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Abstract: We have developed a miniaturized magnetic sensor based on diamond nitrogen-
vacancy (NV) centers, combined with a two-dimensional scanning setup that enables
imaging magnetic samples with millimeter-scale resolution. Using the lock-in detection
scheme, we tracked changes in the NV’s spin resonances induced by the magnetic field
from target samples. As a proof-of-principle demonstration of magnetic imaging, we used
a toy diorama with hidden magnets to simulate scenarios such as the remote detection of
landmines on a battlefield or locating concealed objects at a construction site, focusing on
image analysis rather than addressing sensitivity for practical applications. The obtained
magnetic images reveal that they can be influenced and distorted by the choice of frequency
point used in the lock-in detection, as well as the magnitude of the sample’s magnetic
field. Through magnetic simulations, we found good agreement between the measured and
simulated images. Additionally, we propose a method based on NV vector magnetometry
to compensate for the non-zero tilt angles of a target, enabling the accurate localization of
its position. This work introduces a novel imaging method using a scanning miniaturized
magnetometer to detect hidden magnetic objects, with potential applications in military
and industrial sectors.

Keywords: diamond NV centers; miniaturized sensor; scanning magnetometer

1. Introduction

With numerous breakthroughs and research initiatives, we are on the verge of entering
a new era of quantum technology [1]. Quantum technology employs quantum mechanical
objects, such as qubits, to address real-world challenges through innovative and distinct
methods incompatible with their classical counterparts. Quantum sensors, one of the princi-
pal areas in quantum technology, aim to identify practical applications with the expectation
of surpassing conventional sensors in sensitivity and resolution [2,3]. Diverse quantum
platforms have been investigated, including superconducting quantum interference devices
(SQUIDs [4]), entangled or squeezed lights [5], atomic vapor cells [6], and solid-state de-
fects [2,3]. Diamond nitrogen-vacancy (NV) centers are exemplary defect-based qubits that
uniquely offer the simultaneous advantages of high magnetic field sensitivity and spatial
resolution [7-9]. A highly sensitive miniaturized diamond magnetic sensor can be devel-
oped due to its atomic dimensions and capability to function at ambient room temperature,
with prospective applications in military, industrial, and biomedical fields [10-14].
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As depicted in Figure 1, the NV center provides magnetic imaging capabilities over a
wide range of length scales, from nanometers to micrometers and millimeters. Figure 1a
illustrates a single-spin scanning magnetometer that offers nanometer-scale spatial resolu-
tion, advantageous for investigating the microscopic characteristics of magnetic materials
and current-transport devices [15,16]. For instance, two-dimensional ferromagnetic ma-
terials [17], multiferroics [18], graphene [9,19], and Josephson junction devices [20] have
been investigated to elucidate the magnetic domains and current distributions. However,
this method is constrained by a slow scanning process and a small scan size, typically
in the micrometer range. On the other hand, wide-field diamond microscopy captures
magnetic images through a camera rather than employing a scanning method [21,22].
Consequently, it provides expedited imaging, with an order of second, across extensive
sample areas exceeding several hundred micrometers; however, the spatial resolution is
diminished to the diffraction-limited optical resolution, approximately several hundred
nanometers (Figure 1b). This technique has been employed to visualize larger samples,
including biological cells [21,23], neurons [24], geological rocks [25], and integrated circuits
boards [26].
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Figure 1. Schematics of (a) single-spin scanning magnetometry, (b) wide-field diamond microscopy,
and (c) scanning miniaturized magnetometry.

Despite the extensive studies conducted on the nanometer and micrometer scales,
magnetic imaging at millimeter or larger scales has yet to be demonstrated. Here, we
present magnetic imaging across several tens of centimeters with millimeter resolution
utilizing a compact miniaturized magnetic sensor based on ensemble NV centers, inte-
grated with a two-dimensional motorized scanning apparatus. For a proof-of-principle
demonstration of magnetic imaging, we scanned the sensor over various sizes of perma-
nent magnets concealed within a home-made diorama. Two distinct types of magnetic
sensors are employed in the experiments, contingent upon the light source utilized for the
optical excitation of the NV centers, as follows: one incorporates a built-in light-emitting
diode (LED), while the other utilizes a fiber-coupled external laser. The optimal DC field
sensitivity of 406 & 2 nT/+/Hz is attained by assessing the linear response of the NV’s
photoluminescence (PL) signals in relation to the frequency alterations induced by the
Zeeman shift in the presence of a DC magnetic field.

