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ABSTRACT

Tailoring of the transverse magneto-optical Kerr effect (TMOKE) in hybrid metasurfaces comprising rectangular silicon nanowires coupled
with a nickel substrate is demonstrated. The excitation of Mie modes of different orders in nanowires causes TMOKE enhancement. The in-
plane magnetic dipole mode leads to the largest TMOKE enhancement compared to other Mie modes. Changing the width of silicon
nanowires entails a modification of that mode, thereby ensuring tailoring of the TMOKE within the range of 2.2%-3.8%. This tunability is asso-
ciated with the modification of the near-field localized at the Si/Ni interface and the far-field response of the excited magnetic dipole mode.
Adjusting these two quantities allows one to achieve the highest values of the TMOKE caused by individual Mie modes in silicon nanowires.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0257020

Efficiently controlling the light properties at the nanoscale level is
crucial for modern nanophotonics. A promising way to achieve this
control is to exploit the magneto-optical effects, which occur when
light interacts with magnetized media. These effects can be used to
control light intensity, phase, and polarization through the use of an
external magnetic field in a variety of applications including magneto-
optical light modulators,' sensors,” ° data writing devices,” Kerr micro-
scopes,”” and others. The magneto-optical effects in the most common
magneto-optically active materials, such as ferromagnetic metals, do
not typically reach the levels required for applications.'” Advances in
fabrication technologies have enabled the design of resonant nano-
structures. Notably, magneto-optical effects can now be enhanced and
tuned by tailoring the optical resonances due to a high localization of
electromagnetic fields in subwavelength volumes."""* The early
enhancement methods were based on the use of ferromagnetic thin
films,'* magnetoplasmonic crystals,'”*” and magnetic dielectric mate-
rials with noble metal plasmonic nanoparticles embedded.”*”
However, the enhancement in these cases is limited by the Ohmic
losses in the metal.

Magnetophotonic crystals were one of the first dielectric
resonant magneto-optical nanostructures proposed to overcome
these losses. Further developments in nanophotonics focus on
leveraging the properties of high refractive index dielectric metasur-
faces.”””” They support electric and magnetic Mie resonances with

30,31

high field localization, geometrical tunability of the resonant wave-
length, and low absorption losses.” ** Mie modes are induced by
circular displacement currents, and their near-field distributions
are confined inside the dielectric. Thus, two possible scenarios of
magneto-optical enhancement emerge. On the one hand, magnetic
dielectric-based metasurfaces can be used to localize light directly
within the magnetic material.”” However, this approach suffers
from a relatively low refractive index and gyration constant of typi-
cal magnetic dielectric materials (i.e., Bi-substituted iron garnet).
On the other hand, one could use high-index non-magnetic dielec-
tric resonant nanostructures to localize light near the magnetic
material, leveraging the fields at the interface. The previously stud-
ied disk-based metasurfaces covered with or placed on ferromag-
netic***" and magnetic dielectric materials***’ indeed provide a
large magneto-optical response. However, in this approach, it is
crucial to optimize properly the interaction between the magnetic
material and Mie-resonant nanostructures. Our idea is to use one-
dimensional arrays of long rectangular nanowires that support the
same Mie modes as in the case of nanodisks. In such a nanowire
geometry, the Mie mode field distribution is more sensitive to the
external magnetic field because of a more homogeneous field distri-
bution along one of the dimensions** ** than can be observed in
the nanodisk case. This allows for both stronger TMOKE enhance-
ment and tailoring in magnitude compared to previous works.
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In this paper, we demonstrate a significant TMOKE enhance-
ment in hybrid Si-Ni metasurfaces based on a one-dimensional Mie-
resonant rectangular nanowire array. The magnitude as well as the
spectral features of TMOKE and the figure of merit are controlled by
varying the width of silicon nanowires. The observed tunability is asso-
ciated with a modification of the magnetic dipole mode that causes a
change in the near-field, localized in the nickel layer, and the far-field
response of the structure.

