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Magnetoplasmonic crystals consisted of the combination of noble and ferromagnetic thin films deposited on diffraction gratings represent a special
class of nanostructures that can utilize the magneto-optical Kerr effect enhanced by surface plasmon-polaritons excitation for the probing of an
external DC magnetic field. Optical and magneto-optical properties of a magnetoplasmonic crystal are formed by magnetic behavior. This article
represents ways to manipulate optical, magneto-optical and magnetic properties of nickel-based magnetoplasmonic crystals by the variation of the
substrate parameters, the composition of magnetoplasmonic crystals as well as the compressive mechanical stresses on the surface of a

ferromagnetic layer. © 2020 The Japan Society of Applied Physics

1. Introduction

In recent years, engineering of local and highly sensitive
magnetic field sensors (MFSs) have become a rapidly
developing topic due to the growth of accessibility of the
nanostructures fabrication technologies. Nowadays, MFSs
are applied in different areas of everyday life like
medicine,"” security systems,™® touch emulation in
robotics™® and orientation devices.”® Each area requires
unique design specified to fulfill certain requirements and to
determine the parameters of MFSs such as accuracy, energy
efficiency, linear dimensions, locality and sensitivity. For this
purpose, MFSs can be based on different physical
phenomena’®'® and the most widely used are induction coils,
superconducting quantum interference devices'""'? as well as
Hall effect sensors,'>™'> sensors based on magneto-optical
(MO) effects'® and giant or tunnel magnetoresistance.'’'”
However, these sensors may require low temperatures, either
lack the possibility to scan a certain area without moving a
probe or have low sensitivity in local volumes. These
disadvantages can be overcame by the use of the enhanced
MO effects in magnetoplasmonic crystals (MPICs).?*"
MPICs are periodically nanostructured ferromagnetic meta-
surfaces that support the excitation and propagation of
surface resonant evanescent wave coupled oscillations of
metallic plasma and photons, called surface plasmon-polar-
itons (SPPs)*** due to diffraction effects. The use of MPICs
allows one to enhance the value of MO effects in a narrow
spectral region by two orders of magnitude and effectively
use such type of nanostructures as a magnetic field probe
that combines magneto-modulation and MO sensors
techniques.”**> The main advantages of MPIC-based sensor
are experimentally achieved high sensitivity of 107® Oe at a
spot of 1 mm? and the possibility to scan an area without
moving the magnetic field probe.?***~>®

The characteristics of the MPIC-based magnetic field
probe are determined by the magnetic and MO properties:
for effective use of MPIC-based MFSs, it is necessary to

SEEAO08-1

control the magnetic properties that determine the MO
response, values of sensitivity, range of the detectable fields
and required modulation field.”” Magnetic properties of
MPICs can be tuned by the change of (i) the periodic
modulation parameters,”’**’ that are responsible for forming
the geometry driven magnetic anisotropy and the spectral
position of MO effects enhancement; (ii) material and
thickness of a ferromagnetic layer’” that influence the values
of magnetization and determine optical losses; (iii) the
passivation layer thickness®'** for additional changes of
mechanical stresses on top of a ferromagnetic layer.

The goal of this work is to demonstrate the influence of the
variation of (i)—(iii) parameters on the MPIC-based magnetic
field sensor’s characteristics via magnetic and MO properties.

2. Experimental methods

MPICs were fabricated by the DC ion-beam sputtering of
metal and dielectric layers on the surface of smooth
substrates made of silicon dioxide (Sub;) and polymer with
one-dimensional quasi-sinusoidal or trapezoidal shaped dif-
fraction gratings (Sub, and Subj), respectively. Additional
samples based on Sub; with a tape line on the surface were
fabricated to estimate the thickness of deposited functional
layers by the use of the NT-MDT Integra Aura atomic force
microscopy (AFM) setup. The diffraction gratings on Sub,
and Sub; have following declared parameters: period
dr=320nm, d3; =740nm and profile heights /, =20 nm
and A3 = 100 nm. The substrates were covered with a layer of
silver (Ag) or gold (Au) with the fixed thickness of 100 nm, a
layer of nickel (Ni) with the thickness of 5, 20, 50 or 100 nm
and a passivation layer of silica nitride (Si;N4) with the
thickness of 20, 30 or 40 nm. Examples of AFM images and
the surfaces’ profiles extracted from the images for samples
based on Sub, and Subj; are shown in Fig. 1.

The images show that d and h parameters have low
deviation from declared values and the fabrication process
did not affect the diffraction gratings shape. Short names of
the samples, which describe the substrate type and the
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Fig. 1. (Color online) Panels (a) and (b) demonstrate surface images of the
MPICs based on Sub, and Subs, respectively. Panel (c) represents the
extracted surface profiles of the samples based on Sub, (black) and Sub;
(red).

thickness of a ferromagnetic layer, will be used in this
paper. For example, Sub,//Ag/Ni(100) means that it is the
sample with following parameters and composition:
Si0,//Ag(100 nm)/Ni(100 nm)/SizN4(20 nm). In case when
the thickness of SizN, layer differs from 20 nm, it will be
additionally mentioned.

