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A method of detecting the single channel triaxial magnetic field information based on diamond nitrogen-vacancy
(NV) color center is introduced. Firstly, the incident angle of the bias magnetic field which can achieve the equal frequency
difference optically-detected magnetic resonance (ODMR) spectrum of diamond NV color center is calculated theoretically,
and the triaxial magnetic information solution model is also constructed. Secondly, the microwave time-controlled circuit
module is designed to generate equal timing and equal frequency difference microwave pulse signals in one channel.
Combining with the optical detection magnetic resonance technology, the purpose of sequentially locking and detecting the
four formant signals on one side of the diamond NV color center (;ms = —1 state signal) is achieved, and the vector magnetic
field information detection is accomplished by combining the triaxial magnetic information solution model. The system can
obtain magnetic field detection in a range of 0 mT-0.82 mT. The system’s magnetic noise sensitivity is 14.2 nT/Hz!/2, and

the deviation angle errors of magnetic field detection 6y and 6, are 1.3° and 8.2° respectively.

Keywords: nitrogen-vacancy (NV) color center, vector, electron spin, magnetic detection

PACS: 07.55.Ge, 76.30.Mi, 42.50.Dv

1. Introduction

With the constant development of atomic and quantum
physics technology fields, solid-state electron spin has be-
come a research focus in quantum sensing.!'?! Compared with
traditional magnetic measurement techniques such as Hall
effect sensor, superconducting quantum interference device
(SQUID) magnetometry, and magnetic microscope, >~ the
method based on the diamond nitrogen-vacancy (NV) color
center has exceptional characteristics of sensitivity, volume,

[7-111 \which makes it more exten-

12]

power consumption, efc.,
sively applied to weak magnetic measurement technology.!
It can identify a nanometer-resolved magnetic field at room

[13-151 1t is extensively utilized in aerial surveys,

temperature.
marine monitors, earthquake prediction, and medical nuclear
magnetic resonance. It is of grand significance in science and
technology, military, economy, and other fields.'®!

The unique crystal structure of the NV color center (face-
centered cubic structure) makes it feasible to distinguish the
magnetic field vector.['”] Theoretically, the magnetic field’s
measurement with the NV color center ensemble in various
axial directions can achieve the measurement of the magnetic

field vector information. Yahata et al. introduced a vector

DOI: 10.1088/1674-1056/abea84

magnetic field sensing method that utilizes multi-frequency
microwave pulses to control four different frequency NV

18] This measurement method entails

centers simultaneously.
three sets of multi-frequency microwave pulse signals to re-
alize a three-axis vector magnetic field. Jennifer et al. intro-
duced a vector magnetic field information solving method for
synchronously locking the magnetic field information of the
four axes of the NV axis,['” but this method requires four
independent microwave sources to generate modulation sig-
nals and solves the magnetic fields of the four axes of the NV
color center respectively. The measurement method makes the
system more complex due to the use of a complicated vector
information calculation method. Also, as there are too many
microwave systems in the structure, the instruments’ connec-
tion is intricate. The microwave power could be lost, leading
to the alteration of magnetic field detection sensitivity, thereby
affecting the final experimental results.

This paper introduces a single-channel three-axis mag-
netic field information detection method based on the diamond
NV color center. A set of the microwave system can measure
the vector magnetic field information. Compared with the con-
ventional three-axis vector magnetic field detection process,
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this solution is simple, straightforward, simplified detection
system that reduces the complexity of the system, and the cost
of experimental equipment. This method supported by the op-
tical detection magnetic resonance (ODMR) spectrum of the
diamond NV color center’s resonance peaks with four pairs of
equal frequency differences. The microwave time-control cir-
cuit detects the four resonance peak frequency points of the
ODMR spectrum with equal frequency difference on one side
(If there is no special reminder, the “unilateral” mentioned in
this paper refers to the signal in the mg = —1 state). Then, the
four signals of crystal axis electron spin resonance information
are locked and detected in order, and the four signals serve as
a single output. The variation of the formant frequency offset
of the unilateral electron spin resonance signal of the diamond
NV color center can be obtained by adjusting the magnitude
of the external magnetic field. Therefore, this method can es-
tablish a three-axis magnetic information solution model for
the NV color center, thereby obtaining the vector change of
the external magnetic field. The system can realize magnetic
field detection in a range of 0 mT-0.82 mT, the magnetic noise
sensitivity is 14.2 n'T/Hz!/2, and the deviation angle error of
magnetic field detection 6, and 6, are 1.3° and 8.2° respec-
tively.