The samples are hybrid metasurfaces formed by rectangular
amorphous silicon nanowires periodically arranged on a nickel sub-
strate, which are fabricated by a combination of electron-beam and lift-
off lithography techniques. The parameters were designed to ensure
the excitation of Mie resonances in the nanowires in the visible and
near-infrared spectral ranges. The width of the nanowires is the main
parameter that varies across the samples, while their period and height
are kept relatively constant. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were utilized to characterize the sam-
ples. Indeed, the samples have approximately the same height, varying
in the range from 170 to 180 nm as shown in the AFM images in Fig.
S1 of the supplementary material. SEM images in Figs. 1(al)-1(a4)
demonstrate the width w and the period d of the nanowires: w = 130,
d=720; w=215, d =720; w= 315, d =700; w=420, and d
= 700 nm for samples 1, 2, 3, and 4, respectively. Thus, the period of
the nanowires is also approximately constant across the samples. Note
that the d and w values change along the nanowire axis due to the fab-
rication process of mm-scale samples, more details on that can be
found in the supplementary material (Sec. 2).
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The schematics for the reflectance and TMOKE measurements in
hybrid Si-Ni metasurfaces are shown in Figs. 1(b) and 1(c), respec-
tively. The light from a halogen lamp passed through two lenses (L1
and L2), field and aperture diaphragms (FD and AD), and a Glan-
Taylor (GT) prism forming a slightly converging p-polarized beam
with a diameter of 1 mm on the surface of the sample. The power spec-
tral density of the halogen lamp light is around 1 nW/nm in the stud-
ied visible and near-IR range. The intensity of the specularly reflected
beam (zero diffraction order) was registered by an Ocean Optics
Flame spectrometer. Two magnets with opposite magnetization direc-
tions were used to generate the static external magnetic fields with a
strength of 650 G parallel to the nanowire axis for TMOKE measure-
ments. The TMOKE value ¢ was calculated according to the following
equation:

;> 100%, (1)

where R(+M) and R(—M) are the reflectance corresponding to oppo-
site magnetization directions.

The numerical simulations of reflectance and TMOKE spec-
tra as well as the near-field distributions were carried out using
the FDTD (finite-difference time-domain) method in the Ansys
Lumerical FDTD software.”” The light source was modeled as a
plane wave. The permittivity tensor of nickel was taken in the
form that depends on the magnetization directed either along or
against z axis,

FIG. 1. (a1)-(a4) SEM images of the four arrays of silicon nanowires with different widths (w) placed on the nickel substrate. (b) Sample scheme and incident light configura-
tion. (c) Experimental setup: L—lamp; FD—field diaphragm; AD—aperture diaphragm; L1, L2, L3—lenses; GT—Glan-Taylor prism; OF—optical fiber; S—spectrometer.
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where ¢, is the dielectric permittivity and g = |g| is the gyration con-
stant. The permittivity tensor values of silicon and nickel were taken
from the experimental data in Refs. 10, 50, and 51.

Figures 2(al)-2(a4) presents the schematic cross sections of the
structures and the geometrical parameters used in the simulations. The
blue curves in Figs. 2(bl)-2(b4), first row show the experimental
reflectance spectra in the spectral range from 550 to 900 nm at optimal
(in terms of TMOKE enhancement) angles of incidence for samples
with varying width (see the relevant discussion below about angular-
wavelength TMOKE dependences). The dips in these spectra are
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caused by the Mie mode excitation in the nanowires. To understand
the nature of these resonances, we carried out numerical simulations
of the reflectance spectra, presented in Figs. 2(b1)-2(b4), second row,
and the optical magnetic |H(x, y)| near-field distributions across the
silicon nanowire and nickel substrate depicted in Figs. 2(c1)-2(c4) at
the resonant wavelengths. A good agreement with the experimental
data is achieved.

The spectrally broad dip in the reflectance spectrum of sample 1
with a minimal nanowire width at A =765 nm (in simulations)
[Fig. 2(b1), blue curves] is caused by the excitation of the magnetic
dipole mode (MD,) oriented along the nanowire z axis [see a single
antinode in the magnetic field in Fig. 2(c1)]. An increase in the nano-
wire width led to a spectral redshift of the MD, resonance excited in
sample 2 to A = 840 nm and the excitation of the electric dipole mode
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FIG. 2. (a1)-(a4) Schematic cross sections of the Si-Ni metasurfaces and geometrical parameters used in simulations. (b1)—(b4) Experimental (first row) and simulated (sec-
ond row) TMOKE (red curves) and reflectance (blue curves) spectra for samples 1-4 at optimal angles of light incidence. (c1)-(c4) Simulated distributions of |[H (x, y)| across
the silicon nanowire and nickel substrate. The black dashed curves show the nanowire border, and the thick horizontal lines represent the nickel surface. The direction of the
electric field of modes is schematically shown by black arrows. MS stands for mode superposition.
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ED, inclined with respect to y axis at A = 725 nm, see Fig. 2(c2).
Further increasing the nanowire width to 315 nm (sample 3) does not
significantly shift the MD, resonance, but shifts the ED,, mode. The lat-
ter overlaps with the MD, mode, resulting in a reflectance minimum
at 4 = 820 nm. The field distribution in Fig. 2(c3) shows that the MD,
mode is dominant in this case. In addition, samples 3 and 4 also sup-
port the excitation of electric quadrupole (EQ) modes in the consid-
ered wavelength range: at A = 710 and 4 = 750 nm, respectively, see
Figs. 2(c3) and 2(c4).

