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Abstract. The magnetic field is fundamental to numerous applications including
medical diagnostic, chemical detection, and navigation. Nitrogen vacancy (NV)
center in diamond has emerged as a promising quantum system for nanoscale
magnetic field sensing, facilitated by a simple optical setup at ambient
temperature. Despite advancements, real-time monitoring of the change in local
magnetic field and precise determination of field directions remain challenging.
Here, we present an approach to real-time vector magnetometry using NV center
ensembles. Our system integrates an optical light guide, microwave control, and a
graphical user interface (GUI) for controlling the pulse sequence and performing
rapid optically detected magnetic resonance (ODMR) measurements. We observe
zero-field splitting at 2.87 GHz and the Zeeman effect under external magnetic
fields. Additionally, when the magnetic field orientation changes, we can observe
multiple transitions from the different NV center axes, from which we can
combine with a simulation to determine the vector magnetic field. Our system can
be used as a basic quantum phenomena demonstration kit or in applications such
as navigation or magnetic field imaging.

1. Introduction

Magnetic field measurement plays a crucial role in human activities such as using magnetic
anomaly fields for mapping and navigation, medical diagnosis application such as magnetic
resonance imaging (MRI), material characterization with nuclear magnetic resonance (NMR)
spectroscopy and studying earth magnetic field in geophysics. Typical examples of magnetic field
sensor include hall sensor and magnetoresistive sensor. They have specific properties. The hall
sensor uses hall effect or Lorenz force to sense magnetic field with sensitivity 1 T to 10 uT (1).
The magnetoresistive sensor consists of giant magnetoresistance (GMR) and anisotropic
magnetoresistance (AMR) with sensitivity 0.1 T to 10 nT for GMR and 10 mT to 0.1 nT for AMR
(1). While these sensors are effective, they have certain limitations. For example, the output of
reed switch indicates only the presence or absence of magnetic field. The hall sensor measures
magnetic field strength but only in the perpendicular direction to the sensor. The
magnetoresistive sensor measures magnetic field strength but only in the parallel direction to the
sensor. For advanced magnetometry, a nitrogen vacancy center (NV) in diamond was discovered
in 1960s (2) and found that it had long coherence time (3), good optical properties and accessible
two-level systems. As a result, the NV center is a promising quantum system, as it can
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simultaneously measure the magnetic field magnitude and direction in ambient conditions (4).
For applications, there are attempt to apply NV center to do magnetometry. For example, using
NV center in nanodiamond detect directly action potentials (APs) of worm with sensitivity 10
pT/Hz (5). Applying NV-based magnetic microscopy detects magnetic label protein interleukin-6
found at COVID-19 through concentration of magnetic bead in sample (6). For magnetic field
imaging, NV center is used to detect magnetic field by quantum diamond microscope with
showing label cancer biomarker (7). Additionally, the NV centers can be used in combination with
nuclear magnetic resonance (NMR) spectroscopy to detect nanoscale atomic and molecular
structures (8, 9, 10). Despite advancements, real-time monitoring of the change is still a challenge,
as they have only been demonstrated in the regime with small magnetic field changes (11, 12,
13). Ultimately, we need to develop a high accuracy measurement that can respond to large
magnetic field magnitude and orientation changes with a fast response time. There are some
approaches to bring NV centers to detect various changes such as global navigation satellite
system (GNSS) (14). In this work, we focus to detect local magnetic field using static magnet
through NV center in diamond with real-time demonstration. The magnet can change orientation
to change magnetic field direction to NV center. Due to changing the orientation, we can study the
phenomenon through fluorescence of NV center and compare analysed angle from experimental
data with the set angle. In the experimental setup, we use ensemble of NV centers instead of single
NV center due to ensemble enhancement. We also developed a sweep function to replace slow
frequency set functions.

2. Methodology

Normally, confocal microscopes are used for studying the NV centers in diamond, because it
allows high-resolution imaging (15). However, the measurement typically requires a significant
amount of time due to the low photon count rate of single NV centers. Here, we use ensemble of
NV centers in diamond in a quantum diamond spectrometer (QDS) configuration, as outlined by
Bucher et. al (4), as the system provides a stronger fluorescence signal that results in a reduced
data acquisition time. The ability to obtain spatial resolution making it well-suited for sensor
applications. In our experiments, we use the system to perform optically detected magnetic
resonance (ODMR) using our software, and the data is analyzed to determine the direction of the
magnetic field.