Spectral and field dependences of optical and MO
responses were studied by the setup consisting of a halogen
lamp as a light source, a Glan—Taylor prism as a polarizer, a
Hamamatsu H10722-20 photomultiplier tube with a mono-
chromator and SR830 Lock-In amplifier as a detecting
system accompanied by an optomechanical modulator and
a system of Helmholtz coils which allow to control the
modulation of light beam for measurements of optical and
MO responses. All the measurements were carried out in the
transverse magneto-optical Kerr effect (TMOKE) geometry
using p-polarized light with the angle of incidence of 68°.>%
Frequencies of optomechanical and the AC magnetic field
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Fig. 2.
(a) Sub, and (b) Subs.
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modulation for optical and MO measurements were chosen to
be 233 Hz and 317 Hz, respectively.

Integral and local magnetic properties of fabricated sam-
ples were measured with a LakeShore 74041 vibration sample
magnetometer (VSM) and with a NanoMOKE II scanning
laser magnetometer in the longitudinal magneto-optical Kerr
effect geometry where the angle of incidence was set to 45°
and the laser was focused into the spot of 10 um” The
sensitivity of integral and local magnetic properties measure-
ments were 10~® emu with the noise floor at 3 s/pt and 0.5
mdeg (rms) at 13 Hz rate, respectively. The VSM setup was
additionally used to study the demagnetization processes in
fabricated samples.

3. Results and discussion

3.1. Results

The tuning of the parameters of the MPICs allows to vary
optical and MO properties: the substrate type determines
the shape and the spectral position of the diffraction gap
and a narrow wavelength range of the TMOKE enhance-
ment while the ferromagnetic layer thickness allows chan-
ging the values of optical losses and magnetization. In this
measurements the TMOKE value was defined as
TMOKE = AR(H) /Ry, where R, is the reflection ampli-
tude without magnetic field, which was detected by the
optomechanical modulation of the incident light, and
AR(H) = R,y — R_g denotes the field dependent reflec-
tion amplitude. All samples based on Sub; show no
enhancement of the TMOKE in the visible light spectral
region. Examples of the spectral dependences of reflectivity
and the TMOKE values for the samples based on Sub, and
Subj are shown in Fig. 2.

Narrow spectral regions with clearly visible minima of
reflectivity are related to the 1st and the 2nd diffraction orders
for the MPICs based on Sub, and Subs, respectively, and
correspond to excitation of SPPs that cause the enhancement
of the TMOKE response. An increase of the ferromagnetic
layer thickness was followed by linear increase of optical
losses and magnetization values, which corresponds to the
decrease of reflectivity and the growth of the TMOKE
value. To demonstrate the correlation between the MO and
the magnetic properties, field dependences of TMOKE at the
resonant wavelength, corresponding to the maximum of the
TMOKE signal, were measured. These dependences were
recalculated as a signal-to-noise ratio, SNRyc = AR(H) /o,
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(Color online) Spectral dependencies of reflectivity (solid lines) and TMOKE (squares) for MPICs with different thickness of Ni layer based on
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Fig. 3. (Color online) Field dependences of SNRac for MPICs with the
different thickness of Ni layer based on Sub, and Subs. ASNR s denotes the
main drop of MO response in AH region.

where o = \/Zf)v(ARN — AR)?/(N — 1) is a standard
deviation of noise measured at the same wavelength in the
saturating magnetic field for N =500 acquisition points.
Examples of the SNRc field dependences are shown in
Fig. 3.

The SNR ¢ dependences have a step-like behavior where
ASNR,c value and AH region position depends on the
magnetic properties and the optical losses in the ferromag-
netic layer. ASNR ¢ value determines the sensitivity and
AH region shows the value of the necessary modulation field
for proper work of the MPIC-based MFS.?® To explain the
behavior of SNRAc(H) dependences, the magnetic properties
were studied.

All fabricated nanostructures based on Sub; have in-plane
isotropic magnetic properties. The MPICs based on Sub, and
Sub; with diffraction gratings on the surface have geometry
driven anisotropy of the magnetic properties with an easy
magnetization axis (EMA) codirected with the stripes of
diffraction gratings on the surface.’'***> Magnetization
processes along the EMA direction for all the samples are
mostly determined by the domain wall movement that results
in almost square loops.”” Measurements of magnetic proper-
ties along the EMA direction correspond to the TMOKE
geometry”® and can be used to explain the field dependent
MO response. The dependences of coercive force (H.) along
the EMA direction on the nickel layer thickness, the noble
metal and the substrate types measured by local and integral
methods are shown in Fig. 4.

Differences in local and integral magnetic properties for
samples based on Sub, and Subs can be explained by the
features of used methods: local method allows one to study
the magnetic properties in the central part of samples with a
tightly focused laser beam, while the integral method is
sensitive to the whole volume of a ferromagnetic material
including edge defects®® that are unavoidable due to the
substrates fabrication method. Increased difference in mag-
netic properties for Subs-based samples can be caused by the
diffuse reflection that starts to play an important role with the
increase of d and h substrate parameters.*®
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Fig. 4. (Color online) Dependences of H, on nickel layer thickness, the
noble metal (black for Ag and red for Au) and substrate types measured by
integral (solid lines) and local (dashed lines) techniques.