The optical magnetic and electric near-fields of the excited Mie
modes are mostly localized inside the volume of the nanowire.
However, they induce electric current oscillations in the nickel layer
leading to strong field localization at the Si/Ni interface as shown in
Figs. 2(c1)-2(c4). Under external transverse magnetization, the aniso-
tropic dielectric permittivity tensor [Eq. (2)] allows for coupling of E,
and E, components that further leads to a strong change in reflectance,
ie., the TMOKE. The maxima of the TMOKE [red curves in Figs.
2(b1)-2(b4)] lie in the spectral vicinity of the reflectance minima asso-
ciated with the excitation of Mie modes. The reconfiguration of the
near-field distribution at the Si/Ni interface by changing the silicon
nanowire width tunes the maximal TMOKE value. Sample 1 possesses
its largest experimental TMOKE value of 6 = 2.2% in the vicinity of
MD, mode excitation. Note that the reference TMOKE values in the
considered spectral range for a nickel film'’ and in the non-resonant
spectral ranges for samples 1-4 are below 6 = 0.5%. However, the
field localization at the Si/Ni interface is weak for a small nanowire
width. Increasing the nanowire width enhances the electromagnetic
field at the Si/Ni interface under MD, and MD, + ED,, excitation in
samples 2 and 3, respectively. The maximum TMOKE value reached
3.8% for samples 2 and 3 [see Figs. 2(b2) and 2(b3)]. Although the
ED, mode spectrally overlaps with the MD, mode in sample 3, the
TMOKE enhancement at the resonant wavelength is caused primarily
by the dominant MD, mode.

The excitation of other modes resulted in a weaker TMOKE
enhancement, see Figs. 2(b3) and 2(b4). The simulated TMOKE spec-
tra in Figs. 2(b1)-2(b4), second row support these observations. The
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largest TMOKE values are thus caused by the MD, mode excitation in
samples 2 and 3, both in the experiment and the simulations. The mea-
sured TMOKE values can be tailored from 6 = 2.2% to 6 = 3.8% by
changing the near-field distribution of the MD, mode through varia-
tion in the nanowire width. Moreover, the spectral bandwidth of
TMOKE resonant enhancement can be tuned. For example, wideband
effect enhancement due to the individual MD, mode is observed in
sample 1 in the spectral range from 4 = 700 to 4 = 900 nm, while a
more narrowband enhancement occurred in sample 3 in the vicinity
of 2 = 800 nm in the experiment.

The nanowire width affects the distributions of E, and E, field
components in the nickel layer, which are linked to both R and the
change in reflectance AR = R(+M) — R(—M) (referred to as the fig-
ure of merit or FOM) occurring in the external magnetic field.”” The
non-resonant reflection increases if the nanowire width is decreased
(one can see the trend in reflectance spectra in Fig. 2). The resulting
reflectance can be described as a Fano-type interference between non-
resonant reflection and Mie-resonant scattering.”* This trade-off
between AR and R leads to an optimal configuration for TMOKE (4%).
In addition, this observation explains the fact that % and AR maxima
occur at different nanowire widths, as shown by the experimental and
simulated FOM spectra at the corresponding optimal angles of light
incidence demonstrated in Figs. 3(a) and 3(b). The largest FOM values
were observed in sample 2 in the spectral vicinity of the MD, mode
excitation, while the largest TMOKE was experimentally observed in
samples 2 and 3. A much smaller FOM for sample 3 than that of sam-
ple 2 means that the TMOKE was enhanced due to small reflectance
values. It has a negative impact on the sensing applications'” due to a
decrease in the signal-to-noise ratio. Figure 3 shows that the Si-Ni
metasurfaces also allow for a significant FOM tunability. By changing
the nanowire width, FOM can be varied from AR = 0.5 x 1073 (sam-
ple 4 to AR=44x10"° (sample 2) in the range of
/.= 800-900 nm in the experiment (similarly from AR = 0.4 x 1073
to AR = 3.3 x 1073 in the simulations). Compared to the previous
works on magneto-optics in Si-Ni nanostructures, we experimentally
observed a significant tunability of the TMOKE while also reaching
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FIG. 3. Experimental (a) and simulated (b) FOM (AR) spectra for Si-Ni metasurfaces (samples 1-4) with different nanowire widths.
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FIG. 4. (a1)-(a4) Experimental (first row) and simulated (second row) angular-wavelength reflectance dependences for Si-Ni metasurfaces (samples 1-4). (b1)-(b4)
Experimental TMOKE () angular-wavelength dependences for Si-Ni metasurfaces (samples 1—4). The horizontal dashed lines on all maps highlight the angles of incidence at
which the maximum TMOKE value was achieved. The oval dashed curves indicate the area of Mie modes’ excitation and the magneto-optical enhancement associated with

these modes in TMOKE maps.