2.1 Sample

We use ensemble NV center in diamond from Element Six (DNV B14). The diamond is
synthesized via chemical vapor deposition (CVD) with the nitrogen concentration of
approximately 4.5 ppm. The diamond is cut in size 3 mm x 3 mm with a thickness 0.5 mm, with
crystallographic orientation {100} on polished faces.
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According to Figure 1c, the energy levels of the NV center consist of ground, excited, and
metastable states. The ground and excited states are spin triplet which include the spin
projections ms = 0 and degenerate levels ms = + 1. For energy level ms = 0, the red fluorescence
from the NV center is emitted when the NV center electrons get excited from the ground state (ms
= 0) to the excited state (ms = 0) with the green laser and relax to the ground state, following the
spin selection rule (16). This red fluorescence corresponds to zero phonon line of the NV center
at 637 nm (17, 18). For energy levels m; = + 1, after excitation, the electrons can either relax
normally following the spin selection rule to ground state ms = + 1 and emit red fluorescence, or
the electrons can non-radiatively relax through metastable state. This metastable path can reduce
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Figure 1. (a) the diamond is illuminated with a green laser and emit red fluorescence. (b) The
NV center defect structure in diamond that occurs from the replacement of two carbon atoms
with a nitrogen atom and a vacancy. The NV centers can exist in 4 different orientations along
the diamond lattice. Each NV orientation can experience different effects from the magnetic
field, allowing the determination of the magnitude and direction of the magnetic field. (c)
Energy level of NV center. The NV ground state is a triplet consisting of state ms = 0 and
degenerate states ms = + 1. Following the selection rule, electron transitions between the
ground state and excited state should preserve the spin state and emit fluorescence photons.
However, electrons in the excited states ms = +# 1 have probabilities to transition to a
metastable state and non-radiatively return to the ground state at ms=0. When the external
magnetic field is added to the NV center, the degenerate states can separate via Zeeman
splitting, depending on the magnitude and direction of the magnetic field.

the fluorescence signal contrast. Therefore, the interactions of NV center can be studied using
fluorescence detection.

To understand the NV center, we use the following Hamiltonian to describe the NV center under
the effect of an external magnetic field (17-19)

Here, H is the Hamiltonian of the NV center, D is the zero-field splitting parameter, Sis the vector

spin operator, yyy is the gyromagnetic ratio, and B is the magnetic field vector. This Hamiltonian
consists of two terms: the first term represents zero-field splitting, which is independent of the
external magnetic field, while the second term represents Zeeman splitting, which includes the
interaction of the magnetic field with the NV center. The degenerate levels ms = + 1 of the NV
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center can be splitted by a linear factor of 2y, B, when the external magnetic field is aligned with
the NV center, while a misaligned magnetic field results in smaller, non-linear splitting patterns.
These non-linear patterns have four possible variations due to crystallographic factors, resulting
in four pairs of possible energy levels.

2.2 Quantum diamond spectrometer

In this work, we use the quantum diamond spectrometer design outlined by Bucher et. al (4).
The system consists of an optical system and electronics system, as shown in figure 2a.

2.2.1 Optical system
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Figure 2. (a) Quantum diamond spectrometer schematic consists of optical system and
electronics system. (b) Optical part of quantum diamond spectrometer. (c) The laser path
(green line) goes to the diamond on top of light guide. The magnets (white boxes) can be
arranged in different directions with respect to the diamond.



