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Abstract—We demonstrate experimentally that a one-dimensional array of silicon nanowires periodically
placed on a nickel substrate enhances the transverse magneto-optical Kerr effect (TMOKE) compared to a
nickel film. The enhancement mechanism is associated with the excitation of two types of resonances: mul-
tipole Mie resonances in each nanowire and surface lattice resonances (SLRs) emerging from the periodic
arrangement of the nanowires. The maximal TMOKE values reached up to 1.9 and 2.6% due to the excitation
of SLR and a magnetic dipole resonance, respectively. When the SLR is excited, the spectral width of the
TMOKE enhancement is narrower compared to the case of the magnetic dipole resonance.
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INTRODUCTION
The magneto-optical Kerr effects represent the

phenomena occurring when light changes its proper-
ties after interaction with magnetized media [1]. In the
case of transverse magneto-optical Kerr effect
(TMOKE) the magnetization vector of the medium is
perpendicular to the plane of light incidence and
reflected light intensity and phase are modulated. In
this case, when an external magnetic field is applied to
the material, its dielectric permittivity tensor becomes
non-diagonal due to spin-orbit interaction:

(1)

where  is the diagonal component of the
tensor,  is the gyration constant of the
material. The value of the effect is calculated using the
following equation:

(2)

where  and  are the reflectances at oppo-
site magnetization directions, respectively.

The TMOKE values in the most common mag-
neto-optically active metals (Fe, Co, Ni) are too small
for practical applications. The TMOKE in the optical
and near-infrared spectral ranges is smaller than 0.5%
for nickel films [2]. One of the ways to enhance the

magneto-optical response of the material is to excite
optical resonances which localize the electromagnetic
fields in the magnetic materials. Such enhancement
can be caused, for instance, by the excitation of local-
ized surface plasmons (LSPs), which are resonant
oscillations of free electrons of a metal particle excited
by an external electromagnetic field [3–5].

Besides LSPs, surface plasmon-polaritons (SPPs),
which are electromagnetic waves propagating along
the metal-dielectric boundary [6], can also be used for
enhancement. SPP-caused enhancement is possible,
for example, in multilayered films [7, 8] and magneto-
plasmonic crystals [9–16]. The enhancement mecha-
nism in this case is the spectral shift of the resonant
feature in the spectrum (maximum or minimum) cor-
responding to the surface plasmon resonance when
the magnetic field is applied in opposite directions.
However, surface plasmon resonances have disadvan-
tages including high optical absorption in the metal,
that limit their Q-factor. The use of noble metals
reduces the absorption losses but weakens the interac-
tion of light with the magnetized medium [17–21].
The enhancement of magneto-optical response in
other magneto-optical materials such as magnetic
dielectrics has also been demonstrated [22–24].

An alternative approach to magneto-optical effects
enhancement is to use optical resonances in dielectric
nanostructures. Particularly, Mie resonances—multi-
pole scattering resonances—have gained wide atten-
tion in recent years [25, 26]. Their nature is deter-
mined by the geometrical parameters and material of
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Fig. 1. (a) Scheme of the sample cross-section. (b) AFM
image of the sample (top) and its cross-section along the
dashed line (bottom). (c) SEM image of the sample.
(d) Experimental setup scheme: L, lamp; FD, field dia-
phragm; L1, lens 1; G–T, Glan–Taylor prism; AD, aper-
ture diaphragm; L2, lens 2; FA, optical fiber adapter;
F, optical fiber; S, spectrometer.
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the nanostructures, and the properties of the medium.
These resonances efficiently localize the electromag-
netic field in subwavelength spatial volumes [27, 28].

By combining a magneto-optically active material
with a resonant dielectric nanostructure, magneto-
optical effects can be significantly enhanced. This has
been demonstrated in the case of an array of silicon
nanodiscs covered by a nickel film and deposited on a
glass substrate [29–31].

The periodical arrangement of Mie resonant parti-
cles enables the excitation of collective modes that
have a significantly higher Q-factor compared to indi-
vidual resonances [32, 33]. The coupling of the reso-
nances in the collective mode can be implemented by
the Rayleigh anomaly (RA), which occurs when one
of the diffraction orders propagates along the surface
of the periodic array. The RA can spectrally overlap
with the nanoparticle optical modes forming a surface
lattice resonance (SLR) [34]. By means of SLR, it is
possible to enhance the magneto-optical effects in
two-dimensional arrays of nickel nanodiscs [35], as
well as gold nanodiscs embedded in a magnetic dielec-
tric matrix [36, 37].

