
Sensors & Actuators: A. Physical 376 (2024) 115552

Available online 5 June 2024
0924-4247/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Ni80Fe20 thickness optimization of magnetoplasmonic crystals for magnetic 
field sensing 

D.V. Murzin a,*, V.K. Belyaev a, K.A. Mamian b, F. Groß c, J. Gräfe c, A.Y. Frolov b, A.A. Fedyanin b, 
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A B S T R A C T   

A promising approach to enhance the transverse Kerr effect with potential applications in the detection of weak 
magnetic fields is the use of magnetoplasmonic crystals based on ferromagnetic metals. The sensitivity, 
measuring field range, and limit-of-detection of 1D magnetoplasmonic crystals with 5–20 nm thick Ni80Fe20 
layers are analyzed in this study based on magnetic, optical, and magneto-optical characterization. The mag
netoplasmonic crystal with 10 nm-thick Ni80Fe20 layer provided a sensitivity of 21.9 µV/mOe, a limit-of- 
detection of 3.6 mOe, and a measuring field range of 1.134 Oe. This sample was also utilized as a magnetic 
field probe to reconstruct the magnetic configuration of a multicore cable and a planar induction coil, thereby 
highlighting its potential for the visualization of DC magnetic fields.   

1. Introduction 

In today’s technological landscape, the prioritization of energy effi
ciency in miniaturized electromagnetic and micromagnetic devices has 
put an increased emphasis on remote monitoring of their performance 
through their magnetic state. Moreover, the ability to reconstruct the 
magnetic field distribution of individual electronic components enables 
real-time monitoring and facilitates the timely detection of failures. A 
well-known method employed to achieve this task is measuring the 
magnetic field generated within such systems using encircling or 
proximity-based magnetic field sensors [1]. While the market offers 
different magnetic field sensing concepts, the most commercially 
appealing options involve Hall effect, fluxgate, magnetoimpedance, and 
magnetoresistive sensors, known for their cost-effectiveness and 
sub-millioersted sensitivity potential [2,3]. These sensors can be inte
grated directly into devices for magnetic field monitoring, translating 
applied magnetic flux into electronic signals induced in the contact pads 
through the utilization of electronic read-out schemes. However, to 
address the growing demand for contactless sensing mechanisms not 
susceptible to electromagnetic interference, the adoption of magne
tometers featuring optical readout capabilities can prove highly ad
vantageous. Currently, the most sensitive optical magnetometers utilize 

the unique properties of alkali vapor cells or nitrogen-vacancy centers in 
diamonds, employing sophisticated detection protocols to achieve 
cutting-edge picooersted sensitivity and nanometer-scale resolution [4, 
5]. Although these sensors have great potential for research, biomedical 
applications, and space exploration, it seems impractical to use them in 
sectors that require cost-effective and simple solutions. An alternative 
approach that provides simplicity, accessibility, and the convenience of 
remote optical read-out involves the use of magneto-optical sensors. 

The magneto-optical effects, which are a fascinating and significant 
phenomenon in modern physics, are characterized by a modification in 
the polarization or intensity of light when it interacts with magnetic 
materials [6–8]. Over the years, a variety of research efforts have been 
dedicated to exploring the possible applications of these effects in 
various devices, including magnetic field sensors [9]. One notable 
example of such a sensor is the rare-earth iron garnet magneto-optical 
indicator film, which has been extensively studied for its ability to 
provide precise and comprehensive measurements of magnetic fields 
[10–13]. Due to their versatility, magneto-optical sensors have the po
tential to be integrated into a wide range of industrial processes for 
quantitative measurement and visualization of magnetic fields. Table 1 

