization switching and to reduce
the reversed magnetization area.>° Nanoparticles with Mie
resonances can be a new way not only to decrease the
laser power required for switching but to generate a high-
maghnitude static magnetic field at the nanoscale as well. This
possibility has been already demonstrated in theory.>' More-
over, ultrafast magneto-optics allows one to control the polar-
ization state inside a single femtosecond laser pulse®? or
to modulate the shape of the laser pulse by nanostructured
magneto-optical materials when an external magnetic field is
switched on.>3

Modern photonics considers metasurfaces as a promising
approach to implement advances of fundamental science in
real life.3%35 They are planar subwavelength arrays of ordered
nanoparticles—meta-atoms, which are able of manipulating
the amplitude and phase of light at the nanoscale ensured
by their resonant nature.®37 A number of static*®-4° and
dynamic“'-#* configurations have been devised. These struc-
tures can concentrate light to form special modes corre-
sponding to various resonances. In the context of magneto-
optics, such structures can help to boost MO effects. Some
progress has already been made in this direction by numerical
simulations.*##> In this work, we take a further step toward
combining metasurfaces with magneto-optical media (see
Fig. 1) and experimentally show the Faraday effect enhance-
ment in magnetophotonic metasurfaces.

The magnetophotonic metasurface is made up of a square
lattice of hydrogenated amorphous silicon (a-Si) nanodisks
placed on a transparent silica substrate and covered with
a thin film of nickel (Ni). We analyze, both numerically and
experimentally, the optical and magneto-optical spectra of
such structures. The shape, diameter, height of the nanopar-
ticles, and the array period are optimized by numerical sim-
ulations to control the position of the two fundamental Mie-
type resonances in the visible and near-IR spectral ranges. All
numerical and experimental results are presented for the sam-
ple comprising the array of silicon nanodisks with diameter d
=170 nm, height h = 220 nm, and lattice spacing a = 400 nm
covered with a 5-nm-thick Ni film [see Fig. 1(a)]. The lattice
spacing a of the array is chosen to eliminate the contribution
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FIG. 1. (a) Schematic illustration of the magnetophotonic metasurface composed
of Si nanodisks supporting magnetic Mie-type resonances. Disks are covered by a
5-nm-thick Ni film. (b) Magnetic hysteresis loops (dots—experiments and curves—
fits) of the sample: in-plane (red) and out-of-plane (blue) configurations. The inset
shows the SEM image of the sample. The scale bar is 200 nm.
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of diffraction and to increase the interparticle coupling. Since
nickel has a high magnetic activity, it is added to the structure
to achieve the magneto-optical response. The thickness of the
nickel layer is optimized to avoid considerable optical losses as
well as to achieve sufficient magneto-optical response. High
efficiency and low losses of the aforementioned structure
have been proven by corresponding numerical calculations.
We use the normal incidence illumination in experiments and
numerical simulations—the direction of a light wave vector
is along the Z-axis and polarization is along the X-axis [see
Fig. 1(a)].

Magnetic properties of the sample are characterized by
vibrating sample magnetometry technique [see Fig. 1(b)]. Two
magnetic hysteresis loops are measured. The first one is
the in-plane configuration (red color on the figure) when
an external magnetic field is applied parallel to the sample
surface—along the Y-axis. This configuration is used for Voigt
or transverse magneto-optical Kerr effects. The other con-
figuration is the out-of-plane case (blue color on the figure)
when an external magnetic field is applied perpendicularly
to the sample surface—along the Z-axis. This configuration
is used for the Faraday effect or polar magneto-optical Kerr
effect measurements. The saturation field is approximately
1 kOe. Values of magnetization saturation are 35 pemu for
in-plane configuration, while it is 10 uemu for out-of-plane
configuration.