In this paper, the efficiencies of Mie and SLR res-
onances in terms of TMOKE enhancement in a hybrid
nanostructure consisting of a periodic array of rectan-
gular amorphous silicon nanowires placed on a nickel
substrate are compared.

SAMPLES
A scheme of the Si–Ni nanograting cross-section

is presented in Fig. 1a. Preliminary simulations were
carried out in the Ansys Lumerical FDTD software
package [38] using the finite-difference time-domain
method before the fabrication of the samples. The
geometrical parameters of the structure were opti-
mized to ensure that the Mie resonances are excited in
the visible and near-infrared spectral ranges. The
choice of silicon is motivated by its high refractive
index (n ≈ 3.5) [39] in the optical and near-infrared
spectral ranges, while nickel has a large gyration con-
stant [40].

The samples were fabricated by lift-off and elec-
tron-beam lithography techniques. They were charac-
terized by atomic force microscopy (AFM, the image
and the one-dimensional cross-section of the image
along the dashed line are shown in Fig. 1b) and scan-
ning electron microscopy (SEM, Fig. 1c). The sub-
strate is a 200 nm thick nickel film deposited on glass.
Nickel was deposited by the electrotyping technique.
The design parameters of the samples are the follow-
ing: width 215 nm, height 180 nm, period 700 nm. The
period of the nanograting is large enough to exclude
the near-field interaction between the nanowires and
to ensure the presence of the RA spectrally overlap-
ping with the Mie resonances of the individual nanow-
ires. These parameters are averaged since they vary
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
slightly along the axis of the nanowires due to the spe-
cifics of fabrication process.

EXPERIMENTAL SETUP 
AND NUMERICAL METHODS

The experimental setup scheme for measuring
reflectance spectra and TMOKE is shown in Fig. 1d.
A spectrally broadband halogen lamp is used as a light
source. The beam from the lamp passes through a sys-
tem of diaphragms and lenses, as well as a Glan–Tay-
lor prism. The polarization of light is perpendicular to
25  No. 2  2024
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Fig. 2. Reflectance spectra (black continuous curve—
experiment, red dashed curve—simulation), experimental
TMOKE spectrum (blue curve) at an angle of incidence of
θ = 35°, |H| distributions at the wavelengths of 740 and
830 nm. Dashed curves with arrows on the magnetic field
distributions indicate the directions of the electric field.
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Fig. 3. Reflectance spectra (black continuous curve—
experiment, red dashed curve—simulation, experimental
TMOKE spectrum (blue curve) at an angle of incidence of
θ = 10°, |H| distributions at the wavelengths of 675 and
820 nm. Dashed curves with arrows on the magnetic field
distributions indicate the directions of the electric field.

0.05

0.30

0.40

0.35

2

1

0

–1

0.20

0.25

0.15

0.10

500400 600 700 800 900
Wavelength, nm

R

T
M

O
K

E
, %

λ = 820 nm, SLR(MDz)

λ = 675 nm, EDx

|H |max 0

x
z

y

exp R
sim R
exp TMOKE
the axis of the nanowires (p-polarization). The sample
is fixed on a goniometer, which controls the angle of
light incidence θ. The spectrum of the reflected light
is registered by the spectrometer. To magnetize the
sample, we use a static external magnetic field created
by two magnets (made of an alloy of neodymium, iron,
and boron) of opposite polarities. The magnetic field
strength is 650 gauss at the point of beam incidence. The
diameter of the beam on the sample is about 1–2 mm.
The magnets are disc-shaped with a diameter of
20 mm, and the gradient of their magnetic field in the
area of the beam is negligible. The external magnetic
field is parallel to the axis of the nanowires and per-
pendicular to the plane of light incidence, which cor-
responds to the geometry of TMOKE.

All simulations of reflectance spectra and the mag-
netic near-field distributions presented below were
also carried out in the Ansys Lumerical FDTD soft-
ware package. Bloch periodic boundary conditions
were used in the simulation to model the periodicity,
and a model of electromagnetic plane wave was used as
the source of radiation. The dielectric permittivity for
amorphous silicon was taken from Ref. [39] and for
nickel from Ref. [40].

RESULTS
To observe both individual Mie resonances and

collective SLRs the reflectance and TMOKE spectra
were measured at two angles of incidence: θ = 35° and
θ = 10° in the spectral range of 400–940 nm (Figs. 2
and 3). Simulated reflectance spectra were also
obtained. The RA associated with the –1st diffraction
PHYSICS OF META
order occurs at θ = 10° within the considered spectral
range and can excite the SLR, in contrast to the case
of θ = 35° when the RA of the 1st order is observed at
the wavelength of 1100 nm, which is beyond the spec-
tral range under consideration.