The 19th Siam Physics Congress IOP Publishing
Journal of Physics: Conference Series 2934 (2025) 012022 doi:10.1088/1742-6596/2934/1/012022

The experimental setup is shown in figure 2b. The optical system starts from 532-nm green
laser source (Coherent OBIS 532). The laser is focused by convex lens (f = 100 mm) (Thorlabs
AC254-100-A) to pass through an acousto-optic modulator (AOM, Gooch & Housego AOMO 3080-
120). The AOM creates a diffraction pattern, and we use a diaphragm (Thorlabs ID37Z) to choose
the first order diffraction that can be turned on and off for ODMR measurements. The first order
beam then goes through a polarizer (Thorlabs LPVISE 100-A) and a half-wave plate (Thorlabs
WPHO05M-532) to control the polarization (20). The polarized beam is demagnified by two convex
lenses (f = 200 mm and f = 30 mm) (Thorlabs AC254-200-A and Thorlabs AC254-030-A). Then,
the laser beam is directed upward to the diamond that is placed on an optical light guide (49-402,
Edmund optics), as shown in figure 2c. The laser is finally focused by a convex lens (f = 50 mm,
Thorlabs LA4148). The red fluorescence emission from the diamond is collected through the light
guide into an avalanche photodetector (APD, Laser components A-CUBE-S3000-03). We place a
notch and long-pass filters (Thorlabs NF533-17 and Thorlabs FELH0600) before the APD to
remove the remaining excitation. Then, the APD signal is sent to a data acquisition card (National
Instruments PCle-6363) for data processing by computer.

2.2.2 Electronics system

As shown in figure 2a, the electronic system generates microwave signals through a microwave
loop placed on top of the diamond. The microwave (MW) signal is initially generated by a signal
generator (RIGOL DSG836A) and then sent as an into an RF IN port of a microwave switch
(ZASWA-2-50DRA+). The state of the switch is controlled by a timing sequencer (PulseBlaster
ESR-Pro500) via a transistor-transistor logic (TTL) signal. Upon receiving a TTL HI signal, the
switch passes the MW signal to the OUT2 port, where it is subsequently filtered (VHF-1600+) and
attenuated (VAT-10A+) before reaching the amplifier (Mini-Circuits ZHL-16W-43S+). The
amplified signal is then sent to the microwave loop through a circulator (Ditom D3C2040) to
prevent signal reflection.

3. Experiment Software
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Figure 3. (a) Workflow of the system. we start to define sweep function, sweep parameters and
ODMR parameter. (b) Graphical user interface of the system. (c) Pulse sequence for ODMR
experiment. (d) Illustration of magnetic field direction determination process (21).
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In this work, graphical user interface (GUI) software is developed to perform real-time ODMR
measurements. This software can graphically illustrate the ODMR plot, while allowing separate
analysis of the direction of the magnetic field. Users can adjust the sweep function, sweep
parameters, and ODMR parameters through the software, which is separated into three main
parts:

3.1 Sweep program

The sweep program relays the command to the corresponding sweep function of the microwave
signal generator, generating a linear series of frequencies or powers as defined by the user
through the sweep parameters. The ODMR parameter defines the experimental settings, such as
exposure time, relaxation time, and acquisition time.

3.2 Optically Detected Magnetic Resonance (ODMR) Experiment

ODMR is an integration of electron spin resonance (ESR) and optical measurements showing the
relationship between optical measurement and microwave frequency. As shown in the figure 3c,
ODMR pulse sequence includes 532-nm laser pulse (“Green”), microwave pulse (“MW”), data
acquisition trigger (“APD”). The sequence starts with “Green” turning the laser on for NV
polarization. After this, the laser is turned off, allowing the NV center to relax to the ground state.
Following relaxation, the microwave is turned on to manipulate the electron spin states. Next, we
turn on the “Green” again detect the signal. We repeat this experiments for "n" rounds for
averaging out the noise. Then, we repeat the entire process all over again, without the application
of microwave, as a reference signal. The data from the signal and reference detections are then
divided to obtain the photoluminescence (PL) signal.

3.3 Calculation of magnitude and direction of magnetic field

The Zeeman splitting data is collected from the ODMR experiment. The data is then analysed to
fit the frequencies of each dip in the spectrum. Subsequently, we use a simulation program to
define the NV axes corresponding to each fitting dips in the splitting. The defined NV axes and the
fitted frequencies are used to calculate the magnetic field magnitude by eq. 2 (21, 22).