Numerical calculations are performed using the finite-
difference time-domain (FDTD) technique in the Lumerical
FDTD Solutions software (see Appendix A). In experiments
and numerical simulations, we use the normal incidence illu-
mination and two types of transmission configuration: (1) in
the Faraday configuration, we apply an external magnetic
field perpendicular to the sample surface and parallel to the
light wave vector—along the Z-axis; (2) in the Voigt config-
uration, we apply an external magnetic field along the sam-
ple surface and perpendicular to the light wave vector and
polarization—along the Y-axis.

The Faraday rotation spectra are measured with the
polarization-sensitive technique (see Fig. 2). A near-IR
Ti:sapphire laser is used as a light source in CW mode with an
average intensity of 400 mW and tunability wavelength range
from 760 to 810 nm. The linearly polarized light is focused
at a normal incidence to the sample with a beam diameter

FIG. 2. Experimental setup for the Faraday rotation measurements. Ti:Sapp—
titanium-sapphire laser; A—iris aperture; GP—Glan-Taylor polarizers; L—lenses;
H—permanent magnetic field source; S—sample; PEM—photoelastic modulator;
FM—flipping mirror; and CMOS—camera.
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of approximately 100 um in the sample plane, and then it
passes through a photo-elastic modulator and a 45°-oriented
Glan-Taylor prism, which converts the polarization modula-
tion to the light intensity modulation. The sample is placed in
the vicinity of a permanent magnetic field of 1 kOe oriented
parallel to the light propagation direction.

Figure 3(a) shows experimental (curve with dots) and
numerical (solid curve) Faraday rotation spectra. The spectra
show a resonant enhancement of the MO effect in the vicin-
ity of the magnetic dipole Mie-type resonance of Si nano-
disks, while the spectrum of a reference flat Ni film (purple
dots) does not have any peculiarities. The enhancement of the
Faraday effect is approximately 10 times larger in compari-
son with the reference Ni film. These results are confirmed
by numerical calculations [see Fig. 3(b)]. Since the spectrum
of the MO response of the sample has resonant features in
comparison with the unstructured nickel film, the enhance-
ment of the magneto-optical response of the structure and the
excitation of magnetic dipole resonance in a silicon nanodisk
are in direct correlation. The discrepancies in Faraday rota-
tion values can be explained by mismatch of dispersion data of
non-diagonal elements of the nickel permittivity tensor. These
data are taken from the literature“® for calculations and may
differ for the real sample.

We observe two dips in transmission spectrum, which
correspond to the electric dipole (ed) Mie resonance of
Si nanodisks at 675 nm and magnetic dipole (md) reso-
nance at the wavelength of 770 nm [see Fig. 3(b)]. A strong

aouenlwsuel |

-0.6 L : -0.4 — L : 0.0
760 770 780 790 650 700 750 800
Wavelength (nm)

Wavelength (nm)

<
12.0

FIG. 3. (a) Experimental (red, dots) and numerical (black, solid) Faraday rota-
tion spectra. The purple curve illustrates the experimentally measured Faraday
rotation response of the reference nickel film; (b) Calculated transmittance (black
curve) and Faraday effect (red curve) spectra; calculated local electric [(c) and (e)]
and magnetic [(d) and (f)] fields inside the Si nanodisk in the vicinity of the elec-
tric dipole [(c) and (d)] and magnetic dipole [(e) and (f)] Mie-type resonances at
A =675nmand A =770 nm, respectively.
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Faraday effect is observed just near the md mode. The reso-
nance excitation is confirmed by numerical simulations [see
Figs. 3(c)=-3(f)]. Colormaps (c) and (e) show local electric field
distribution, while (d) and (f) show local magnetic field distri-
bution for electric and magnetic dipole resonances, respec-
tively. The values of the electric field are almost equal for
both types of resonances; however, the magnitude of the mag-
netic field is several times larger in magnetic dipole mode in
comparison with electric dipole mode.