larger FOM and TMOKE values. For instance, the previously discussed
metasurfaces, which consist of a silicon nanodisk rectangular array
covered with a 5nm Ni film in Ref. 40, demonstrate 6 = 0.5% and
AT =2 x 1073 (FOM measured in transmittance geometry), while in
this paper we demonstrate up to 6 = 3.8% and AR = 4.4 x 107>,

The aforementioned reflectance and TMOKE spectra were pre-
sented only for the optimal angles of incidence, and the full angular
dependence of these quantities should be discussed. The top row in
Figs. 4(al)-4(a4) shows the experimental reflectance spectra in the spec-
tral range from 4 = 400 to A = 900 nm for the angles of light incidence
from 5° to 55°, which were measured with a step of 5°. The bottom row
in the same figure shows the corresponding simulated reflectance
dependences. The areas of reflectance minima and maxima can be
observed on both the experimental and simulated maps. The metasurfa-
ces under study represent one-dimensional nanogratings, and,

therefore, various diffraction orders are observed. The angle-dependent
maxima of reflectance correspond to Rayleigh anomalies (RAs), which
occur when one of the diffraction orders propagates along the surface of
the grating. The spectral-angular position of RAs was defined by the fol-
lowing equations derived directly from the diffraction grating equation:
sin(op_,) =—142/d, sin(¢p_,) 1+422/d, sin(p,,)=1—1/d
for RAs corresponding to the —1st, —2nd, and +1st diffraction orders
(m), respectively. The straight dashed lines that depict the RA disper-
sion are superimposed on the experimental and simulated reflectance
colormaps in Figs. 4(al)-4(a4). In contrast to the sharp angular-
dependent maxima associated with RAs, there are angular-independent
reflectance minima in the spectral range from 600 to 900 nm and inci-
dent angles from 15° to 50° marked by oval colored dashed curves.
These minima were caused by excitation of the Mie modes localized in
silicon nanowires. The oval pink dashed curves in Figs. 4(al)-4(a3)
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show the spectral-angular areas of the MD, mode excitation. The areas
of other excited modes (ED,, EQ, and MS) are also depicted on the
maps by oval dashed curves. The corresponding |H (x, y)| field distribu-
tions at the spectral-angular positions marked with colored symbols on
the reflectance maps (pink square for the MD, mode, etc.) are shown
previously in Figs. 2(c1)-2(c4).

Figures 4(bl)-4(b4) presents the experimental angular-
wavelength TMOKE dependences, which reveal the influence of Mie
modes and RAs. Oval dashed curves highlight the areas of maximum
positive and negative o values representing resonant TMOKE
enhancement. The spectral position of § maxima in these areas weakly
depends on the angle of light incidence, and these maxima emerge due
to the excitation of the corresponding Mie modes. The white dashed
horizontal lines highlight the angles at which the TMOKE reached the
largest values (the reflectance spectra and field distributions in Fig. 2
are presented for these optimal angles of incidence). The TMOKE val-
ues near RAs are similar to the non-resonant ones and do not show
strong angular-wavelength dependence that is typical of RAs. Thus,
the contribution of RAs and the possible excitation of surface plas-
mons to the TMOKE was negligible compared to that of Mie
resonances.

To conclude, we have proposed and implemented a hybrid
metal-dielectric metasurface consisting of a rectangular silicon nano-
wire array on a nickel substrate, which enables the control of the
TMOKE and FOM values by changing the width of the nanowires. At
certain nanowire widths, the in-plane magnetic dipole mode excitation
leads to both near-field localization and optimal far-field response that
provide maximum TMOKE and FOM values up to J = 3.8% and
AR = 4.4 x 1073, respectively. In addition, TMOKE and FOM
enhancement spectral bandwidth and position can also be reconfig-
ured, opening up possibilities for new applications in integrated™
and ultrafast magneto-optics.”* *
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See the supplementary material for a discussion on the nanowire
heights (Fig. S1, AFM images of the fabricated Si-Ni metasurfaces and
corresponding cross sections) and on fabrication details (Fig. S2,
zoomed-out SEM image of the metasurface).
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