In the measurements, we monitor changes in the PL signals at a constant carrier
frequency, f., near the NV electron spin resonance (ESR). When the magnetic field is
sufficiently weak, the frequency shift falls within the ESR linewidth, resulting in a well-
defined scanned magnetic image. When the frequency deviates beyond the linewidth
due to a strong magnetic field, the PL response at f. is no longer linear, necessitating the
consideration of the non-linear response as well. This leads to distortions in the magnetic
image, necessitating more complex image analysis. We examine magnetic images under
various external magnetic fields and find a good agreement between the measured images
and micromagnetic simulations, including the non-linear response. This is significant for
sensor applications where the specimen under examination displays a broad range of
magnetic fields, complicating image reconstruction.
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This paper presents details of the scanning miniaturized magnetometer and its sensing
mechanism and image analysis methods across various field magnitudes. We find that
image analysis is essential for a comprehensive understanding of magnetic images, and
consequently, the target objects. Using a toy diorama with embedded magnets, we emulate
situations, such as the remote detection of landmines on a battlefield or concealed objects
in a construction site. Given that varying magnitudes of magnetic fields can coexist in
practical applications, it is essential to formulate a comprehensive analytical method or to
develop suitable sensing techniques based on the field magnitude. Our work illustrates the
capabilities of miniaturized magnetic sensors for military and industrial applications that
require sensitive detection to locate concealed objects and targets.

2. Materials and Methods
2.1. Quantum Sensing Principle of Diamond NV Centers

Figure 2 illustrates the working principle of magnetic sensing based on diamond NV
centers. The NV center comprises a substitutional nitrogen defect and a neighboring carbon
vacancy within a diamond lattice (Figure 2a). The energy levels of a negatively charged NV
center (note that we will call it NV center for the rest of the manuscript) reside within the
bandgap of the diamond, where the NV center at the ground energy level exhibits S = 1 spin
triplet states of m; = 0 and ms = %1, which are separated by 2.87 GHz at room temperature
as a result of the crystal field [7,27]. The degenerated ms; = %1 spin states are further
split by a DC magnetic field along the NV’s crystal axis, Bny, due to the Zeeman effect.
The amount of splitting corresponds to 2yNy Bny, where yny is the NV’s gyromagnetic
ratio, 2.8 MHz/G, and is employed to probe DC magnetic fields, yielding the optimal
sensitivity of approximately 1 uT/+/Hz for a single NV center [3]. The optical excitation
and readout of the NV’s spin states enables optically detected magnetic resonance (ODMR),
characterized by a decrease in the NV’s photoluminescence signals at the spin transition
frequencies between ms = 0 and ms = —1, as well as ms; = 0 and m; = +1 [3,27]. Figure 2c
illustrates a schematic of the ODMR spectrum, wherein the splitting between the transitions
is used to detect the magnetic field along the NV axis.
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Figure 2. (a) Schematic of an NV center within a diamond lattice, showing four possible crystal axes
for the NV centers. (b) Diagram illustrating the NV’s ground-state energy levels. The spin states of
ms = 0 and ms = *1 are separated by 2.87 GHz at room temperature and the degenerated ms = £1
states can be split by an external magnetic field along the NV’s axis, Byy. Due to the intersystem
transition via shelving states (dashed arrows), the NV’s photoluminescence signal is smaller for
ms = 1 compared to m; = 0, as indicated by the relative widths of the red arrows. (c¢) Schematics of
the ODMR spectra for a single NV center (upper plot) and ensemble NV centers (lower plot). In the
ensemble spectrum, four pairs of spin resonances appear when exposed to an external magnetic field.
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The ODMR spectrum of ensemble NV centers exhibits four distinct pairs of spin
resonances, which correspond to the four possible NV configurations within the diamond
crystal structure as follows: [111], [111], [111], and [111]. In the absence of a magnetic
field or under a very weak magnetic field, the spin resonances overlap and become nearly
indistinguishable. Ensemble NV centers are commonly utilized in compact magnetic
sensors, which, in principle, can provide enhanced sensitivity by a factor of v/N for shot
noise-limited measurements, with N denoting the number of NV centers [2,3]. However,
in real experiments, differences in coherence properties between single and ensemble NV
centers, as well as spurious coupling effects in miniaturized sensor designs, can affect
the extent of sensitivity enhancement. Improving sensitivity and addressing the issues of
miniaturization remain important subjects for future studies.