To confirm a correlation between the MO enhancement
and magnetic dipole resonance excitation in the hybrid meta-
surface, we perform the proof-of-principle studies in the Voigt
configuration. The experimental setup (see [Fig. 4) used for
measurements of the optical and magneto-optical spectra in
the Voigt configuration is similar to the one used in Ref. 21. The
light source is a halogen lamp, the radiation of which, passing
through a monochromator with a spectral resolution of 3 nm,
is collected by a collimating system of lenses in a beam with
an aperture of 150 um. The linearly polarized radiation after
passing through the Glan-Taylor polarizer is focused on the
sample surface with a beam diameter of 100 um at a normal
incidence. The light transmitted through the sample is col-
lected to the photomultiplier tube through an optical fiber. A
lock-in amplifier is used at an optical chopper’s frequency of
113 Hz to detect the signal. The magneto-optical measure-
ments are carried out without a chopper. The reference fre-
quency of the lock-in amplifier is set at the double frequency
of the external AC 0.5 kOe magnetic field (2f = 234 Hz). AC
magnetic field is being generated by home-build Helmholtz
coils. An absence of the analyzer in this scheme allows us to
use the lamp as a source instead of the laser because the light
intensity is enough to detect the MO effect.

Figure 5(a) shows experimental (curve with dots) and
numerical (solid curve) magneto-optical response spectra for
the sample under study. The magneto-optical response is cal-
culated as [T(H) — T(0)] /T(0), where T is the transmittance and
H is the applied external magnetic field. To confirm our exper-
imental results, we calculate the transmittance and magneto-
optical response spectra [see Fig. 5(b)]. The mismatch between
calculated and experimental spectra of the MO response
can be explained by non-ideality of the experimental sam-
ple and convergence of incoming beam in the experiment
comparing to a normal incidence of a plane wave in calcu-
lations. These factors lead to averaging of the optical signal,

FIG. 4. Experimental setup for MO spectroscopy in Voigt configuration. The
light source is a halogen lamp; L—lenses; M—monochromator; C—chopper; A—
aperture; GP—Glan-Taylor polarizer; H—alternating magnetic field source; S—
sample; FM—flipping mirror; CMOS—camera; F—multimode optical fiber; and
PMT—photomultiplier tube.
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FIG. 5. (a) Experimental (red, dots) and numerical (black, solid) magneto-optical
response measured in Voigt configuration; (b) Numerically calculated transmis-
sion (black curve) and magneto-optical response spectra (red curve) for the
metasurface sample.

broadening of resonances in the experiment, and changes in
the MO response as a consequence.

The contribution to the MO enhancement in case of
electric dipole resonance is several times less than for the
magnetic dipole resonance. Magneto-optical effects are sus-
ceptible to the mode character. Note that the MO Voigt effect
corresponds to the first spectral derivative of the transmit-
tance and thus does not coincide with a dip in the transmit-
tance spectrum but matches with the maximal slope of the
resonance curve. On the contrary, the Faraday effect reaches
the maximum in the resonance, where the effective time
of interaction between the incoming electromagnetic radia-
tion and the resonant media is significantly increased, which
mimics the gain in the magnetic layer with the thickness raise.

In conclusion, we have demonstrated, both experimen-
tally and numerically, the multifold enhancement of the
magneto-optical response both in Faraday and Voigt config-
urations in the spectral vicinity of the magnetic dipole Mie-
type resonance of Si nanoparticles covered with a thin mag-
netic film. The characteristic values of the magneto-optical
responses observed are 6 = 0.8° and 6 = 0.5%. It is notewor-
thy that the Faraday rotation angle switches up to 1° with the
sign change on the ultranarrow (10 nm) spectral range in the
vicinity of the optical magnetic resonance of the structure.
It is a remarkable effect for the ultrathin magnetic material
with the thickness of the only 5 nm. Specific Faraday rota-
tion is 160°/um. These results can be potentially promising
for ultrafast magnetophotonic metadevices.

The authors are grateful to Yu. Kivshar and B. Luk'yanchuk
for fruitful discussions, K. Kamali for the help with sample
fabrication, S. Dagesyan for the help with the SEM charac-
terization, and V. Belyaev for the assistance with the vibrating
sample magnetometry experiments.