Significant progress has been made in improving the sensitivity and 
finding new application areas of magneto-optical sensors by using 
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plasmonic structures known as magnetoplasmonic crystals (MPCs) 
[14–16]. MPCs can enhance magneto-optical effects by several orders of 
magnitude due to the excitation of surface plasmon-polaritons – elec
tromagnetic waves coupled to the collective oscillations of the free 
charges at the metal/dielectric interface. For instance, MPCs composed 
of an iron garnet film and a gold diffraction grating have demonstrated a 
sensitivity of 2 nT/Hz1/2 utilizing the longitudinal magneto-photonic 
intensity effect in the light transmission geometry [17]. However, in 
situations where proximity to a magnetic object is necessary, the 
transmission geometry of the sensing elements may not always be 
suitable. To overcome this challenge, MPCs utilizing the enhanced 
transverse Kerr effect (δ) can be used, operating in the reflection ge
ometry and allowing for placement in close proximity to a magnetic field 
source [18]. These sensing elements are made of plasmonic materials 
combined with metallic ferromagnetic films often made of iron, nickel, 
cobalt, or their alloys to optimize light absorption losses, magnetic 
anisotropy and damping, and δ value in relatively low magnetic fields 
[19–22]. The operational concept of these sensing elements relies on the 
demagnetization dynamics of the MPCs under the AC magnetic field 
[23]. By gradually reducing the magnitude of the AC field to zero and 
registering the magneto-optical response, a calibration curve can be 
obtained. This curve, in conjunction with the magnetic characterization 
of the MPC, can be used to determine the sensitivity, the modulation 
field required for operation (Hmod), and the measuring field range (ΔH). 
It is also a tool for recalibrating the strength of an applied external 
magnetic field (Hext) affecting the modulation of the MPC’s magnetiza
tion by the Hmod. 

Both hard and soft magnetic materials can be used in the MPCs to 
fulfill specific criteria, such as a low Hmod of 5.1 Oe [24] to avoid its 
influence on the experimental objects’ magnetic state, or a high 
limit-of-detection (LoD) of 10− 6 Oe for accurate measurements of weak 
magnetic fields [23]. However, those achievements are accompanied by 
a reduction in ΔH, which is also a crucial parameter for sensing appli
cations [25]. To tackle this challenge, an efficient strategy for enhancing 
the ΔH of the MPC-based magnetic field sensor involves adjusting the 
thickness of its ferromagnetic layer. This approach enables modification 
of MPCs’ optical and magnetic properties, leading to alterations in the 
shape and magnitude of the calibration curve without compromising 
essential aspects of the sensor’s performance. In particular, the use of 
thin ferromagnetic layers allows for significant reduction in the Hmod, 
thereby improving the energy efficiency of the sensing elements based 
on MPCs [19,24,26]. 

In the current study, the potential of 1D MPCs based on Ni80Fe20 
films with thicknesses ranging from 5–20 nm as magnetic field probes is 
being assessed. Through the utilization of magnetometry, and spec
troscopy in the visible spectral range, the MPCs’ sensitivity, ΔH, LoD, 
and limit-of-quantification (LoQ) were determined. It was found that the 
decrease in the Ni80Fe20 layer thickness enhances the Hmod, sensitivity, 
and LoD of the MPCs while simultaneously diminishing the optimal ΔH. 
The MPC based on the 10 nm-thick Ni80Fe20 layer provided the optimal 
parameters and was employed to visualize 2D magnetic field maps of a 
multicore cable and a planar induction coil. 

2. Materials and methods 

The substrates used for MPCs fabrication were 1D polycarbonate 
quasi-sinusoidal diffraction gratings with a period of 320 nm and groove 
depth of 20 nm. These substrates were coated with 50 nm layer of Ag, 
followed by 10, 15, or 20 nm layer of Ni80Fe20, and finally 10 nm layer of 
Si3N4. The coating was conducted using the ORION-8-UHV DC magne
tron sputtering setup by AJA International. A soft magnetic Ni80Fe20 was 
chosen to due to its small magnetic damping, low magnetic anisotropy, 
and relatively low losses compared to other ferromagnetic metals, while 
the Ag and Si3N4 layers served as protective layers to prevent oxidation 
of the ferromagnetic layer. The thickness of the Ag layer was chosen to 
be significantly thicker than the penetration depth of light to prevent the 