Obtained dependences demonstrate the growth of H, value
with the appearance of surface modulation starting from
samples based on Sub; to Sub, as well as the increase of the
diffraction grating parameters d and & for the MPICs based
on Sub, to Subj. This tendency corresponds to the previous
studies.”” Tt can be explained by the inducement and
enhancement of the geometry driven magnetic anisotropy:
the presence of surface modulation leads to the formation of
preferable magnetization direction, which is followed by the
increase of H. value for on Sub, and Sub; based MPICs
along the EMA direction.

The tendency of H, value to increase with the reduce of the
nickel layer thickness from 100 nm to 20 nm is in agreement
with theoretical studies and can be explained by the replace-
ment of a Bloch-type domain wall by Neel one at low
thicknesses of the ferromagnetic layer.’ ™ The abrupt drop
of H. value for the Subs based MPICs with the nickel layer
thickness of 5nm can be explained by the appearance of
discontinuities in the ferromagnetic layer caused by the
difference of the ferromagnetic layer thickness and the h
value of diffraction grating on the surface of Subs.*"

Additionally, the possibility to tune magnetic properties by
variation of the passivation layer thickness was studied. To
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Fig. 5. (Color online) Dependences of H, for different SizN, thickness
measured by local (dashed lines) and integral (solid lines) methods.
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(Color online) Panel (a) demonstrates an example of demagnetization process for MPIC with composition Sub,//Ag(100)/Ni(20)/Si3N4(20) and

denotes the AM and AH values. Panel (b) shows the field dependences of the AM value for the MPICs based on Sub, (solid lines) and Subs (dashed lines).

neglect the influence of the edge defects the dependences of
H. value on the silicon nitride layer thickness for the
Sub;-based samples were studied. The collected data are
shown in Fig. 5.

Determined dependences of H. values on the SizNy4
thickness approve the possibility to tune the magnetic
properties of fabricated samples by the change of mechanical
stresses on top of ferromagnetic layer. Nickel has higher
value of linear thermal expansion coefficients in respect to
the silicon nitride. The increase of the silicon nitride layer
thickness leads to the increase of compressive stresses on the
interface with nickel layer which is followed by the decrease
of the coercive force.*'"*?

Measurement technique for obtaining the field dependent
MO response can be associated with the demagnetization
processes in MPICs. To demagnetize the samples, the
following protocol was used: saturating magnetic field of
+Hg,e applied along the EMA direction to the sample is
alternately applied by —Hg, in a positive and a negative
direction, gradually decreasing and attenuating to zero. Due
to the presence of the geometry driven magnetic anisotropy
the samples were still difficult to demagnetize along the EMA
and it was supposed to find the field range of AH, which is
responsible for the main drop of the magnetic moment in the
decreasing external field. To compare the demagnetization
processes in different MPICs the value of AM =
M (+H) — M (—H) was calculated. The example of normal-
ized magnetic moment of the magnetic field magnitude and
the AM value on the substrate type and nickel layer thickness
are shown in Fig. 6.

Collected data demonstrate that AH region occupies a field
region starting at H. field to zero field and its position
strongly depend on H. value. AH regions’ positions and
slopes defined by the demagnetization of the MPICs corre-
spond to the main region of the main drop of ASNR value
that demonstrates the correlation of magnetic and MO
properties. To use of MPICs as the magnetic field probe
there are two possible outcomes: (a) it is important to
decrease necessary external modulation field that allows
one to design compact sensor of the magnetic field and (b)
the extension of AH region gives the possibility to probe
magnetic fields at higher magnitudes. The (a) way can be

SEEA08-4

achieved by: decrease of diffraction gratings parameters d
and h, increase of the ferromagnetic layer thickness and
increase of the passivation layer thickness, while (b) way is
just contrary to (a). The possibility to tune the position and
the extension of AH region allows one to design and
fabricate the MPIC with desirable parameters to fulfill the
required values of sensitivity, accuracy, necessary modula-
tion field and the value of maximum field to be measured.

4. Conclusions

The design and the functional layer parameters of MPICs
are fundamental in forming magnetic, optical and MO
properties of the magnetic field probe based on the
TMOKE enhanced by SPPs excitation. It was shown that
by the variation of the MPICs parameters it is possible to
decrease the necessary external modulation field, to measure
the magnetic fields of higher magnitudes and to precisely
control the values of the TMOKE and the optical losses. The
key parameters for such manipulation are the values of AM
and AH region that can be tuned by: decrease of the
substrates’ diffraction grating parameters d and A, which is
followed by the lowering of H. value and narrowing AH
range; increase of the ferromagnetic layer thickness, which
is followed by the growth of the TMOKE value and the
decrease of H. and reflectivity values; increase of the
passivation layer thickness that allows one to additionally
lower H, value. With approach, one can design and engineer
the MPICs that are able to fulfill desirable parameters for a
required application or a specified task.
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