We thank the Ministry of Education and Science of
the Russian Federation (Grant No. 14. W03.31.0008, sample
fabrication), the Russian Foundation for Basic Research (Grant
Nos. 17-02-01286, 18-52-50021, 18-32-00225, modeling), and
the Russian Science Foundation (Grant No. 15-12-00065,
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ported by the MSU Quantum Technology Center (optical
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APPENDIX A: NUMERICAL SIMULATIONS

The finite-difference time-domain method in the Lumer-
ical FDTD Solutions software is used to calculate the opti-
cal response of the sample. The material dispersion data for
amorphous silicon are taken from our ellipsometry measure-
ments. The complex dielectric permittivity of the Ni film and
glass substrate as a function of frequency is taken from the
standard dispersion data.“” The transmittance spectrum of
the sample is calculated with using the model of a periodic
array of silicon disks covered with a 5-nm-thick Ni film and
placed on a semi-infinite glass substrate, illuminated at the
normal incidence by a plane wave, polarized perpendicularly
to the direction of magnetization. The periodic boundary con-
ditions along both x- and y-axis and perfectly matched layers
(PML) on the top and bottom of the unit cell to prevent para-
sitic interference are used. To obtain the magneto-optical
response spectra, the non-diagonal complex permittivity ten-
sor of the Ni film is taken into account.“® The MO response in
Voigt configuration is defined as 2 - [T(H) — T(0)]/T(0), where
T is the transmittance and H is the external magnetic field. The
Faraday rotation effect is defined as 6 = arctan(Ey /Ey) - 180 /7,
where Ey and Ey are the x- and y-components of an electric
field of the transmitted light. More detailed description of the
numerical simulations can be found in Supporting Information
of Ref. 21.

APPENDIX B: OPTICAL ROTATION POLARIMETRY

The Faraday rotation spectra are measured with a
polarization-sensitive technique (see Fig. 2). A photoelastic
modulator (PEM) is used as the analyzer for measuring the
rotation of the polarization plane. The first polarizer after the
laser is set in precise alignment with the retardation axis of
the PEM. For this configuration, if there is no sample placed
in the scheme, the AC component of the signal is absent,
but there is a DC component. When a sample is inserted,
the polarization rotation of the transmitted light is turned,
and the photodetector registers the signal at the doubled fre-
quency of the modulator. This signal is used to measure the
rotation of the polarization plane. The signal at the detector
is48

I(t) = %[l - sin(20) cos (A¢)], (B1)

where 6 is the optical rotation and A; is the time delay varia-
tion of the PEM. The detector signal can be rewritten in terms
of Bessel functions, and the ratio of DC (Vpc) and AC (V)
terms in the small angle approximation 6 < 15° leads to the
expression for the optical rotation,*®

sz
o(deg) = 46.91 2. (B2)
Vbe

APPENDIX C: FABRICATION OF SAMPLES

The sample of the hybrid Ni-Si metasurfaces was made
using a combination of the following techniques. First, a thin
(220 nm) film of hydrogenated amorphous silicon (a-Si:H)
was deposited onto a glass substrate by plasma-enhanced
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chemical vapor deposition from the mixture of SiHy and He
gases in Oxford PlasmaLab System 100. The thickness and
the optical quality of the created films were measured by the
J.A. Woollam Co. Spectroscopic Ellipsometer M-2000D. Posi-
tive tone ZEP-520 electron beam resist was then spin-coated
over the film and exposed in the electron-beam lithography
system (Raith 150). Then, after the development of the sample
thin Cr film was deposited on top of it, and lift-off procedure
was applied to achieve Cr hard mask on top of the a-Si:H film.
Using the reactive ion etching technique, the Cr mask was
transferred to the a-Si:H film in Oxford PlasmaLab System 100
with the mixture of SFg and CHF3 gases. After that, the residual
Cr was removed via wet etching to obtain pure silicon meta-
surfaces on the glass substrate. Finally, the sample was placed
into the ATC-2400-V AJA magnetron sputter system, and the
5-nm-thick Ni layer was deposited on top of it covering both
the silicon disks and the substrate.
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