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Abstract

In this work, we present a near-field scanning optical microscope capable of simultaneously
mapping the x—, y—, and z— components of the magnetic field generated by a set of magnetic
coils in the kHz range. Using this device, we present two experiments: the observation of the
well-known magnetic field of a circular coil and a resolution test. The observations achieved
with our instrument are supported by numerically calculated simulations, which confirm the
validity of our experimental results. In addition, our instrument is capable of imaging features of
the order of 15 mm, representing a resolution of \/10000. Our approach establishes an
important avenue for the three-dimensional mapping of the electromagnetic field in any spectral
range, using the correct configuration of the probe, and opens a new discussion on the resolution
of scanning probe microscopes imaging more than one component of the studied field.
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electromagnetic induction

1. Introduction

Near-field microscopy (NFM) is a mature research area about
the study of light-matter interactions with resolutions that
overcome the classical resolution limit [1-3]. This research
area has allowed the discovery of exciting phenomena in the
last decade, particularly in the realm of plasmonics and two-
dimensional materials [4—6]. Interestingly, the light intens-
ity detected in near-field microscope, while raster scanning
the sample surface, can be approximated as the total electric
field strength of the interactions at the near-field region [7].
In addition, some recent works have developed methods to
generate three-dimensional maps of the electric field [8—12].
On the other hand, the magnetic fields, another inherent part
of the electromagnetic field, have been largely overlooked
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in the study of near-field interactions, though some recent
approaches have begun to explore this subject [13—-18]. Among
them, the use of modified apertured near-field probes, where
a small gap was generated so the probe acts as a split ring
resonator [15], the use of dielectric pyramidal probes coated
with metal that act as resonant rings [14], and even by using
nanoparticles [18]. However, these approaches relied on com-
plicated detection schemes or near-field probe geometries
[14, 15].

Though the existing approaches to detecting the mag-
netic field at the near-field region have all attained important
achievements [14, 15], a reliable and straightforward means
of mapping the components of such magnetic field is still
missing. In this sense, we present a non-reported approach
for the detection of each component of the magnetic field
in the near-field region. We demonstrate that our instrument
is able to reproduce well-known theoretical results of cir-
cular magnetic coils. We believe that our approach can be
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extended to higher frequencies through appropriate modi-
fications in the sensing probe. We also provide evidence
of the maximum resolution our instrument can reach, even
reproducing results already reported in the NFM research
[4, 5, 7] and expanding the knowledge of near-field probes
resolution.

2. Instrumentation

2.1. Detection of the magnetic field components

In order to measure the three components of an oscillat-
ing magnetic field under analysis (MF-UA), we construc-
ted a three-dimensional magnetic probe (3D-MP) using three
orthogonal inductors (one per magnetic field component)
with inductance of L =22 yH+ 2.2 uH, length/ = 2.4mm =+
0.1 mm, and diameter d =5 mm =+ 0.1 mm. Figure 1 shows
a schematic representation of the 3D-MP where the direction
of each component is set and the dimensions of the induct-
ors. Due to the orthogonality of the inductors composing the
3D-MP, the electromagnetic induction between them was neg-
ligible with respect to the MF-UA. This characteristic allows
us to treat the 3D-MP as a passive element with minimal effect
on the MF-UA, as in the case of already reported NFM works
[5, 71.

The operation principle of the 3D-MP can be described as
follows: when the 3D-MP flew over the device generating the
MEF-UA, each inductor generated a current in response to the
change in their magnetic flux in an independent way. The cur-
rent was determined by the magnetic field asi = BA/L , where
B is the magnetic field strength, and L and A are the induct-
ance and transverse area of the inductor, respectively. Thus,
the detection of such currents at each point over the sample
surface generated a map of each component of the magnetic
field.

Due to the linear relationship between the current and the
magnetic field strength in each inductor, it was possible to
measure such a current using a lock-in amplifier (LIA). The
use of a LIA has four primary motivations; the first being to
filter the signal generated by the inductors, suppressing the
electromagnetic noise in the environment. The second reason
was to amplify the magnitude of the signals generated by
the inductors. The third reason was that the LIA excited the
MF-UA with periodic signal used as reference. Finally, this
method allowed us to measure both the strength and phase
of the MF-UA and consequently determine its magnetic field
components. This technique aligns with standard practice for
scattering-based NFM [19].