2. Experimental principle

The single-channel triaxial vector magnetic field informa-
tion detection methodology based on the diamond NV color
center is introduced in this paper. The principle of vector
detection is presented in Fig. 1. Four pairs of ODMR spec-
tra with equal frequency difference can be obtained by ap-
plying an external static magnetic field at a specific angle.
They are then utilized as a reference to make the magnetic
field measurement benchmark of the diamond NV color cen-
ter axis and ensure their consistency. Hence, the information
about the vector magnetic field change is gathered by detect-
ing the change of formant signal in the different axial direc-
tions. In addition, a microwave time-controlled module is de-
signed to create four microwave pulse signals with equal time
sequence and time interval through a microwave system. As
shown in Fig. 1(a), each microwave pulse signal corresponds
to the frequency points of the four formant peaks on one side
of the ODMR signal, and the time interval between the adja-
cent pulse signals is the time difference between the adjacent
equal frequency difference ODMR formant signals. Thus, the
microwave pulse duration should be greater than the hardware
response time, in order to detect and lock the equal frequency
difference in the ODMR spectrum for unilateral four formant
signals sequentially.

By demodulating the ODMR signal, a demodulation
curve can be obtained, and the center frequency of the demod-
ulation curve locks the resonance peak of the ODMR spec-

trum, the value of the resonance peak signal is taken as the ini-
tial value of magnetic field detection. The signal value is fixed
and does not change with fluorescence intensity or magnetic
field. For a detailed explanation as shown in Ref. [20]. There
is a linear region in the process of magnetic field change, mak-
ing the formant frequency drift Af; proportional to the change
of the fixed frequency signal AU; as follows:

Afi =kAU; (i=1,2,3,4), 1)

where k is a constant.
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Fig. 1. Principle diagram of single-channel triaxial vector magnetic informa-
tion detection, showing (a) ODMR signal with equal frequency difference on
one side of the diamond NV color center and a single microwave pulse signal
(At is microwave pulse signal’s duration, and ¢ is interval time between ad-
jacent microwave pulse signals), (b) four axial resonance peak signals of the
ODMR spectrum detected by microwave timing module, where solid line is
the initial four-channel signal, and dotted line is four-channel signal collected
after changing the external magnetic field.

With the joint action of microwave timing control circuit
and optical detection magnetic resonance technology, the four-
channel signals in Fig. 1(b) (solid line) are achieved, which is
recorded as the initial value. The duration of each signal is
Ar. While adjusting the size of the external magnetic field, the
four-channel formant signal collected by the PD also changes
accordingly, and the amount of change is AU; (i = 1,2,3,4) as
shown in the dotted line in Fig. 1(b).

The magnetic field component of each axis of diamond
NV color center AB; can be measured from the following equa-
tion:

Af:
AB; = l

Ye

(i=1,2,3,4), 2)

where 7. is the gyromagnetic ratio and ¥ = 2.87 MHz/Gs
(1Gs=10"*T).
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Therefore, the change in voltage AU; at the fixed fre-
quency point of the diamond NV color center ODMR spec-
trum is proportional to the change in magnetic field AB; as
expressed below:

k
AB; = —AU; (i=1,2,3,4). 3)
€
The variation of magnetic information of triaxial vector
AB can be calculated from the following equation:

AB;
AB,
AB; |
ABy

AB=A- 4)

where A is the solution model matrix of the spatial relation-
ship between the four axial magnetic field components of the
NV color center and the triaxial vector magnetic field.