influence of the substrate material on the materials’ optical and 
magneto-optical properties. To ensure the desired thickness of each 
layer, the sputtering time was adjusted based on precalculated sputter
ing rates, with monitoring being carried out using the Inficon SQM-160 
quartz microbalance sensor. The sputtering process took place under 
room temperature at a pressure of 3 mTorr within an argon atmosphere. 
A source power of 75 W and an argon flow rate of 6 sccm were main
tained throughout the process. The reference samples for optical and 
magneto-optical characterization based on Si (400) wafers were pre
pared in the same deposition cycles. Fabrication protocol for the MPC 
based on the 5 nm-thick Ni80Fe20 layer was the same, as shown in 
Ref. [24]. Composition verification of the samples was done using the 
SEM TM4000II by Hitachi equipped with the EDX system Quantax 75 by 
Bruker. An example of the obtained EDX spectra and estimated 
composition of the MPC based on a 20 nm-thick Ni80Fe20 layer can be 
found in Fig. S1 of the supplementary materials. Post-deposition, the 
morphology and period of the diffraction gratings were preserved ac
cording to the AFM images obtained for each MPC using the AFM 
NTEGRA AURA in a semi-contact mode. The AFM images of the MPCs 
are provided in Fig. S2 of the supplementary materials. 

To study the magnetic properties of the MPCs, hysteresis loops were 
measured along the easy magnetization axis (EMA) using the Nano
MOKE 3 magneto-optical magnetometer in the longitudinal magneto- 
optical Kerr effect geometry (MOKE). These measurements were car
ried out at the center of the MPCs in a spot with a diameter of 5 µm. The 
obtained curves were used to determine the coercive field (Hc) and 
saturation field (Hsat) values of the MPCs. Additionaly, local hysteresis 
loops along the EMA were measured using the Evico Magnetics 
magneto-optical Kerr microscope & magnetometer in the transverse 
geometry of the applied field. The in-plane magnetic properties of the 
MPCs, both along and perpendicular to the EMA, were also studied using 
the vibrating sample magnetometer (VSM) LakeShore 7404i. Unlike the 
MOKE measurements, which are confined to a specific area determined 
by the laser spot size and light penetration depth, the VSM technique 
allowed to study the magnetic properties across the entire volume of the 
MPCs. 

The reflectivity (R0) of the MPCs and reference samples was analyzed 
under p-polarized light within the spectral range of 500 – 700 nm at an 
incidence angle θ = 68◦. This angle was selected to provide the − 1st 
diffraction order and subsequent excitation of surface plasmon- 
polaritons at the wavelength in accordance with the equation: 

sin(θ) = ±1 ∓ mλ/d, (1)  

where m is an integer for the diffraction order, λ is the wavelength, and 
d is the period of the MPCs. Moreover, the specific θ was preferred to 
maximize the δ for the MPCs under study [27], while utilizing the − 1st 
diffraction order allowed to obtain resonant features with higher effi
ciency compared to higher diffraction orders [28]. The experimental 
setup consisted of a halogen light source Mi-150 by Dolan-Jenner, two 
Glan–Taylor calcite prisms GT10 by Thorlabs, a system of lenses, an 
optomechanical chopper OCV6300F by Avesta with a modulating fre
quency of 344 Hz, a monochromator MS5204i by SOL Instruments, an 
SR830 Lock-in amplifier by Stanford Research, and a PMM02 photo
multiplier tube by Thorlabs as a detector. The plane of light incidence 
was perpendicular to the direction of the MPCs’ grooves. A focused 
1 mm diameter light beam was employed during measurements to 
prevent the illumination of the samples’ edges. The reflectivity of the 
samples under the influence of a magnetic field (ΔR = R+H - R-H) was 
measured by modifying the setup with Helmholtz coils generating a 
modulation AC magnetic field (HAC) applied perpendicular to the plane 
of light incidence. The frequency of the HAC was set at 68 Hz and its 
strength at 250 Oe. A schematic representation of the experimental 
setup and the AFM image of the MPC with the 10 nm-thick Ni80Fe20 
layer are shown in Fig. 1. 

