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We develop a quantum precision measurement method for magnetic field at the Tesla level by utilizing a fiber diamond
magnetometer. Central to our system is a micron-sized fiber diamond probe positioned on the surface of a coplanar waveg-
uide made of nonmagnetic materials. Calibrated with a nuclear magnetic resonance magnetometer, this probe demonstrates
a broad magnetic field range from 10 mT to 1.5 T with a nonlinear error better than 0.0028% under a standard magnetic
field generator and stability better than 0.0012% at a 1.5 T magnetic field. Finally, we demonstrate quantitative mapping of

the vector magnetic field on the surface of a permanent magnet using the diamond magnetometer.

Keywords: nitrogen-vacancy center, fiber diamond magnetometer, precision measurement
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1. Introduction

The precise measurement of strong magnetic fields has
extensive applications in various domains, including cosmic
engineering, industrial manufacturing, materials science and
medicine.!'! Currently, the Hall effect!®! and nuclear mag-
netic resonance (NMR)!7! are the predominant techniques em-
ployed for this purpose. However, NMR is not capable of mea-
suring vector magnetic fields, and its millimeter-level spatial
resolution (~ 4 mm) restricts the gradient range of the mea-
sured magnetic field (~ 1073 cm™1), resulting in low sensitiv-
ity to non-uniform magnetic fields. Hall sensors suffer from
temperature drift and aging and need periodic calibration, not
being self-calibrated. Thus there is an urgent need to develop
novel magnetic measurement techniques with high spatial res-
olution and quantum calibration.

As a magnetic quantum sensor with a broad spec-
trum (DC-GHz), remarkable sensitivity, and unprecedented
spatial resolution (theoretical limit ~ 1 nm), a diamond
nitrogen-vacancy (NV) center magnetometer can perform
nanomagnetic imaging on a few nuclear spins, including two-
dimensional magnetic materials, current distribution, conduc-
tivity distribution and even individual electron spins.[® At

present, research on magnetic imaging based on NV centers
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has mainly focused on weak DC magnetic fields!>!'?! and

ILI21 In this work, we propose

microwave magnetic fields.!
a novel NV center magnetometer covering the measurement
range of 10 mT to 1.5 T, particularly for quantum precision
measurement of strong magnetic fields.

Our research introduces an integrated probe with a
micron-sized diamond crystal coupled to a tapered fiber
tip,1>14] which is carefully positioned on the surface of a non-
magnetic microwave coplanar waveguide under a microscope.
The waveguide, operating up to 45 GHz and beyond, is fab-
ricated with a standard printed circuit board process. The ta-
pered fiber is crucial for efficient collection of fluorescence
photons emitted by the micronsized diamond crystal. The
whole assembly has a typical volume of around 2 cm® and
is light in weight, offering practical convenience in magnetic

field metrology and characterization of magnetic materials.

2. Basic theory and experimental setup

An NV center is formed in a diamond lattice by the sub-
stitution of two adjacent carbon sites by a nitrogen atom and
a vacancy and the capture of an additional electron, forming a
negatively charged defect center. The energy levels are seated
within the crystal band gap. The NV center possesses an elec-
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tron spin triplet state, detectable through optically detected
magnetic resonance (ODMR).['>] The Hamiltonian of the NV
center is affected by the simultaneous presence of an exter-
nal magnetic field and temperature,!'®!71 and it is expressed
as follows:

H=DS2+B-S+E(S;-S5}), (1)

where B = 1.B’, B’ is the magnetic field strength, 7. =
—2.802495 MHz-G~! is the electron gyromagnetic ratio, D
is the axial zero-field splitting and S = (S, Sy,S;) is the Pauli
spin matrix. For a NV axis, we define the angle between the
magnetic field and the NV axis as 0, and B’ = B(sin6& +
cos 62). Combine Eq. (1) and the following equation:

2
H =H- g’ , 2
where I is the identity matrix and H’ is a matrix with the same
rank as the Hamiltonian matrix H after transformation, for the

purpose of simplifying calculations. The expression for H’ is

given by
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The eigenfrequencies fi—; 3 of H' can be found from its char-
acteristic polynomial
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In a strong magnetic field environment (B > 1000 G), we have

fu=fH-f, L=L-h (6)

where fy and fi are the peak frequencies of the upper and
lower peaks, respectively, in the ODMR spectrum correspond-
ing to an NV axis. Comparing the linear terms of Eq. (4), we

can obtain
_ | ) 2_3p2
B—% fU+fL_foL_D_ E-. (N
Comparing the constant term of Eq. (5), we can obtain
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Using Egs. (7) and (8), we can determine the magnitude of the
external magnetic field B and the angle 6 with the NV axis.
Building on a comprehensive analysis of the experimen-
tal principles, we now detail the architecture of our experi-
mental system. Our measurement system consists of an inte-
grated fiber-optic diamond probe, integrated optical path, mi-
crowave source, pulse signal generator and signal processing
module. The pulse signal generator produces pulses that mod-
ulate both the laser and microwave sources. Specifically, the
laser emits green light at a wavelength of 532 nm to excite the
NV center.!!8] The resulting fluorescence signal from the dia-
mond is captured by a photodetector through a long-pass filter.
The voltage signal from the avalanche photodiode is then am-
plified, filtered and processed by the signal processing module.