2.2. Sensor Structure

As seen in Figure 3, we constructed two types of compact magnetic sensors, primarily
distinguished by their light sources as follows: an LED in Figure 3a and a fiber-coupled
laser in Figure 3b. We used a commercial diamond plate from Element Six—single crystal
type 1b with the dimensions of 3 mm x 3 mm X 0.3 mm, a <100> crystal direction, and a
nitrogen concentration of <200 ppm. The diamond was irradiated with 1.8 x 10'° electrons
at 2 MeV and subsequently annealed at 900 °C for 2 h, resulting in an NV concentration
of N~2 x 10'*. The diamond plate was affixed to a double split-ring resonator (DSRR)
fabricated on a printed circuit board (PCB). The DSRR serves as an efficient and uniform
microwave source to facilitate spin transitions around 2.87 GHz, with its design adopted
from Refs. [28,29]. The resonator’s return loss measurement, Sq1, depicted in Figure 4a,
indicates a resonance at 2.87 GHz with a quality factor Q of 395 (note that the simulated Q
value is 1025, obtained from the full-wave numerical simulations based on CST Microwave
Studio [30]). In order to adjust the DSRR resonance to align with the NV resonance, we
positioned and adhered an additional rectangular copper plate, ~60 pm in thickness,
adjacent to the ring resonator [28]. This modification resulted in a decrease in the Q factor
to 160 (Figure 4b).
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Figure 3. Pictures of miniaturized sensors based on two light sources: (a) an LED and (b) a fiber-
coupled external laser. A DSRR is employed to efficiently deliver microwave fields from an external
microwave generator to the NV centers. (¢) Schematic of the sensor setups. Either the LED or the
fiber-coupled laser provide excitation light at A = 532 nm. The NV’s photoluminescence is collected
by a photodetector after a GRIN lens, a dichroic mirror, pairs of lenses, and an optical filter. The
lock-in detection technique is used to enhance the SNR of the photoluminescence signal.
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Figure 4. (a) DSRR return loss, S11, simulation (blue solid line) and measurement (orange solid line).
The inset shows the simulated normal component of the microwave field around 2.87 GHz without
the copper plate. The measured quality factor Q is 395, and the measured frequency deviates from
the expected value from the simulation. To compensate for this difference, we positioned the copper
plate near the diamond, as shown by the white box in the inset. Scale bar = 5 mm. (b) Measured Sy;
after matching the resonance frequencies between the NV center and the microwave resonator using
the copper plate. The quality factor Q is reduced to 160 due to the insertion of the copper.

We utilized a commercial LED (M530D3, Thorlabs Inc., Newton, NJ, USA) and an ex-
ternal fiber-coupled solid-state laser (MGL-F-532, CNllaser, Changchun, China) that emit a
continuous wave (CW) green laser (A = 532 nm) to excite the NV centers. In this experiment,
we used a maximum laser power of ~16 mW with the LED and ~24 mW with the laser.
The green light, from either the LED or the laser, was collimated using a lens (ACL12708U,
Thorlabs, Newton, NJ, USA) or a fiber collimator (f = 7.5 mm, CFC8-A, Thorlabs, Newton,
NJ, USA), followed by a dichroic mirror (86335, Edmund Optics, Barrington, NJ, USA)
that selectively reflects light at wavelengths from A = 350 nm to 596 nm and transmits
light at wavelengths from A = 612 nm to 950 nm. The green light is further concentrated
at the center of the diamond utilizing a gradient-index (GRIN, 64519, Edmund Optics,
Barrington, NJ, USA) lens affixed to the top surface of the diamond plate. Subsequent to
optical excitation, the NV centers emit photons ranging from A = 630 to 800 nm, which
are collected by the same GRIN lens. The GRIN lens is utilized for its compact size and
high efficiency in focusing and collecting light. From the collimated laser waist and the
focal length of the GRIN lens, we estimated the detection volume in the diamond to be
~0.36 mm? and the effective number of NV centers to be ~ 3 x 1013.

The emitted photons traverse the dichroic mirror and focus on the photodiode in a sili-
con photodetector (PD; PDAPCI, Thorlabs, Newton, NJ, USA) after a pair of lenses (36168
and 49321, Edmund Optics, Barrington, NJ, USA). An optical filter (84746, Edmund Optics,
Barrington, NJ, USA) is positioned in front of the photodetector to eliminate residual
reflected green light after the dichroic mirror is used. All optical and electrical compo-
nents, including the LED, lenses, PD, and DSRR, are secured in place within a plastic
housing produced by a 3D printer. The DSRR, LED, and PD are connected via cables
to external electronics and power sources. The PD signal is fed into a lock-in amplifier
(MFLI, Zurich Instruments, Zurich, Switzerland) and is demodulated at 5 MHz, which
is concurrently employed to the DSRR to modulate the microwave fields. The lock-in
technique is employed to enhance the signal-to-noise ratio (SNR) of the PL signal.