The δ was calculated according to the formula: 
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δ = (ΔR/R0)⋅100% = (ΔU/U0)⋅100%, (2)  

where ΔU and U0 are the detector’s outputs in volts induced by the light 
reflected from a sample with applied saturating HAC and without any 
applied magnetic field, respectively. The spectral dependencies of the 
MPCs’ R0 and δ were simulated using the Ansys Lumerical FDTD soft
ware. The simulations were carried out under the approximation of a 
plane wave propagating at θ = 68◦. The dielectric permittivity tensor ε of 
Ni80Fe20 with off-diagonal elements εxy and εyx equal to ±ig, where g is 
the gyration constant, was defined from the Ref. [24]. To simulate the δ 
spectra, MPCs’ R0 was simulated in two opposite directions of the 
magnetic field R+H and R-H, which were subsequently used to calculate δ 
according to the equation: 

δ = [2(R+H − R− H)/(R+H + R− H)]⋅100%. (3) 

The optical setup for R0 and δ measurements was also used to mea
sure calibration ΔU curves that determine the sensitivity of the MPCs to 
Hext. This involved the measurement of ΔU at the wavelength corre
sponding to the maximum δ during the cyclic demagnetization of MPCs 
in HAC. The acquired data points were fitted with the Langevin function 
to determine the sensitivity as ∂(ΔU)/∂(HAC). The value of Hmod was 
defined as the HAC corresponding to the maximum sensitivity, whereas 
the maximum LoD and LoQ at Hmod were estimated as: 

LoD = 3σ/Sensitivty, (4)  

LoQ = 10σ/Sensitivty, (5)  

where σ is a standard deviation of ΔU for 500 acquisition points. The full 
ΔH of MPCs was calculated by considering the HAC range between ΔU =
ΔU(HAC = Hsat) - 3σ and ΔU = 3σ. The optimal ΔH was calculated as the 
HAC range that corresponds to 10 % of the maximum sensitivity. 

The utilization of a dual-phase lock-in detection scheme implied that 
the measured ΔU curves were directly proportional to the susceptibility 
of the MPCs multiplied by the HAC, or, in other words, the modulation 
value of MPCs’ magnetization (ΔM) by HAC [29,30] as shown in Fig. 2(a 
– b). At low frequencies, ΔU curves are consistent with the cycling 
demagnetization of the MPCs under a gradually decreasing DC magnetic 
field and fit the normal magnetization curve [23]. As depicted in Fig. 2 
(a), when both DC Hext and AC Hmod are applied to the MPC, various 
segments of the normal magnetization curve can be accessed, resulting 
in AC susceptibility variations and consequential ΔU changes. However, 
in this case ΔU is insensitive to the Hext polarity due to the similarity of 
the normal magnetization curve. To reconstruct both the polarity and 
strength of the Hext, a minor magnetization curve must be used. This 
allows for the adjustment of magnetization modulation and subsequent 
alterations in the ΔU value depending on the polarity of the applied Hext, 
as illustrated schematically in Fig. 2(c). To access a minor magnetization 
curve a DC bias magnetic field (Hbias), significantly smaller than Hc, was 
simultaneously applied with HAC during the ΔU curve measurement. 
More results regarding the demagnetization of the MPCs can be found in 
Refs. [19,23]. 

To enhance the locality and LoD of the setup, a light source was 
replaced with the laser module CPS635R by Thorlabs which had the 
operational wavelength close to the δ maximum of the optimal MPC. To 
ensure the time stability of the signal with a deviation of 1 – 2 % from 
the mean value, the setup was preliminary warmed-up for 1 hour. The 
collimation system was improved by using the Mitutoyo apochromatic 
objective MY5X-802, resulting in a reduction in the diameter of the 
focused light spot to 165 µm. 