3. Experiments and results
3.1. Design of four pairs of magnetic resonance peaks

The spatial coordinate system of the diamond NV color
center axis and the three-axis vector magnetic field are estab-
lished in Fig. 2, where the NV color center principal axis co-
incides with the Z axis. The external magnetic field B can be
expressed by polar angle 6 and azimuth y. The magnetic field
components of the magnetic field B acting on each NV color
center axis are represented by B1, By, Bz, and B4 (correspond-
ing to the diamond axis NV, NV;, NV3, and NV, ).Therefore,
the vector solution model of the axial magnetic field compo-
nent and the triaxial magnetic field of diamond NV color cen-
ter is described as follows:

By 0v2/3 vV2/3 —2v2/3 gl
By | =10+6/3-V6/3 0 N el )

B
Bz 10 0 0 Bi

X

Fig. 2. Definition of Cartesian coordinate system and four NV axes.

After the changes of formant signal in various axial direc-
tions of the diamond NV color center are detected by the mi-
crowave timing control module, according to the relationship

between the variations of formant signals in different axial di-
rections of NV and the magnetic field in the axial direction
and the vector solution model of the triaxial magnetic field,
the relationship between the variations of formant signal in
different axial directions of NV color center and triaxial vec-
tor magnetic field can be obtained.

In this paper, three-axis vector magnetic field informa-
tion measurement method relies on the ODMR spectrum of
four pairs of peaks with an equal frequency difference of the
diamond NV color center. According to Eq. (2), the magnetic
field component difference along the NV axis should be equiv-
alent to the ODMR spectrum with an equal frequency differ-
ence, i.e.,

B, —By=B,— By = B; — By. (6)

While applying a magnetic field B in any direction to the
NV axis, the magnetic field components on the NV axis in-
clude

2 6
By =Bcos6 — %Bsin@cosl]f— %Bsin@sinl//,

1 3v2 6
B, = §BcosG+T\[Bsinecos v+ %Bsinesinl]/,

1 2
B3 = §Bcos 0+ ¥Bsinecos v,

1 3v2 6
By = §Bcos6 — T\[Bsinecos v+ %Bsin@cos v. (7)

By substituting Eq. (7) into Eq. (6), the polar angle and
azimuth angle can be obtained as follows:

8§ 2
6 = arctan | — - —— | ~15.3°,
<9 \/42)
2
v = arctan— = 49.1°. 8)

V3
Therefore, when the angle of external bias magnetic field
is adjusted to 0 = 15.3° and y = 49.1°, the ODMR spectrum
with equal frequency difference can be obtained, which creates
a consistent performance with the magnetic field measurement
data of diamond NV axis.

3.2. Construction of experimental system

In this paper, the single-channel triaxial vector magnetic
detection process essentially involves the microwave system,
the optical system, and the data acquisition and processing
system. The microwave system includes the host computer
software, the microwave control module, the microwave tim-
ing control module, and the microwave source module, which
realizes the function of sweeping microwave frequency and
the production of equal time sequence and frequency differ-
ence microwave pulse signals. The optical system principally
comprises a laser (532 nm), microwave antenna, diamond (the
electron implantation dose of the diamond sample used in
the experiment is 9x10'® e~.cm™2, the irradiation energy is
8 MeV, and the concentration is 2 ppm), filter, and optical lens
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combination. On this device,the fluorescence detection and
microwave control functions of the diamond NV color center
are accomplished. The data acquisition and processing sys-
tem principally includes a photodetector (DET100A2, THOR-
LABS), an oscilloscope (MDO4104C, Tektronix), modula-

tion module and the three-axis magnetic information solution
model (data calculation is carried out via PC), and performs
the function of the collecting ODMR information of NV color
center and solving three-axis magnetic information. The prin-
ciple of the experimental system is demonstrated in Fig. 3.

diamond

microwave
antenna

microwave timing
control module

microwave source

—

microwave
lm' control module
microwave system

optical path shaping lens

— e — — o)

I photodetector

dichroic mirrors
(anti-green through red

ooo

‘ ooo

]

ooo

oscilloscope

Fig. 3. Schematic diagram of experimental detection.