2.3. Signal Processing and Sensitivity

Figure 5a,c illustrates an example of the ODMR spectrum and the lock-in result at zero
applied magnetic field using the sensor in Figure 3a. The small splitting of 2.26 MHz in
Figure 5a arises from the pre-existing non-zero strain parallel to the NV axis within the
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diamond crystal, which can vary from sample to sample [31,32]. Figure 5d illustrates the
resonance height, referred to as the contrast (C), and the linewidth (Af) of the ODMR signal
as a function of microwave power, Pyqy. Given an optical pumping power of 16 mW, both
the ODMR contrast and linewidth increase with an increase in Pyw. The overall behaviors
of C and Af are well described in prior studies [33,34]. The inset in Figure 5c shows C/Af,
which increases and saturates to 0.015 at Ppiyy~1 mW, and the minimum detectable signal,
Bmin, is inversely proportional to C/Af.
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Figure 5. (a) ODMR spectrum measured by the sensor in Figure 3a. (b) Derivative of the ODMR
data in (a). (c) Lock-in result of the same measurement in (a). (d) Contrast, C, and linewidth, Af, of
the ODMR as a function of the microwave power, Pyrw. The inset plots C/Af as a function of Py .
(e) Calculated sensitivity, #p, from the lock-in data using Equation (3) as a function of Py .

Figure 5b shows the derivative of the ODMR data in Figure 5a with respect to frequency.
The lock-in plot in Figure 5c is obtained by recording the demodulated PL signal in response
to an oscillating microwave field at f. and repeating this process over the entire microwave
frequency window by varying f.. The lock-in data are essentially the same as those in
Figure 5b, but we use the lock-in data for their enhanced SNR, as high-frequency noise is
filtered out by the low-pass filter in the lock-in amplifier. In this study, we probed the local
magnetic field and obtained magnetic images by analyzing the change in the lock-in signal
while scanning the sensor over the target samples.

The Zeeman shift of the NV resonances can be written as follows:

Afy = 2870 MHz £ /62 + |Yny By @

where § = 2.26 MHz is the intrinsic splitting due to the crystal strain [31,32]. The
sensitivity of the magnetic field, #g, from the lock-in data can be calculated using the

following equation:
V8% + [YavBay [ LA

B pr—
1 YI%IV|BNV| |dV/df|max

@
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where [dV/df]|, ..
lock-in signal, respectively, and 7 is the interrogation time, i.e., 1 s [34,35]. If Bny > 4,

and ¢ represent the maximum slope and the standard deviation of the

Equation (2) can be approximated as follows:

1 o

~ 3
s YNV |dV/df‘maxﬁ ( )

which assumes the linear dependence of the Zeeman on Byny. On the other hand, if
0> Bnvy, Equation (2) can be approximated as follows:

N 1 ( 1) ) g
s Ynv  Yav|Bav| |V /df|

VT 4)
max

which introduces an additional factor of 6/ (Ynv|Bnv|), meaning the sensitivity also de-
pends on Byny. Although we do not apply external magnetic fields to split the NV reso-
nances beforehand in our current experiments, the linear regime of Equation (3) can be
achieved either by applying an external magnetic field in advance or by ensuring the
magnetic field to be probed is larger than the intrinsic transverse splitting.

To illustrate the sensitivity of the sensors used in the study, we calculate the sensitivity
using Equation (3), assuming the linear dependence of the Zeeman shift on Byy. Figure 5e
illustrates the calculated sensitivity from the lock-in data using Equation (3), showing the
best sensitivity of g = 628 & 3 nT/ VHz at Pyyw~1 mW. Note that the best sensitivity
obtained from the other sensor in Figure 3b is g = 406 & 2 nT/ VHz at Pyyw~1 mW.
Although further improvements could be possible by increasing the microwave power,
we observed a significant degradation in sensitivity when the microwave power exceeded
~8 mW, which we suspect arises from the generation of eddy current noise in the PD due
to the intense microwave field [13]. This effect was observed only when DSRR was in close
proximity to PD in the compact sensor configuration. To address this, a method is needed
to filter out microwaves before they reach the photodetector, or alternatively, to separate
them using fiber-coupled external photodetectors. These solutions will be explored in
future studies.

2.4. Scanning Setup and Hidden Magnets Diorama

Figure 6a illustrates the scanning magnetometer setup with a diorama containing
embedded magnets. The miniaturized magnetic sensors depicted in Figure 3 are mounted
on a mobile stage capable of traversing a two-dimensional area utilizing two stepper motors
and guiding rails. The scanning process involves initially advancing the stage along one
axis, such as the x-axis, using a stepper motor, and subsequently maneuvering it along the
y-axis with a second stepper motor. The total scan dimensions are 24.38 cm by 18.75 cm,
with each step being 3.75 mm in size. A test magnetic sample utilized in this paper is
a custom-built diorama with dimensions of 42 cm X 30 cm X 3 cm. We positioned the
following three distinct sizes of permanent magnets as concealed targets: neodymium (Nd)
disk magnets with (diameter, thickness) = (8 mm, 3 mm), (10 mm, 3 mm), and (8 mm,
12 mm). The diorama is located beneath the scanning stage, with its height along the z-axis
regulated by a manual micrometer.