The following protocol outlines the steps involved in the magnetic 
field mapping of experimental objects. The HAC was set to a saturating 
value of 10 Oe, followed by a gradual reduction to zero in increments of 
0.01 Oe to obtain the calibration ΔU curve in the presence of a small 
Hbias of 0.1 Oe. This curve was used to determine the Hmod, ΔH, LoD, and 
LoQ after the system enhancements. Subsequently, the HAC was set to the 
saturating value and decreased to the Hmod using the same increment. A 
schematic representation of the sequence is presented in Fig. 2(d). In the 
absence of Hext, ΔU remains proportional to the Hmod. At this setpoint, 
any applied positive or negative DC Hext up to Hsat, in parallel alignment 
with the Hmod, would result in an increase or decrease of the ΔU value 
due to the additive nature of the magnetic fields. 

To obtain the magnetic field maps generated by experimental objects 
an automated 2-axis linear stage was employed to manipulate the 
positioning of objects across a square 2D plane at varying distances. This 
system allowed for movement within an area of up to 24 × 24 mm2, with 
an incremental step of 0.5 mm. The precision of spatial alignment was 
conditioned by the linear stages’ travel accuracy, which was equal to 
9 µm. To accommodate the system and experimental objects positioned 
behind the MPC-based sensing element, instead of Helmholtz coils an 
arrangement of smaller electromagnets capable of generating sufficient 

Fig. 1. The schematic representation of the setup for R0 and δ spectroscopy. 
The inset shows an AFM image for the MPC with the 10 nm Ni80Fe20 layer. 

Fig. 2. Panel (a) illustrates a cyclic demagnetization of a MPC without Hbias. 
The pink line represents the normal magnetization curve. Changes in ΔM when 
with applied negative or positive Hext are indicated with blue and red arrows. 
Panel (c) illustrates the demagnetization of the MPC with Hbias. Panel (d) 
demonstrates the procedure for a ΔU curve measurement and adjusting the 
setpoint, with red and blue areas indicating ΔU change proportional to the Hext. 
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HAC in a spacing of 4 cm was used. The outer and inner diameters of the 
electromagnets were 95 mm and 30 mm, respectively. The process of 
the magnetic field mapping was automatized within the LabView 
environment. 

Once the setpoint was specified, an experimental object was posi
tioned behind the MPC at various distances and moved in the 2D plane 
to obtain a series of 2D maps. Each map was a result of 10 separate 
measurements. The first experimental object was a multicore cable, 
characterized by a diameter of 2 mm including a 1 mm insulation layer. 
The direct current and voltage in the cable were 600 mA and 300 mV, 
respectively. The magnetic field measurements were done within a 
square area spanning 14.5 × 14.5 mm2. The second experimental object 
was a planar induction coil with an outer diameter of 15 mm and 11 
windings. The direct current and voltage in the coil were 55 mA and 3 V, 
respectively. The magnetic field measurements were done within a 
square area of 23 × 23 mm2. The maximum magnetic field strength of 
both objects was analytically estimated in accordance with the Biot- 
Savart-Laplace law. 

3. Results and discussions 

One of the key parameters utilized in the assessment of the MPCs’ 
performance as sensing elements is the full ΔH. This parameter corre
sponds to the range of magnetic fields that can be safely applied to the 
MPC without its magnetic saturation, which causes the loss of the 
reqired δ modulation. The straightforward way for the derivation of this 
parameter involves the determination of the MPCs’ Hsat from their 
hysteresis loops. In accordance with our previous research, the MPCs 
exhibit a geometrically-driven uniaxial magnetic anisotropy, with the 
EMA aligned with the grooves on their surface [26]. This was also 
supported by the VSM hysteresis loops measured perpendicular to the 
samples’ grooves and local in-plane hysteresis loops along the EMA in 
the transversely applied field, shown in Fig. S3 of the supplementary 
materials. A comparison between MOKE and VSM hysteresis loops’ 
shapes, depicted in Fig. 3(a – c), showed that, contrary to the rapid 
magnetization of the MPCs’ central parts, the magnetization process of 
their entire volume could be affected by the MPCs’ edge defects [26]. 
This also was the reason of higher Hc measured with VSM method 

compared to the MOKE measurements except for the MPC with a 5 nm 
Ni80Fe20 layer. In this case, higher Hc values obtained from MOKE was 
attributed to the pinning of magnetic domains on the MPC’s surface 
defects [31,32]. To account for the magnetization switching that occurs 
only within the central area of the MPCs’ and exclude the impact of edge 
defects, the full ΔH was calculated using Hsat derived from MOKE hys
teresis loops. The values of VSM and MOKE Hc as well as MOKE Hsat, 
depending on the Ni80Fe20 layer thickness, are shown in Fig. 3(d). 