Figure 2 shows the simulated and experimental
reflectance spectra, as well as the experimental
TMOKE spectrum at θ = 35°. Two minima are
observed at the wavelengths of 740 and 830 nm in the
simulated reflectance spectrum.

To understand the origin of these minima, the sim-
ulated near-field distributions of the magnetic field
absolute value strength were obtained. The field distri-
bution for the minimum at the wavelength of 740 nm
shows the excitation of an electric dipole mode the
moment of which is directed along the y-axis (EDy).
Hereinafter the direction of the electric field vector in
the near-field distributions is schematically shown by
dashed curves with arrows. This minimum corre-
sponds to the TMOKE value of  = –1.6%. Similarly,
the minimum at the wavelength of 830 nm is explained
by the magnetic dipole mode excitation MDz with a
dipole moment directed along the z-axis. The exci-
tation of this optical mode yields the largest TMOKE
value of 2.6%. The enhancement at this angle of inci-
dence is caused by the excitation of individual Mie res-
onances (EDy and MDz) in silicon nanowires. These
resonances localize the electromagnetic field near
nickel more efficiently compared to unstructured
nickel surface, resulting in TMOKE enhancement.

The reflectance and TMOKE spectra at θ = 10° are
shown in Fig. 3. A minimum at the wavelength of

δ 
LS AND METALLOGRAPHY  Vol. 125  No. 2  2024



TRANSVERSE MAGNETO-OPTICAL KERR EFFECT ENHANCEMENT 121

Fig. 4. Experimental FOM (∆R) spectra at θ = 10° (black
curve) and θ = 35° (red curve).
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675 nm is observed in the reflectance spectra. It was
established that the electric dipole mode EDx is
excited, the dipole moment of which is directed along
the x-axis, see the distribution of |H| in Fig. 3. This res-
onance corresponds to a maximal value of 0.3% in the
TMOKE spectrum.

At an angle of incidence θ = 10° the RA is formed
by the 1st diffraction order propagating along the sur-
face of the nanograting at the wavelength of 820 nm.
This RA spectrally overlaps with the magnetic dipole
mode MDz with a dipole moment directed along the
z-axis (as shown by the corresponding distribution of
| |), exciting the SLR (MDz). The SLR excitation
results in a dip in the reflectance spectrum. The
greater Q-factor of this resonance compared to the rest
individual optical modes is due to the overlap of a
wideband resonance (namely, magnetic dipole MDz)
and a narrowband one (RA related to –1 order of dif-
fraction). We observe a peak in the TMOKE spec-
trum, reaching up to 1.9% in this spectral region.

Thus, an individual magnetic dipole mode MDz
leads to a larger TMOKE value compared to SLR,
which shows its potential in light intensity modulation.
At the same time, the TMOKE peak is much narrower
in the case of an SLR-induced enhancement, which is
important for magneto-optical sensing [41–46].

An important feature of TMOKE above and
beyond δ is the figure of merit value (FOM), defined
as follows:

(3)

The comparison of experimental ∆R spectra at the
angles of incidence θ = 10° and θ = 35° is presented in
Fig. 4.

One can see that the greater value of ∆R is achieved
at a larger angle of incidence in the spectral vicinity of
both the ED resonance (from 700 to 800 nm) and the

�

H
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MD resonance (from 800 to 940 nm). Thus, the exci-
tation of an individual  Mie resonance without SLRs is
optimal from the point of view of both the magnitudes
of δ and ΔR.

CONCLUSIONS
It has been experimentally shown that the trans-

verse magneto-optical Kerr effect values in Si–Ni
nanogratings made of rectangular nanowires are larger
in the case of an individual Mie resonance excitation
compared to the case of the surface lattice resonances
(SLRs). The maximal value of TMOKE in the case of
SLR is 1.9%, while it reaches up to 2.6% if an individ-
ual magnetic dipole Mie resonance is excited.

The obtained TMOKE values are almost an order
of magnitude larger than the typical ones for the
unstructured nickel film, which do not exceed 0.5% in
the considered spectral range [2]. However, the spec-
tral width of the TMOKE resonance at the SLR is nar-
rower compared to the case of the individual Mie res-
onance excitation. Thus, the same nanograting can be
used both as a light modulator and as a magneto-opti-
cal sensor if the angle of light incidence is changed.
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