6001 (c) Frequency =5 GHz

O n 1 n 1 n 1 n 1
0 200 400 600 800
Distance (pm)

Fig. 1. (a) Schematic diagram of the integrated probe. (b) Physical
picture of the integrated probe. (c) Variation of magnetic field compo-
nent H(x) in the direction of the vertical signal line. (d) Microscopic
characterization of a samarium—cobalt permanent magnet.

Figure 1(a) illustrates the fiber-diamond integrated probe,
with a micrometer-sized diamond particle affixed to the tip of
a conical optical fiber and bonded to a coplanar waveguide
signal line. The physical setup is shown in Fig. 1(b). This
micrometer-sized sensing area enables the probe to adapt to
high-gradient magnetic fields. The coplanar waveguide gen-
erates a microwave magnetic field to achieve resonance with
the energy levels of the NV center. As shown in Fig. 1(c),
variations in H(x) perpendicular to the signal line above the
coplanar waveguide help to precisely locate the position of
the diamond probe. We position the NV center to the sig-
nal line center where the microwave magnetic field is uniform
and strong. The coplanar waveguide operates across a broad
frequency band, and our analysis at 5 GHz is representative
across other frequency ranges. The NV center is processed
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with crystal axis orientation, '] aligning one set of NV axes
perpendicular to the coplanar waveguide plane. By placing
the fiber-diamond probe in the magnetic field to be measured,
we can accurately determine the magnitude and direction of
the magnetic field. Figure 1(d) demonstrates the application
of the micrometer-resolution magnetic field probe. We have
designed a novel coplanar waveguide shape, allowing the dia-
mond NV center to closely approach the surface of the object
under test, enabling microscopic magnetic field characteriza-
tion; this will be discussed in detail later.

3. Uncertainty analysis of magnetic field mea-
surement

Before measuring the magnetic field, we first need to ob-
tain the D and E values of the NV center in the environment.
We place the probe inside a magnetic shielding cylinder to
shield against interference from the Earth’s magnetic field and
environmental magnetic fields and then measure a set of zero-
field ODMR. In this paper, we use Lorentzian fitting to fit the
two peaks; by calculating the difference in the frequencies of
the double peaks we obtain the E value and halve the sum of
the frequencies to get the D value. Figure 2(a) shows the result
of Lorentzian fitting for the two peaks of zero-field ODMR.
We can determine that the D value is 2868.85 MHz and the
E value is 9.78 MHz. Since we are determining the peak fre-
quency by Lorentz fitting, the uncertainty of the fit is criti-
cal. We analyzed the uncertainty of the fit, and performed 20
repeated ODMR measurements under the same experimental
conditions. The results were individually Lorentz fitted. The
relative deviation of the peak frequency is shown in Fig. 2(b),
and the relative uncertainty is better than 5 x 1075,

Under a strong magnetic field, the electronic spin en-
ergy levels of the NV center split along the direction of the
field, resulting in two high-frequency resonance peaks in the
ODMR spectrum. As shown in Fig. 2(c), there are three sets of
ODMRs at magnetic fields of approximately 10 mT, 300 mT
and 1.5 T. By Lorentz fitting, the peak frequencies of the bot-
tom set of ODMRs are 39144.67 MHz and 44873.59 MHz,
respectively. Based on the above data, we calculated that the
magnitude of the magnetic field is 1498.987 mT, and the angle
between the magnetic field and the NV axis is 1.83°.

According to the Hamiltonian, magnetic field measure-
ments depend on the measurement of the D value and the £
value, and temperature changes will lead to variations in both
D and E values. Although we measure the D and E values
for each system after the equipment has stabilized, due to the
potential instability of the laser and possible variations in the
temperature of the measurement environment we have ana-

lyzed the effect of the measurement of the D and E values on

the magnetic field measurement. The temperature dependence
of the D value is given by dD/dT = —74.2(7) kHz-K~!.[1%]
Assuming an environment at room temperature, where D =
2.87 GHz, the uncertainty in measuring the magnetic field with
D value changes of 0.1 MHz, 0.5 MHz and 1 MHz is shown in
Fig. 2(d). It can be seen that in a strong magnetic environment
the impact of temperature changes on magnetic field measure-
ments is very small and the error can be considered negligible.
However, when the magnetic field is low, temperature changes
have a larger impact on magnetic field measurements and the
effect of D and E on field measurement should be corrected.
This can be done by integrating a temperature sensor on the
probe to measure the temperature in real time and compen-
sate for the D value, thus eliminating the effect of temperature
changes on magnetic field measurements. At the same time
we also conduct an error analysis of the impact of E value
measurements on magnetic field measurements, as shown in
Fig. 2(e), where the relationship between E value and temper-
ature is dE/(EdT) = —1.4(3) x 10~4 K~1.1291 The E value is
minimally affected by temperature and has a small impact on

magnetic field measurements.
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Fig. 2. (a) Fitting results of zero-field ODMR by Lorentz fitting. (b) The
uncertainty of resonance frequency by Lorentzian fitting. (c) The ODMR
spectrum and its fitting results under magnetic fields of 10 mT, 300 mT and
1500 mT. Uncertainty analysis of the effect of D (d) and E (e) on magnetic
field measurements.
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4. Experimental verification