In comparison to the reference samples, which were flat Ag/ 
Ni80Fe20/Si3N4 films with the same layers thickness, the MPCs meet the 
phase-matching conditions between the incident light and the propa
gating surface plasmon-polaritons at a resonant wavelength close to 
632 nm, as reported in Refs. [27,33]. The excitation of surface 
plasmon-polaritons manifests itself as a local minimum in the R0 spectra 
of MPCs known as the Wood anomaly, and a resonant enhancement of δ 
within the same wavelength range. These distinct features were 
observed in the R0 and δ spectra of the MPCs shown in Fig. 4(a – c). The 
minimum R0 and maximum δ, defined from experimental and simulated 
spectra, are shown in Fig. 4(d). The spectral position and amplitude of 
the R0 minima for each MPC demonstrated a good agreement with the 
simulated spectra presented in Fig. S4 of the supplementary materials. 
The small differences in the magnitude and spectral position of δ reso
nant features between the experimental and simulated spectra can be 
attributed to minor discrepancies in the Ni80Fe20 εxy and εyx values used 
in simulations compared to the actual parameters of the fabricated 
MPCs. The MPCs’ R0 minima exhibited a non-monotonic dependence on 
the Ni80Fe20 layer thickness with a maximum value of 17.6 % for a 
thickness of 10 nm, which is 2.2 times smaller than that of the reference 
sample. This MPC also had the maximum δ at the wavelength of 638 nm 
reaching 1.24 % in comparison to the MPCs with 5, 15, and 20 nm-thick 
Ni80Fe20 layers providing δ of 1.07 %, 1.23 %, and 1.17 %. Compared to 
the reference samples, the MPCs based on 5, 10, 15, and 20 nm-thick 
Ni80Fe20 layers showed 3.8-, 3.5-, 3.8-, and 4.9-fold enhancement of δ at 
the same wavelength, respectively. 

The determination of the sensitivity, Hmod, ΔH, LoQ, and LoD of the 
MPCs was accomplished through the measurement of the calibration ΔU 
curves in decreasing HAC at a resonant wavelength of 638 nm. The 
calibration ΔU curves and the sensitivity are shown in Fig. 5(a). Analysis 
of the acquired data showed a tendency for the Hmod to decrease as the 
thickness of the Ni80Fe20 layer was reduced, mirroring a similar pattern 

Fig. 3. (a – c) EMA VSM and MOKE hysteresis loops of the MPCs with different 
Ni80Fe20 layer thicknesses. (d) MPCs’ Hc measured with VSM and MOKE. The 
inset shows Hsat defined from the MOKE loops. Data for the MPC based on the 
5 nm Ni80Fe20 layer were taken from Ref. [24]. 

Fig. 4. (a – c) R0 and δ spectra of reference samples (circles) and MPCs (no 
symbols) with different Ni80Fe20 layer thicknesses. Insets denote the simulated 
spectra. (d) Minimum R0 and maximum δ obtained from experimental and 
simulated data. Data for the MPC based on the 5 nm Ni80Fe20 layer were taken 
from Ref. [24]. 
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observed for the Hc, measured with the VSM. This correlation was also in 
agreement with the demagnetization dynamics of the studied type of 
MPCs [23]. Owing to the nonlinearity of the calibration ΔU curves, in 
addition to the full ΔH, an optimal ΔH was identified within which each 
MPC could measure magnetic field with a sufficient sensitivity. It is also 
important to note, that the parameters of the MPCs can vary significantly 
when measured at the edges rather than in central regions. This vari
ability is due to the impact of edge defects on the magnetization process, 
as illustrated by VSM hysteresis loops. Additionally, changing the angle 
of light incidence or utilizing higher diffraction orders can result in the δ 
reduction leading to a subsequent decrease in LoD and sensitivity, while 
preserving the ΔH, which is determined solely by the MPCs’ magnetic 
properties.The calculated Hmod, maximum sensitivity, full and optimal 
ΔH, LoD, and LoQ for the fabricated MPCs are shown in Table 1. 