The diorama is intended to replicate a scenario in which landmines, explosive devices,
or geological objects are buried underground, necessitating the use of unmanned mag-
netic sensors for remote and non-invasive detection [36,37]. Recent studies have shown
the precise detection of hidden magnetic targets using miniaturized magnetic sensors,
including fluxgate magnetometers [36,38] and optically pumped magnetometers (OPM),
mounted on unmanned aerial vehicles (UAV) or drones [39,40]. To our knowledge, the
NV-based magnetometer has yet to be used for this purpose; however, its compact size,
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high sensitivity, and ability for vector magnetometry indicate potential applications in
military and industrial sectors.
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Figure 6. (a) Scanning miniaturized magnetometer setup. The miniaturized sensor, as shown in
Figure 3a,b, is mounted on a 2D mobile stage that is controlled by two stepper motors. Diorama and
concealed magnets are used to emulate landmines buried underground. The red arrows indicate the
directions in which the sensor can be moved. (b) Measured and simulated magnetic field maps of
three hidden Nd magnets. The magnetic image clearly reveals the locations of the hidden objects.
The dotted circles in (a,b) indicate the positions of the concealed magnets.

Previous studies suggest that the magnetic fields from buried mines, measured a few
meters above the ground, fall within the range from 1 nT to 100 nT [36—40]. Achieving this
level of sensitivity would require improvements in several orders of magnitude over the
current sensors presented in this paper. However, we anticipate that sensitivity can reach
the necessary levels for practical applications, given the recent advancements in miniatur-
ized diamond sensors [10-14]. In this study, we used a toy diorama sample to simulate the
relevant battlefield scenarios, focusing on image analysis rather than addressing sensitivity
for practical applications at this stage.

For magnetic imaging, we start scanning from the lower left corner of the dio-
rama, i.e., (X, y) = (0 cm, 0 cm), and finish at the upper right corner of the diorama, i.e.,
(x, y) = (24.38 cm, 18.75 cm). For a single magnetic image, we execute a total of 1200 steps,
comprising 40 steps along the x-axis and 30 steps along the y-axis, with an overall imaging
duration of 6000 s. At each step, we allocate 5 s, comprising 1 s for measurement, 2 s for
position adjustment, and 2 s for a pause prior to commencing measurement. The operation
of stepper motors produces undesirable vibrations, necessitating a wait of approximately
2 s for the vibrations to dissipate before measurements can begin. We performed scanning
measurements before and after the placement of the magnets on the diorama and sub-
tracted the two images to eliminate background magnetic noises, including earth magnetic
fields and those from the laboratory environment. We measured the lock-in signal at its
peak and monitored its variation as the magnetic field from the sample changed. Figure 6b
presents an example of the acquired diorama image alongside a simulated one. The dis-
tance between the NV centers, or the bottom surface of the sensor, and the top surface
of the diorama is designated as z ~ 10 cm. For the simulation, we utilize an open source
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software known as the Object-Oriented Micromagnetic Framework 1.2 (OOMMEF [41]),
with a mesh size of 0.1 mm x 0.1 mm x 0.1 mm. The obtained image distinctly illustrates
the magnetic field profiles of the concealed magnets and is in good agreement with the
simulation. Upon relocating the sensor nearer to the samples, however, we observed a
discrepancy between the measured and simulated images, which will be discussed in detail
in the following section.

3. Results and Discussion
3.1. Two Measurement Modes for Different DC Magnetic Field Magnitudes

In this study, we monitor the lock-in signal at a constant frequency, where changes in
the signal result from the stray fields of the magnets. The fixed frequency measurement
is commonly used in diamond magnetometry as it reduces total sensing time compared
to the entire ESR spectrum across a wide frequency range [10,42-45]. In the context of
magnetic imaging, however, the situation is more complex, necessitating the adjustment
of the f. point based on the magnitude of the DC fields in relation to the ESR linewidth.
Figure 7a illustrates an example of the measured lock-in signal, highlighting two specific
frequency points. The frequency point indicated as (D) is where the lock-in signal reaches
its maximum. This frequency has been commonly employed due to the maximum slope of
the original ODMR spectrum and the largest lock-in signal [42]. The second point, labeled
as (2), represents the center frequency at which the lock-in signal varies linearly with the
magnetic field (see the right panel in Figure 7a [10,43,45]). Although the lock-in signal may
not be at its maximum, the linear response is advantageous for tracking small variations in
the magnetic field.
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Figure 7. (a) Example of a lock-in measurement. The frequency point marked as () corresponds to the
point where the slope of the original ODMR spectrum and the lock-in signal are at their maximum.
The right panel shows a zoomed-in view of the dashed rectangle in the left panel. The frequency point
marked as 2 represents the middle of the frequency range, where the lock-in signal varies linearly.
(b) Normalized lock-in signal as a function of the magnetic field along the NV axis, Byy, calculated
at fc = @ and @. The right panel shows a zoomed-in view of the region I from the left panel.
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In Figure 7, we compare the evolution of the lock-in signals based on the selection of
fc points. Figure 7b shows the calculated lock-in signals as a function of the magnitude of
the magnetic field along the NV axis, Bny. We modeled the ODMR spectrum as a linear
combination of two Lorentzian functions, including intrinsic transverse splitting, and we
obtained the lock-in signal, Ljgnal, as the derivative of the ODMR spectrum with respect to
frequency f, further normalized by its maximum value at f = (D), as follows:

(r)v-ar) () r-an
2 2
{o-amre (in)} {o-on0+ (i)

where Afy = 2870 MHz + /6% + |YNVBNV|2 [31,32]; 6 = 2.26 MHz represents the in-
trinsic splitting due to the crystal strain; and I'; and I', represent the full width at half

maximum (FWHM) of the ESR, respectively.
The calculated Lgjgnai(f) at the two frequency points, f = fo = @ and (), are shown in

Lsignal (f) = ®)

Figure 7b. The plot is divided into the following two regions: I and II. The region I (where
Bny = 0—80 uT) exhibits the most pronounced and linear response in the lock-in signal
when using the fixed carrier frequency point f. = @, while the lock-in signal at f. = @
shows minimal or nearly constant variations (see the right panel of Figure 7b). In contrast,
region II (where Byy ~ 80—150 uT) shows the most pronounced and linear variation in the
lock-in signal when measured at f. = (.

Figure 7b suggests that the optimal f. point should be adjusted according to the
magnitude of Byy. When By lies within region I, f. = @) is preferred, whereas f. = @
should be used when By falls within region II. In practical situations, however, the
magnetic field of the target can vary across the regions. Particularly, when using a compact
magnetometer for imaging, the magnetic field may fluctuate significantly across the area
surrounding the sample, potentially crossing between the regions. This variation can
lead to complex images that complicate magnetic field analysis and, consequently, the
determination of the target location.

3.2. Comparison of Magnetic Images Measured at the Frequency Points

To elucidate the effects more clearly, we conducted imaging experiments in which the
magnetic field from samples is categorized into one of the two regions in Figure 7b. Figure 8
compares the mapping of changes in the lock-in signal, ALgjgna1(f), measured at the fre-
quency points @ and (2). We used two Nd disk magnets with (diameter, thickness) = (8§ mm,
3 mm) in Figure 8a and (5 mm, 3 mm) in Figure 8b, where the magnetic field falls within
region I. The data obtained at (2) display the expected magnetic profiles, but the data
obtained at () show a reduced signal. For instance, the line-cut data in Figure 8a indicate
~ 77% of the lock-in signal for (D relative to 2). This discrepancy is more pronounced
at lower magnetic fields, as illustrated in the line-cut data in Figure 8b, which shows
only ~ 63% of the signal for @). As expected from region I in Figure 7b, the discrepancy
between the images obtained at (D) and (2 increases as the magnetic field from the sample
becomes smaller.
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Figure 8. Magnetic images of Nd disk magnets with dimensions (diameter, thickness) = (8 mm, 3 mm)
for (a) and (5 mm, 3 mm) for (b), measured at f. = @ and @. The lower panels show the line-cut
profiles along the dashed lines in the upper images. The lock-in signals measured at (D) are ~ 77% (a)
and ~63% (b) of the signals measured at .

Figures 7b and 8 suggest that the magnetic field can be suppressed and the image
distorted, depending on the f, point and the magnitude of the magnetic field. In order to
understand the potential distortion in the images, we performed magnetic simulation based
on our experimental conditions. The simulation procedures are illustrated in Figure 9. First,
we modeled the magnet as a magnetic dipole whose magnetic moment, m, is pre-assigned
from the OOMMEF simulation on the magnet as follows: (diameter, thickness) = (10 mm,
15 mm). Using Equation (6), we calculated the magnetic field profiles at z = 10 cm, as seen
in Figure 9b [46].