We conducted testing and verification of the diamond
magnetometer within the range of 10 mT to 1.5 T using a 0.1-
50 mT constant magnetic field standard device and a 50 mT
to 2.0 T constant magnetic field standard device, both with
a relative uncertainty better than 2 x 10> and annual stabil-
ity of better than 3.5 x 107>, In the range of 10-50 mT,
the amplitude of the standard magnetic field was obtained
through the relationship between current and magnetic field
(5.2426 mT-A~'), and from 50 mT to 1.5 T, the measure-
ment value of the NMR probe PT2026 was used as the stan-
dard magnetic field strength. We selected 20 magnetic field
values for testing, using the standard magnetic field size and
the diamond magnetometer measurement values as the hori-
zontal and vertical axes of the Cartesian coordinate system,
respectively. The result of fitting a straight line was y =
1.00011x — 0.11985, as shown in Fig. 3(a). Thus, a measure-
ment nonlinearity error of 0.0028% can be obtained from the
fitting equation and the original data. The formula for calcu-
lating the nonlinearity error is

— AYI]’]ED(

0 % 100%, 9

where AYpax is the maximum deviation between the sensor
calibration curve and the fitted straight line and Y is the full-
scale output. Additionally, we conducted 15-min stability tests
at magnetic fields of 45 mT, 300 mT and 1.5 T, collecting 100
magnetic field values each time, as shown in Fig. 3(b). The re-
sults indicate that the stability is better than 0.015% at a 45 mT
magnetic field, better than 0.004% at a 300 mT magnetic field
and better than 0.0012% at a 1.5 T magnetic field.

By conducting micro-characterization of permanent mag-
nets, we can gain profound insights into their microstructure.
Such an approach is instrumental in enhancing the properties
of current materials and lays a crucial foundation for the inno-
vation of advanced, high-performance permanent magnet ma-
terials. Leveraging the micrometer resolution capability of the
diamond NV center, we characterized the magnetic field on
the surface of samarium—cobalt permanent magnets, with the
test environment shown in Fig. 1(d). The object under test
was a cylindrical samarium—cobalt permanent magnet with a
height and diameter of 1 cm. We designed a new shape for
the coplanar waveguide, allowing the diamond NV center to
closely approach the surface of the magnet. The diamond NV
center underwent crystal axis orientation treatment, with one
set of NV axes perpendicular to the surface of the magnet.

A 750 um? area near the center of the magnet’s sur-
face was selected as the scanning area, with a scanning
step of 5 um. We performed microscopic characterization
of the magnitude and angle of the magnetic field at heights
of 80 um and 330 um from the surface of the magnet.
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Fig. 3. (a) The linear fitting result for the measured magnetic field to the
standard magnetic field. (b) Stability testing under different magnetic fields.
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Fig. 4. (a) Magnetic field imaging at a distance of 80 pm from the sur-
face of a samarium—cobalt permanent magnet. (b) Magnetic field angu-
lar imaging at a distance of 80 um from the surface of a samarium—
cobalt permanent magnet. (c) Magnetic field imaging at a distance
of 330 um from the surface of a samarium—cobalt permanent magnet.
(d) Magnetic field angular imaging at a distance of 330 um from the
surface of a samarium—cobalt permanent magnet.
Figures 4(a) and 4(c) show the distribution of the magnetic
field magnitude at heights of 80 pm and 330 pum from the sur-
face of the magnet, respectively. Figures 4(b) and 4(d) show
the distribution of the angle between the magnetic field and
the NV axis at the same heights. As can be seen from the fig-
ures, the closer the imaging is to the surface of the magnet, the
more the microstructural features of the crystal grains lead to

microscopic variations in the magnetic field. This proves that
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our probe has a micrometer-level resolution and holds signif-
icant promise in the field of microscopic characterization of

magnetic materials.

5. Conclusion and perspectives

In conclusion, we have designed a quantum precision
magnetometer with a range of 10 mT to 1.5 T by immobilizing
diamond NV centers on the surface of a coplanar waveguide.
We have analyzed the sources of error in the magnetometer
and proposed solutions accordingly. Subsequently, we tested
its performance and found that its measurement nonlinearity
error is better than 0.0028%, while its stability under a 1.5 T
magnetic field exceeds 0.0012%. Finally, we demonstrated its
application in micro-characterization on the surface of perma-
nent magnets, achieving excellent microscopic imaging results
due to its superior resolution of better than 3 um. This obser-
vation is a testament to the micrometer-level resolution capa-
bility of our probe, underscoring its significant potential for
applications in the microscopic characterization of magnetic

materials — a field ripe for discovery and innovation.
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