The microwave timing control module is principally a
phase-locked loop control circuit with STM32 as a core. The
general phase-locked loop structure comprises a phase detec-
tor, a loop filter, a voltage-controlled oscillator (VCO), and
a frequency divider. The reference signal is transmitted back
from the VCO, and the frequency dividing signal is sent to the
phase detector for identification. The phase detector gener-
ates an erroneous voltage proportional to the phase difference
between the two input signals. After the loop filter identifies
the erroneous voltage, only the direct current (DC) component
is employed as the tuning voltage of the voltage-controlled
oscillator to adjust the oscillation frequency accordingly and
hence performing the synchronous phase tracking. Based on
the above principle, STM32 and LABVIEW possess signifi-
cant applications in designing the microwave pulse-signal con-
trol circuit board and the host computer-control software. The
primary function is the production and output of these four
microwave pulse signals with equal timing and frequency dif-
ference to detect the single-side four-channel equal frequency
difference formant signal of the ODMR spectrum.

3.3. Measurement and characterization of four pairs of
magnetic resonance peaks

3.3.1. Experimental process

Use the laser to excite the diamond NV color center to
produce red fluorescence. The PC-side host computer com-
mands the microwave-control module to create control signals,
and then commands the microwave source to create sweep-
ing information and render it to the microwave antenna in

the integrated module (microwave sweep range is 2600 MHz—
3100 MHz, step 20 kHz/ms), and act on the diamond to make
the fluorescence signal generate the electron-spin resonance
peak signal. Then, the photodetector will collect the signal
and display it on the oscilloscope and the PC-side host com-
puter.

Adjust the incident angle of the external bias magnetic
field to 6 = 15.3°, y = 49.1°. After that, by the magnetic
field’s size, the ODMR signal with an equal frequency dif-
ference of 50 MHz is received as shown in Fig. 4(a). The
microwave control module completes the detection of single-
sided four-channel equal frequency difference formant signals
as shown in Fig. 4(b). These data are recorded as the initial
value, and utilized as the benchmark for the magnetic field de-
tection. When the external magnetic field changes, the alter-
ation of the single-sided formant signal of the ODMR is deter-
mined and the signal processed by the demodulation module
is substituted into the triaxial magnetic information solution
model in Eq. (5) to get the current vector change magnetic
field (The progress is actualized by PC-based data processing
software).

According to the ODMR spectrum with equal frequency
difference shown in Fig. 4(a), the resonance frequency val-
ues of different axial NV color centers are fyv, = 2699 MHz,
fnv, = 2748 MHz, fyv, = 2804 MHz, fnv, = 2849 MHz.
The four frequency points are inputted into the selected com-
puter control software with the microwave time-controlled
module.
2500 ms.

Based on the data, the signal holding time Ar is
The control command is then sent to the circuit
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board with the time-controlled module to perform the func-
tionality of four microwave pulse signals with equal frequency
difference and equal time sequence, and thus detecting and
collecting the resonance peak signals corresponding to the NV
color centers in different axes. The detection result is demon-
strated in Fig. 4(b), and the detection result is recorded as the
initial value.

.‘é 3.590L (a) ——initial value

=

= 3.585

2 3.580

12}

o

]

E 3.575

v

g 3.570

§ : NV,

[

5 3.565F NVi

= R S S S S S S T

A 2650 2750 2850 2950 3050

Microwave frequency (MHz)

3.585[ (b) — initial value

3.580

3.575T

.

3.570

0o 2 4 6 8 10
Time (s)

3.565

Fluorescence intensity (arb. units)

Fig. 4. Initial value detection results, showing (a) ODMR spectrum with
equal frequency difference, (b) single-channel output of four formant signals
with equal frequency difference.