(6)

/5 /3

E(?):ZC_JC[M’M_m]

= —
where B(?) is a vector magnetic field at a position r, and p represent the vacuum

permeability. We then projected E( T) along the NV axis using Bny = E-ﬁ(e, ¢), where
(0, d) = (sin 6 cosdy, sinOsindy, cosb 2), X, §, and 2 are the unit vectors, and 0 and ¢
are the polar and azimuthal angles of the NV axis, as described in Figure 9a. Note that we
only measure the absolute value of the magnetic field, i.e., |Bnyv/|, due to the application of
a zero magnetic field (not the field from the samples that we want to detect). Since there are
four different NV crystal axes and their ESRs overlap at a non-zero or very weak magnetic
field, we calculated the |Byy/| for all the NV axes, i.e., (6, ¢) = (54.7°,45°), (125.3°,135°),
(125.3°,315°), and (54.7°,225°) [31,32], and we repeated the process to obtain the combined
magnetic images. As an example, the resulting magnetic image at (2) is plotted in Figure 9c.
Note that we identified the crystal axes beforehand, in a separate measurement, by applying
an external magnetic field using a permanent magnet with known directions relative to the
diamond crystal in our sensor configuration.

We also consider the tilt angles of the magnetometer relative to the magnet. Based on
our experimental configuration, the magnet is tilted along the x- and y-axis by 0, ~ 20°
and 6, =~ 30° relative to the diamond’s surface. We included the angles into the magnetic
moment as 71;; = Ry (6y) Rx(6x) m, where [31,32]

1 0 0 cosf)y 0 sinf)y
Ry(6x) = [0 cosby —sinby | and Ry(6y) = 0 1 0 (7)
0 sinBy  cosOy —sinGy 0 cosGy



Sensors 2025, 25, 1866

12 of 17

(a) (bzs Bariginal (1T) (0)1 [Bnyl (UT)
250 150
Miniaturized sensor = =
£10 ol S
5 5 100
g’_ 5 150 ‘g 5
- Doy
| 100 50
NV centers]
J' X posntmn (cm) X posmon cm)
d e
) [Buv, titeal (HT) ( Lock-in signal (V

-
o

wm

y position (cm)
y position (cm)

15
140
120 15
10
100
K 1
80 2
5
60 05
40
0

0

X posmnn (cm) b posmon (cm

Figure 9. (a) Schematic of the relative angle between the NV centers in a miniaturized sensor
and a magnet. 6, and 6y denote the tilt angles along the x- and y-axis. (b) Calculated magnetic
field at z =10 cm, Byjginq, Obtained from the target. The dimensions of the magnet are (diameter,
thickness) = (10 mm, 15 mm). (c) Absolute magnetic field projected onto the NV axis, |Byy|. ANV
axes are considered. (d) Magnetic image considering the relative tilt angles between the sensor and
magnet, ‘B NV, tilted ‘ The tilt angles used for the simulation are 6, = 20° and 6, = 30°. (e) Calculated
lock-in signal incorporating the Zeeman shift due to |B NV, tilted |

The simulated magnetic image, considering the tilted angles,
Figure 9d. Note that the nodal lines in Figure 9¢,d correspond to cases where |Byy| = 0.
As we measure the absolute magnitude of the magnetic field, abrupt changes in the images
occur near

, the amount of Zeeman shift is

calculated using Afy = 2870 MHz + \/ 6% + |YNVBNV, tilted |2 [31,32]. Afterward, the lock-
in signal, Lj¢,q1(f), in Equation (1) is calculated with the modified resonance frequencies
at one of the fixed carrier frequencies f. = (0 and @. The final lock-in signal image at
@ is plotted in Figure 9e. The magnet produces a wide range of magnetic fields, from 0 to
~150 uT, resulting in the lock-in signal evolving from a linear to a non-linear regime, as
shown in Figure 7b. This highlights the importance of understanding the overall evolution
of the lock-in data to analyze magnetic samples.

Figure 10 compares the measured and simulated lock-in images for magnets of various
sizes as follows: (diameter, thickness) = (8 mm, 9 mm), (8 mm, 12 mm), (10 mm, 10 mm), and
(10 mm, 15 mm). As the magnetic field increases from Figure 10a,d, the measured images
exhibit more complex patterns, but these can be effectively identified by the simulation.

Moreover, identifying tilt angles from the magnetic images and compensating for
them is crucial for accurately tracking the target’s location. For example, if one uses the
maximum lock-in signal in Figure 10d to determine the magnet’s location, there can be
errors of Ax ~ 2.1 cm and Ay ~ —1.2 cm (assuming the original location is at the center
of the simulated image), leading to the incorrect tracking of the target. We propose that
vector magnetometry based on NV centers is a powerful method for identifying unknown
tilt angles and significantly reducing the errors.
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Figure 10. Measured and simulated lock-in images for magnets with dimensions (diameter,
thickness) = (8 mm, 9 mm) (a), (8§ mm, 12 mm) (b), (10 mm, 10 mm) (c), and (10 mm, 15 mm) (d). The
measured images show stronger distortion, with more pronounced nodal lines. The simulations
successfully capture the patterns observed in the measured images.