At first appraisal, the MPC based on a 5 nm-thick Ni80Fe20 layer was 
the most suitable for the evaluation of DC Hext due to the best Hmod of 
5.1 Oe, a maximum sensitivity of 30.1 µV/mOe, and a LoD of 2.7 mOe. 
However, this MPC had the smallest optimal ΔH of 208.1 mOe. To meet 
the criteria of optimality, a MPC should exhibit all parameters at suffi
cient levels without compromising any of them. Notably, the MPC with a 
10 nm Ni80Fe20 layer achieved a higher ΔH of 325.8 mOe while main
taining other parameters at average levels among the studied MPCs. One 
way to further increase the ΔH for MPCs with the same composition 
involves increasing their period, although this may result in reduced 
sensitivity [25]. Thus, due to the highest δ value, optimal sensitivity and 

ΔH, the MPC with a 10 nm Ni80Fe20 layer was suitable for magnetic field 
measurements. 

Conventional magneto-optical magnetic field sensors based on flat 
thin magnetic films typically provide a LoD of 1 – 10 Oe [34], with some 
examples achieving values as high as 100 mOe [35,36], which remains 
two orders of magnitude lower than the results obtained for the studied 
MPCs. Recent advancements in magneto-optical sensing were done 
utilizing the longitudinal magnetophotonic intensity effect to detect 
magnetic fields with LoD of 24 µOe at a full ΔH of approximately 750 
mOe [17]. While the MPCs in the current study offer a smaller LoD and 
comparable ΔH values, the utilization of a reflectance geometry 
compared to the transmission geometry in Ref. [17] may be advanta
geous in applications requiring proximity between the sensing element 
and the object of interest. Future enhancements in this technology might 
focus on detecting a three-dimensional trajectory of an MPC magneti
zation, potentially enabling sensitivities on the order of 10 fOe [10,11]. 

After modification of the measuring system with a laser module as a 
light source and an apochromatic objective as a collimation system, the 
calibration ΔU curve and sensitivity of the MPC based on a 10 nm 
Ni80Fe20 layer were remeasured. The obtained dependencies are shown 
in Fig. 5(b). The assembled setup allowed measurements with the lo
cality of 259 µm2, LoD of 72 µOe, and LoQ of 240 µOe, while increasing 
the Hmod to 6.8 Oe and optimal ΔH to 479.4 mOe. However, the 
maximum sensitivity of the system reached a lower value of 11.6 µV/ 
mOe due to the reduced light flux reflected from the MPC. The corre
lation between Hext and ΔU was determined by analyzing the depen
dence of the ΔU on the HAC - Hmod, that is illustratively shown in Fig. 5 
(c). The assembled setup was then used to obtain magnetic field maps on 
a 2D plane for a multicore cable and a planar induction coil, as shown in  
Fig. 6. Magnetic field maps at different distances can be found in Fig. S5 
and Fig. S6 of the supplementary materials. 

As expected, both the multicore cable and planar induction coil 
exhibited distinct magnetic field patterns. The magnetic field of the 
multicore cable has a circular trajectory around the axis of the wire, 

Fig. 5. (a) The calibration ΔU curves and sensitivity of the MPCs with different 
Ni80Fe20 layer thickness. Circles and solid lines denote experimental data points 
and Langevin fit curves. (b) The calibration ΔU curve (solid line) and sensitivity 
(dotted line) of the MPC with a 10 nm Ni80Fe20 layer. Marked areas correspond 
to the ΔU signal proportional to the Hext. (c) Dependence of the ΔU on the Hext 
for the MPC with a 10 nm Ni80Fe20 layer. The green area depicts the optimal ΔH 
for positive Hext. The inset shows a schematic image of the magnetic field 
mapping experiment. 