Based on the Zeeman splitting effect of the diamond NV
color center,?!l the formant signal frequency will drift when
the external magnetic field is altered. The frequency drift
range of the formant signal cannot exceed the width of the
single formant signal’s absorption peak. Consequently, the
detectable magnetic field range of the detection system can
be calculated theoretically, according to the formant signal ab-
sorption peak’s widths in different axial directions in Fig. 4(a).
Thus, the maximum magnetic field changes that can be de-
tected in the three axial directions are shown in Table 1.

Table 1. Magnetic field detection range.

Magnetic Xaxis Yaxis Zaxis  Total magnetic field

ABpax (mT) 0.39 0.39 0.61 0.82

3.3.2. Measurement and analysis of triaxial magnetic
information

Via the three-axis Helmholtz coil, the change of the mag-
netic field can be guided directionally. The Helmholtz coil

used in this experiment is a three-axis coil customized at the
710 Research Institute of China Shipbuilding Industry Corpo-
ration. The calibration reveals that the magnetic field trans-
formation amounts of the three-axis Helmholtz coil in the X,
Y, and Z axes are 72.9 nT/mA, 61.9 nT/mA, and 63.6 nT/mA.
Using the magnetic field on the Z axis of the Helmholtz coil
as a variable, and applying a current through a digital constant
current source to adjust the Z-axis magnetic field’s magnitude,
the strength of the magnetic field varies from O uT to 317.4 uT.
The changes of frequency drift in the diamond NV color center
ODMR spectrum under different magnetic fields are exhibited
in Fig. 5(a), and the change of single-channel four-way for-
mant signal processed by demodulation module is exhibited in
Fig. 5(b).

@ 3.60 ——Initial value (uT)
= — 127 —241.2
3 —25.4 —253.9
. 3.58E — 382 —266.6
2 - —50.9 —279.3
£ 63.6 —292.0
g 3.56 89.0 —304.7
B —76.3 —317.4
% —101.8

3 3.54 —114.5

= ——127.1

= —139.7

g 85 —

g — 1778

2 —190.5

g 3.50 —203.2

e 215.9

Z g4gl . . . 228.6

= 2670 2730 2790 2850
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——Initial value (uT)

—12.7 —241.2
—25.4 —253.9
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0
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S , , . . 228.6
= 0 2 4 6 8 10

Time (s)

Fig. 5. Changes of ODMR spectrum signal under different magnetic fields:
(a) frequency drift and (b) single channel four-channel signal.

According to Fig. 5(b), the single-channel four-channel
signal value varies with external magnetic field. Owing to the
applied external magnetic field B along the Z axis correspond-
ing with the NV axis, BNV1 =B, BNV2 = BN\/3 = BN\/4 = B/3.
The relationship between the magnetic field components on
each axis of NV and the voltage value of the fixed frequency
signal on that axis can be analyzed, as shown in Figs. 6(a)
and 6(b). Consequently , when the magnetic field detection
range falls in a range between O uT to 317.4 uT, the voltage
value of the fixed frequency signal of each axis of the dia-
mond NV color center is proportional to the magnetic field,
and the rate between the voltage value of the fixed frequency
signal of each axis and the magnetic field is 0.053 mV/uT,
0.017 mV, 0.003 mV/uT, 0.038 mV/uT, separately. The mag-

080701-5



Chin. Phys. B  Vol. 30, No. 8 (2021) 080701

netic noise power spectral density measured by the lock-in am-
plifier is shown in Fig. 7. The optical detection magnetic reso-
nance system’s magnetic noise sensitivity based on the single-
channel three-axis magnetic information detection system is
14.2 nT/Hz!/2.

__ 16} (a)
Z 14}
z -
S 12t
& I
» 10
£ I
sl
= r
g Of
9 I
S 4r
! = MWV
é I linear fit of NV,
%~ T30 100 150 200 250 300
Magnetic field (uT)
b
S A
L] NVQ
L linear fit of NV,
e NV3
3 r—— linear fit of NV
A NV,y

| — linear fit of NV,

Fluorescence intensity (arb. units)

0 20 40 60 80 100
Magnetic field (uT)

Fig. 6. Changes of formant frequency signals of NV color centers with mag-
netic field for (a) NV color center NV; and (b) NV color center NV,, NV3,
and NVy4.
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Fig. 7. Magnetic noise spectral density versus frequency.