2.2. The samples

Although our instrument was not limited to a specific kind of
sample, for the purpose of the proof-of-concept, we used cir-
cular coils in two separate cases. In the first case, the coil was
composed of 4 turns of wire in a flat configuration. The inner
and outer diameters of the coil were 30.0mm £ 0.1 mm and
40.0 mm = 0.1 mm, respectively, and thickness was 2 mm =+

Figure 1. Schematic representation of the three-dimensional
magnetic probe.

0.1 mm. In the second case, we used a set of circular coils com-
posed of 20 turns with diameters of 15.0 mm £ 0.2mm and
heights of 1.0 mm £ 0.2mm.

2.3. The scanner

The 3D-MP was mounted in a mechanical stage able to ras-
ter scan the sample at a fixed vertical distance. The max-
imum spatial resolution of the scanning stage was 50 pm, how-
ever, we decided to use a step size at a minimum of 200 ym
to keep the uncertainty in the displacement small enough to
avoid hysteresis effects affecting the overall performance of
the instrument.

3. Results

Before describing our experimental results, it is important to
note that all the results presented in this work were obtained
by using an excitation signal with amplitude of 5 V and a fre-
quency of 500 kHz, equivalent to a wavelength A = 600m.
This means that all the dimensions of our experiments were
smaller than A/10000, see sections 2.2 and 2.3, well beyond
the classical diffraction limit [20], as mentioned before. The
experimental impedance of the inductors composing the 3D-
MP was measured to be 62.1 ) at the excitation frequency.

3.1. Calibration

In our first experiment, as mentioned before, we used the cir-
cular coil with diameter of 40 mm =+ 0.1 mm. Since the mag-
netic field generated by a circular coil is well-known, we
chose to use this configuration to simplify the interpretation
of the obtained images. The scanning was performed over an
area of 100 x 100 mm? at a fixed height of 5 mm =+ 0.5 mm.
Figures 2(a)—(c) shows the experimental data of the three com-
ponents of the MF-UA. The dashed lines represent the actual
position of the circular coil in each case. The dipole nature
of the x— and y—components and the monopole contribution
of the z— components are both clearly measured, as expected
[21].

In order to confirm our experimental results, we performed
numerical simulations using the finite element method. In this
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Figure 2. Comparison between experimental, (a), (b), and (c), and
calculated magnetic field components, (d), (e), and (f). In all cases,
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the scale bar represents 20 mm. The x— and y— components were
scaled up by a factor of two for better comparison.

case, a symmetry and dimensions similar to the circular coil
were used. We assumed that the wire composing the coil was
a perfect electric conductor. We emulated an excitation voltage
of 5 V through a lumped port with current flowing in the same
direction as the experimental case. Figures 2(d)—(f) summar-
izes the numerically calculated results. As in previous cases,
the dashed lines represent the position of the circular coil.

It is clear by comparing the magnetic field components
shown in figure 2 that the experimental results are consistent
with the numerical calculations. Although our experimental
and numerical results were similar, we found some important
differences. Among these differences, we found that the mag-
netic field components in the experimental data, figures 2(a)—
(c), are not strongly confined to the width of the circular coil,
as they are in the case of the calculated field components,
figures 2(d)—(f). We believe this is due to two factors: the finite
size of the individual probes and the finite conductivity of the
wire composing the coil under study.

Another interesting finding was that the experimental com-
ponents have inverted phase with respect to the calculated
ones. This happened because the experimentally measured
currents in the 3D-MP were the response to the MF-UA, mean-
ing that in order to preserve the magnetic flux, the induct-
ors composing the 3D-MP responded with an inverted current
with respect to the excitation current in the coil under study.
Interestingly, the amplitude of the experimental and calculated
magnetic field components were similar. This is due to the lin-
ear amplification of the current measured by the LIA.