Table 1 
Hmod, maximum sensitivity, ΔH, LoD, and LoQ values for the MPCs with different 
Ni80Fe20 layer thickness.  

Ni80Fe20 thickness (nm) 5 10 15 20 

Hmod (Oe)  5.1  6.1  6.3  7.0 
Max. sensitivity (µV/mOe)  30.1  21.9  22.0  10.5 
Full ΔH (Oe)  1.018  1.134  0.841  1.655 
Optimal ΔH (mOe)  208.1  325.8  298.2  585.8 
LoD (mOe)  2.7  3.6  3.7  8.2 
LoQ (mOe)  9.0  12.5  12.6  27.4  

Fig. 6. Experimental objects, measurement geometries, and magnetic field 
maps for the (a) multicore cable and the (b) planar induction coil. Measure
ments were carried out using the MPC with the 10 nm thick Ni80Fe20 layer. 
Hmod is the modulation magnetic field, Hbias is a bias DC magnetic field, and Hext 
is an external DC magnetic field, generated by objects at the distance z. The 
position of the objects relative to the spatial coordinates is outlined in the maps. 
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attaining its maximum intensity at the surface and decreasing inversely 
proportional to the distance. Similarly, the planar induction coil can be 
represented as a system of wires curved in circular loops, each carrying 
the same current. The resulting magnetic field pattern was formed by the 
sum of individual windings’ fields and was symmetrical around the 
coil’s axis. The maximum measured Hext of the multicore cable at the 
distance of 7 mm was 166.5 mOe, which was close to the analytical 
estimation of 150 mOe. Likewise, the magnetic field map of the planar 
induction coil was in good agreement with analytical estimations, 
showing a maximum Hext of 222 mOe at the distance of 11.5 mm com
parable to the analytically calculated value of 214 mOe. A comparison 
between the maximum Hext values at varying distances obtained using 
the experimental set-up and calculations is provided in Table S1 and 
Table S2 of the supplementary materials. The resemblance observed 
between experimental and analytical evaluations validates the reli
ability of the measuring technique and its applicability in exploring 
magnetic configurations of electromagnetic and micromagnetic systems. 

4. Conclusion 

The contactless magnetooptical magnetic field sensing elements 
based on 5 – 20 nm Ni80Fe20 films have been presented in this work, and 
their potential for the DC magnetic field visualization has been analyzed. 
The thickening of the Ni80Fe20 layer led to an increase in coercive and 
saturation fields, responsible for the higher modulation field and 
measuring field range of studied magnetoplasmonic crystals. The 
dependence of both the reflectivity and transverse Kerr effect at the 
resonant wavelength on the thickness of the Ni80Fe20 layer was observed 
to exhibit a non-monotonic trend, with extremums appearing at a 
thickness of 10 nm. The magnetoplasmonic crystal based on the 10 nm- 
thick Ni80Fe20 layer yielded the maximum transverse Kerr effect value, 
reaching 1.24 %, and a reflectivity of 17.6 %. This magnetoplasmonic 
crystal allowed to achieve a sensitivity of 21.9 µV/mOe, a limit-of- 
detection of 3.6 mOe, and the optimal measuring field range of 325.8 
mOe expanding to 1.134 Oe at the cost of a sensitivity drop below 10 % 
of the maximum value. Further incorporation of the magnetoplasmonic 
crystal with 10 nm-thick Ni80Fe20 layer a sensing element of a magnetic 
field mapping setup allowed to achieve increased spatial locality of 259 
µm2 and sensitivity of 11.6 µV/mOe. The acquisition of 2D magnetic 
field maps from a multicore cable and a planar induction coil illustrated 
a good alignment with estimated values, proving the utility of proposed 
elements for magnetic field visualization. This study establishes an 
approach for the development of cost-effective and compact magnetic 
field sensing elements based on Ni80Fe20 magnetoplasmonic crystals, 
tailored to specific sensitivity and measuring field range requirements. 
Such sensing elements may find applications for facilitating remote and 
non-destructive characterization of electromagnetic or micromagnetic 
structures. 
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