We performed additional simulations to identify the target location using vector
magnetometry. Figure 11a shows an example of a magnetic field image at z = 10 cm,
where the target (i.e., magnetic dipole) is tilted at angles of (6, 6,) = (20°, 30°). We
assume this image is a ‘measured’ one. Note that, if the target location is determined by
using the maximum magnetic field in this image, there are errors of Ax ~ 1.5 cm and
Ay ~ —0.6 cm relative to the correct location of the target (i.e., the center of the image). The

goal of the simulation is to determine the tilt angles without prior knowledge and with
minimum uncertainty.

15
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Figure 11. Correcting tilt angles using vector magnetometry (a) Simulated image of the absolute mag-
netic field, | B|, when the target is tilted at angles of (0, 6,) = (20°, 30°). (b) Averaged total residue as
a function of the tilt angles, (Gx, Gy) The minimum total residue occurs at (9x, Gy) (19.80°, 29.98°).
(c) Simulated image of the absolute magnetic field after correcting the tilt angles, as obtained from (b).
The dotted circles in (a,c) denote the actual location of the target.

From the image in Figure 11a, we first calculated the magnetic field components in
a 3D space (i.e., By, By, and B;) using vector magnetometry. We prepared four groups of
NV centers (NV1, NV2, NV3, and NV4) that are well separated, as shown in Figure 2b. By

measuring the Zeeman shifts in each NV group, we can extract By, By, and B; using the
following relationships:

V3 V3

By = T(BNW + Bnvs), By = T(BNVl — Bnv2), and B, = —(Bnvi — Byva)  (8)

|G

We then vary the angles, (0, 6y), calculate the corresponding magnetic field compo-
nents, and compare them with the ‘measured’ values from Equation (8) until the difference



Sensors 2025, 25, 1866 14 of 17

between them is minimized. The difference is defined as the averaged residue of each
magnetic field components, calculated as follows:

27 (Bx <9x, 9y> - Bx,NV)

Residuey =
CS1UE = Total data points in the 2D image ¥

Residue, = Ly (By (0, ) ~ Byvv) (10)
Y Total data points in the 2D image

~(Bz(6x,6y) — B
Residue, = Ly (B=( - y'> Z/NV.) (11)
Total data points in the 2D image

The total residue is then calculated as follows:
Total residue = Residuey + Residuey + Residue, (12)

As seen in Figure 11b, from the minimum of the “Total residue’, we obtained
(Gx, Gy) = (19.80° + 0.45°,29.98° + 0.22°). For the error analysis, we consider the sensi-
tivity limit of the current sensor in the linear regime, i.e., #p = 406 nT/ VHznT/v/Hz
at Pyw =~ 1 mW, as well as the standard deviation in the residue calculations from
Equations (9)-(12). Finally, using the angles (6,60,) = (19.80°, 29.98°), we corrected
the ‘measured”’ image in Figure 11a, as shown in Figure 11c. After correction, the errors in
determining the target location z = 10 cm reduce to Ax ~ 0.05 mm and Ay ~ —0.08 mm.

4. Conclusions

In this paper, we employed miniaturized NV magnetic sensors combined with a two-
dimensional scanning stage to image concealed magnets in a toy diorama. To expediate the
overall measurement process, we utilized the lock-in detection method for the NV’s ODMRs.
We observed that the magnetic images could be suppressed and distorted depending on
the choice of fixed carrier frequency points and the magnitude of the sample’s magnetic
field. We performed magnetic simulations to analyze the evolution of the lock-in data as
a function of the magnetic field and found good agreement between the measurements
and simulations. A prior understanding of this evolution and subsequent image analysis is
essential when using the miniaturized sensor to detect targets and extract their magnetic
properties from the images. We also propose a method that uses vector magnetometry to
compensate for the tilt angles of the target, enabling the accurate localization of its position.
Our work presents a novel approach for using scanning miniaturized magnetometers and
provides detailed analysis methods. To be applicable in real-world military and industrial
environments, further improvements are necessary, including enhancing sensitivity to
the order of nT/+vHznT/+/Hz and incorporating vector magnetometry. Recent advances
in miniaturized diamond sensors and sensing methodologies suggest that meeting these
requirements simultaneously is feasible [46].
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Abbreviations

The following abbreviations are used in this manuscript:

NV Nitrogen vacancy

ODMR Optically detected magnetic resonance

LED Light emitting diode

SQUID Superconducting quantum interference device
PL Photoluminescence

ESR Electron spin resonance

PCB Printed circuit board

DSRR Double split-ring resonator
GRIN Gradient-index

SNR Signal-to-noise ratio
OPM Optically pumped magnetometer
UAV Unmanned aerial vehicles

OOMME  Object-oriented micromagnetic framework
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