B JWwZ +w? —w,w, — D2)/3

Ynv

Eq.2

)

where B is the magnetic field magnitude, w; and w, are the frequency pair of Zeeman splitting, D
is zero field splitting and ypy is gyromagnetic ratio. After calculating the magnetic field
magnitude, we continue to calculate magnetic field direction. The magnetic field angle is
determined by finding the angle between a NV center and the magnetic field using the eq. 3 (21,
22).

2wy —wy, — DY(w; — 2w, + D)(wy + w, + D)
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The angle obtained from this calculation represents the direction of the magnetic field along one
NV axis. This angle is then used to define a cone swept along the NV axis where the magnetic
field's magnitude is constant on the surface and border of this cone. From each NV axes, the cone
represents magnetic field area and their intersection represents the true magnetic field direction
in the laboratory reference frame. This method allows for determining the precise direction and
magnitude of the magnetic field.
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Figure 4. (a) Zero-field splitting at 2.87 GHz (b-e) Type of Zeeman splitting patterns for
magnetic field act on each NV axes like in figure 1b. When magnetic field direction acts
more than a NV axis, Changing of Zeeman splitting pattern depends on number of NV axes

sensing to magnetic field.
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4. Result and discussion

The ODMR measurement illustrates the fluorescence contrast that can be used to determine the
magnitude and direction of the magnetic field. In the absence of an external magnetic field, the
ODMR signal always shows a single dip with reduced contrast (figure 4a), corresponding to the
electrons in the degenerate levels ms = + 1. When an external magnetic field is present along the
(100) direction of the crystal, the four NV axes are degenerate, and the ODMR signal shows only
one splitting in figurer 4b. When the magnetic field is not aligned with the crystallographic axis
or an NV axis, up to four splittings can be observed like figure 4c-4e, depending on the angle.

The separation between these splittings indicates the influence of the magnetic field on the NV
center. As shown in Table 1, four experimental conditions were tested to demonstrate the
system's performance in determining the magnetic field direction from ODMR data consisting of
one, two, three, and four splittings. The set angle was determined by the rotation stage position,
while the calculated angle was determined using Eq. 3 with w; and w, obtained by fitting the
ODMR data with a four-Gaussian model. When we collected both angles, we compare difference,
data in bracket, of them to analyse error from calculated angles. As a result in Table 1, the
calculated values showed a similar trend to the set values. However, significant angle differences
were observed in the cases of 1, 2, and 3 splittings . The reasons of the discrepancies of angle are
possibly due to the orientation of diamond and some overlapped transitions.

Here, we attribute the large angle discrepancies from the set angle to be a result of the
misalignment of the diamond sample with respect to the moving magnets. Specifically, we use a
[100] diamond placed on top of an optical light guide and orient the magnet translation stages
around the top of the light guide. Any misalignments of the xy and z positions of the system can
contribute to a systematic offset to the measured angle. Furthermore, for overlapping transitions,
it is difficult to identify exact positions of the degenerate transitions and thus the error can
propagate into the magnetic field angle determination.

Table 1. Comparison between the magnetic field direction, indicated by 8 and ¢ angles
(Figure 1B), from settings angles and calculation angles.

Setting angle (degrees) Calculated angle (degrees)
Splitting
6 ¢ 6 ¢
1 94 174 87.4 (-6.6) 179.2 (+5.2)
2 66 174 61.9 (-4.1) 177.3 (+3.3)
3 80 155 72.6 (-7.4) 164.5 (+9.5)
4 64 155 59.7 (-4.3) 162 (+7)
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The smallest angle discrepancy was detected in case of 4 splittings, as the levels are non-
degenerate. This angle discrepancy can be improved by better alignment of the diamond and of
the stage center of rotation with respect to the diamond. For the real time measurement, we can
run sweep program 100 points in 5 seconds, limited by the 20-ms dwell time of the microwave
source. This limitation can be overcome by adding a low-frequency signal generator and a mixer
for frequency sweeps.

5. Conclusion

We can demonstrate the use of NV center for magnetic field detection. The NV center can
specify direction of magnetic field. The calculated value of magnetic field direction is close to the
experimental settings. The accuracy of the magnetic field direction can be further improved by
adjusting the fitting method and recalibrating the diamond position. In the future, we expect that
we can define direction of magnetic field from far away and create magnetic fields image from
vector.
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