Therefore, by comparing the initial values of the formant
signal of each axis of the NV color center, the changes of for-
mant signal in different axial directions and the changes of
magnetic field AB; (i = 1,2,3,4) of different diamond NV

color center axis can be obtained. Also, the variation of tri-
axial vector magnetic field Bx, By, and Bz can be acquired
by substituting AB; into the solution relation of triaxial vector
magnetic field as shown in Eq. (5). The triaxial magnetic field
information captured by this system is shown in Fig. 9(a).

A traditional magnetic field detection method, where a
triaxial magnetic sensor is used, is regarded as an exemplar
of triaxial orthogonality. However, due to the influence of the
diamond sample placement and the installation level of exper-
imental equipment, the magnetic sensor based on the diamond
NV color center cannot achieve absolute triaxial orthogonal-
ity. Because the principal axis of the diamond NV color center
coincides with the Z axis of triaxial magnetic field coordinate
system, there appear the deviation angles 6, and 6, between
the measured triaxial vector magnetic field O-X'Y'Z and the
established triaxial vector magnetic field coordinate system O-
XYZ as shown in Fig. 8.

Fig. 8. Schematic diagram of deviation angle in magnetic field detection of
diamond NV color center.

When a Helmholtz coil is employed to create a magnetic
field in the Z axis, theoretically, only the magnetic data on the
Z axis will changes accordingly. However, there is a deviation
between the magnetic field on the X axis and the magnetic
field on the Y axis as shown in Fig. 9(b). The magnetic field
deviation angle 6; can be calculated from the the following
equation:

B.
6; = g — arccosEI, O]

where B; is the magnetic field deviation value in each axial di-
rection, and B is the applied external magnetic field. Selecting
the maximum deviation magnetic field value on the X axis and
the Y axis, the maximum deviation angle on the X axis and the
Y axis are calculated to be 1.3° and 8.2°, respectively.

Consequently, the experimental results can demonstrate
that the single-channel three-axis magnetic information detec-
tion method proposed in this paper can achieve the purpose
of measuring three-axis vector magnetic information. This
method can perform the detection of magnetic vector informa-
tion by utilizing a microwave system. It resolves the problem
that three independent detection systems are required in the
conventional three-axis vector magnetic detection method, it
avoids the problem of large measurement error caused by three
independent processes and simplifies the three-axis magnetic
information detection system.
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Fig. 9. Three-axis magnetic field solution results. (a) Magnetic field data
calculated by three-axis vector solution model; (b) magnetic field data on the
X axis and Y axis.

4. Conclusions

This paper introduces a single-channel three-axis vec-
tor magnetic information detection that employs diamond NV
color center. A microwave system is used to detect the three-
axis magnetic information. The function of single-channel ac-
quisition and measurement of these diamond NV color center
formant signals on different axes is accomplished. Then the
vector magnetic field detection is also performed. In this pa-
per, a particular angle is calculated theoretically, and the equal
frequency difference ODMR spectrum is obtained, which is
adopted as a benchmark for magnetic field detection. A mi-
crowave time-controlled module is designed to achieve the
single-channel detection of unilateral four-channel formant
signals in the ODMR spectrum, obtain the unilateral formant
signal offset under the unknown magnetic field and the mag-
netic field information in different axes of NV. A triaxial vec-

tor magnetic information solution model is hence established.

The informatin about vector variation of the external magnetic

field is obtained by determining the relationship between the

different axial magnetic field components of the diamond NV

color center and the triaxial vector magnetic field. The sys-

tem can well detect the magnetic field in a range of 0 mT—

0.82 mT, the magnetic noise sensitivity is 14.2 nT/Hz

172 and

the deviation angle error of magnetic field detection 6, and 6,

are 1.3° and 8.2° respectively. This novel detection method

could serve as a high-precision magnetic navigation platform

and magnetic shielding compensation technology.
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