3.2. Resolution

When a new microscopy configuration is proposed, one of
the most important factors to be determined is the resolu-
tion. To calculate the resolution of our device, we meas-
ured the magnetic field components of a set of circular coils,
each made of 20 turns of copper wire 1 mm diameter and
1 mm =+ 0.1 mm height, as mentioned before. The diameter
of the coils was 15.0 mm =+ 0.2 mm, located at controlled
center-to-center distances, ranging from 15 mm £ 0.5 mm to

Figure 3. Resolution determination of each magnetic field
component using experimental data. The scale bar represents

20 mm. Lines L and M were used for transverse cuts for resolution
analysis. The x— and y— components were scaled up by a factor of
two for better comparison.

35 mm =+ 0.5mm in steps of 5 mm =+ 0.2mm, in the x— dir-
ection and fixed distances of 20 mm + 0.2 mm in the y— dir-
ection. Figure 3 shows the results of the resolution analysis,
where the dashed lines represent the position of the coils. It is
important to note that in all the coils, the current direction was
the same.

Our resolution analysis was based on the Rayleigh criterion
[20]. According to this criterion, the distance between the aver-
age intensity of two maxima and the minimum between them
must be at least 20 % to consider such a distance resolved [20].
For this purpose, we extracted cross sections along lines L and
M in figure 3 and calculated the magnitude of each component;
the results are shown in figure 4. We selected line L to determ-
ine if the field component was resolved along the x— direction.
As it is clear from figure 4(a), the only resolved component
was the z— component, whereas the x— and y— components
were not, see inset in figure 4(a). Line M was selected to test
the resolution in the y— direction. Unlike the L cut, it is clear
that all the components were resolved along M, see inset in
figure 4(b).

In order to understand our experimental results in terms of
resolution, we calculated numerically the magnetic field gen-
erated by an inductor with similar characteristics as the ones
used in the 3D-MP. From our numerical results, see figure 5,
we concluded that the distances at which the inductor could
sense the MF-UA is about four times their length. This means
that the resolution is impacted by not only the length of the
inductors in the x— and y— components, but also by their abil-
ity to detect magnetic fields well beyond their axial dimen-
sions. The case of the z— component was different as such a
component was detected at fixed distance, resulting in a meas-
urement confined to the diameter of the inductor.

Our findings confirm a very well-known fact in scanning
probe microscopes, i.e. the size of the probe determines the
instrument resolution in the z— direction [4]. Furthermore, our
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Figure 4. Resolution determination of each magnetic field
component using the transverse cuts L (a) and M (b) of figure 3. In
both cases, the magnitude of the magnetic field was used.
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Figure 5. (a) Calculated magnetic field around an inductor with
similar characteristics to the ones used in the 3D-MP. The scale bar
represents 5 mm.

results extend this principle to the x— and y— components by
determining the detection distance, as shown in figure 5. We
believe these results could become the general case; however,
this is a work in progress.

4. Discussion and conclusions

Although our method is a novel approach for the three-
dimensional mapping of magnetic fields in the near-field, it
is important to note that this experimental method is lim-
ited to frequencies below 100 MHz. The increase in imped-
ance at higher frequency makes the inductors used in the 3D-
MP insufficient. A set of split ring resonators [22] should
enable measurements at higher frequencies, including optical
ranges, so long as the perpendicular arrangement of the probe
is retained. In the case of optical frequencies, it would be
advised to use plasmonic metals to exploit their properties as
optical antennas [7].

We have shown the implementation of a new configura-
tion of a near-field microscope with the capability of meas-
uring the three components of the magnetic field. It has been
demonstrated that the measured magnetic components corres-
ponded to the well-known theory in the case of a circular coil.
An important finding was that the resolution of the instrument
is dependent on the measured direction due to the finite size
of the magnetic probe components. Our results complement
the well-known resolution criterion in scanning probe micro-
scopes, i.e. the size of the probe determines the minimum fea-
ture size to be resolved in the z— component, while the x—
and y— components are determined by the ability of the probe
to sense the field beyond its axial dimensions. Our instrument
opens the possibility for the three-dimensional mapping of the
electromagnetic field in the near-field, not only in the kHz
range, but also potentially extended to higher frequencies with
the appropriate modifications in the structure of the magnetic
probe and the materials used for its construction.
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