CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Vector magnetometry in zero bias magnetic field using nitrogen-vacancy ensembles

Chunxing Li(Z#5 %), Fa-Zhan Shi(f1 & &), Jingwei Zhou(fi1 Z:4f), and Peng-Fei Wang(E il )
Citation:Chin. Phys. B, 2024, 33 (10): 100701. DOI: 10.1088/1674-1056/ad73af
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Performance optimization of a SERF atomic magnetometer based on flat-top light beam

Ziqi Yuan(& 1), Junjian Tang(#4#81), Shudong Lin(#£#% %<), and Yueyang Zhai(#2 £k H)
Chin. Phys. B, 2024, 33 (6): 060703. DOI: 10.1088/1674-1056/ad401b

Response optimization of a three-axis sensitive SERF magnetometer for closed-loop

operation

Yuanrui Zhou(JH J& 1), Yongze Sun(fhkiE), Xixi Wang(VE 6 #4), Jianan Qin(ZfE5), Xue Zhang(7kZ5), and
Yanzhang Wang(F£ & %)
Chin. Phys. B, 2024, 33 (2): 020701. DOI: 10.1088/1674-1056/ad0b00

Current sensor based on diamond nitrogen-vacancy color center

Zi-Yang Shi(52-FFH), Wei Gao(f=ifF), Qi Wang(F /), Hao Guo(5Fits), Jun Tang(fE# %), Zhong-Hao Li(ZEH15%),
Huan-Fei Wen (i &), Zong-Min Ma(% 52, and Jun Liu(XI{&)
Chin. Phys. B, 2023, 32 (7): 070704. DOI: 10.1088/1674-1056/acc3fe

Asymmetric magnetoimpedance effect and dipolar interactions of FINEMET/SiO,/FePd

composite ribbons

Yong-Bin Guo(%[ 7k %), Dao Wang(F %), Zhong-Min Wang(F £ L), Lei Ma( ) 22), and Zhen-Jie Zhao(* R 7%)
Chin. Phys. B, 2023, 32 (7): 070703.  DOI: 10.1088/1674-1056/acad6e

A robust method for performance evaluation of the vapor cell for magnetometry

Zhi Liu(#1V5), Sheng Zou(4BFt), Kaifeng Yin(F HLI4), Tao Shi(41#),Junjian Tang(JF#) 1), and Heng Yuan (3= #7)
Chin. Phys. B, 2023, 32 (4): 040703. DOI: 10.1088/1674-1056/aca6d5


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad73af
https://doi.org/10.1088/1674-1056/ad73af
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad401b
https://doi.org/10.1088/1674-1056/ad401b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0b00
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0b00
https://doi.org/10.1088/1674-1056/ad0b00
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc3fe
https://doi.org/10.1088/1674-1056/acc3fe
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acad6e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acad6e
https://doi.org/10.1088/1674-1056/acad6e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/aca6d5
https://doi.org/10.1088/1674-1056/aca6d5

Chin. Phys. B 33, 100701 (2024)

SPECIAL TOPIC — Quantum computing and quantum sensing
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The application of the vector magnetometry based on nitrogen-vacancy (NV) ensembles has been widely investigated
in multiple areas. It has the superiority of high sensitivity and high stability in ambient conditions with microscale spatial
resolution. However, a bias magnetic field is necessary to fully separate the resonance lines of optically detected magnetic
resonance (ODMR) spectrum of NV ensembles. This brings disturbances in samples being detected and limits the range
of application. Here, we demonstrate a method of vector magnetometry in zero bias magnetic field using NV ensembles.
By utilizing the anisotropy property of fluorescence excited from NV centers, we analyzed the ODMR spectrum of NV
ensembles under various polarized angles of excitation laser in zero bias magnetic field with a quantitative numerical model
and reconstructed the magnetic field vector. The minimum magnetic field modulus that can be resolved accurately is down
to ~ 0.64 G theoretically depending on the ODMR spectral line width (1.8 MHz), and ~ 2 G experimentally due to noises
in fluorescence signals and errors in calibration. By using '3C purified and low nitrogen concentration diamond combined
with improving calibration of unknown parameters, the ODMR spectral line width can be further decreased below 0.5 MHz,
corresponding to ~ 0.18 G minimum resolvable magnetic field modulus.

Keywords: vector magnetometry, NV ensembles, optically detected magnetic resonance (ODMR), zero bias

magnetic field
PACS: 07.55.Ge, 07.57.Pt, 76.70.Hb, 76.30.Mi

1. Introduction

Nitrogen-vacancy (NV) centers in diamond are versatile
and atomic sized quantum sensors. The ground state of the
electron spin (S = 1) of negatively charged NV center can be
initialized and readout using optical method.!!! The sublevel
states mg = 0 and mg = =£1 in the ground state of NV center
can be controlled using microwave field (Fig. 1(b)). The long
decoherence time of NV center in room temperature makes

1> for sensing magnetic field,>~7! elec-

[10,11]

it a sensitive senso
tric field,!®°! temperature, or stress.l'>!131 Magnetome-
try based on NV ensembles in diamond has been widely ap-

14,15] rock

plied in research of magnetic functional materials,|
magnetization, '®!7! chip inspection'® and geophysics.[!! It
has advantages of high sensitivity, microscale spatial resolu-
tion, and full vector magnetic field sensing capacity.l!

The experimental method to realize magnetometry using
NV centers is optically detected magnetic resonance (ODMR).
There are four different crystallographic orientations of NV
centers in diamond (Fig. 1(a)). In order to reconstruct the mag-
netic field vector, the Zeeman splitting of all the four kinds of
NV centers NV; (i = 1, 2, 3, 4) needs to be extracted from
ODMR spectrum of NV ensembles®! (Fig. 1(c)). The sensi-

tivity of this method can achieve nanoTesla per square Hertz
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and the minimum detectable magnetic field variation is up to
sub-nanoTesla. However, these values are achieved under a
bias field. When the bias field is absent and the concerned
magnetic field of sample is weak, the ODMR spectral lines of
all the four orientations of NV centers become highly over-
lapped and hard to distinguish (Fig. 1(d)). A common fitting
method to reconstruct the magnetic field B sensed by NV cen-
ters is invalid in this circumstance. In another situation, when
the magnetic field is along some specific directions, for ex-
ample one of the three axes of the system in Fig. 1(a), even
the modulus of B is big enough, the ODMR spectra are still
overlapped or partially overlapped. The reconstruction of B is
also invalid in this situation with no prior knowledge about the
direction of B, which is often true for an ordinary magnetic
sample (supplementary Fig. S1).

The concerned magnetic field B is obtained by subtract-
ing the bias field By from the measured magnetic field result
Biy. The bias field By (usually | By| > 20 G) may bring some
negative influences to the magnetization of the samples be-
ing measured. For example, ferromagnetic grains accumu-
late viscous remanent magnetization (VRM) in environment
magnetic field during a period of time. In rock magnetism
research, to protect the original remanent magnetization infor-
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mation of ferromagnetic grains wrapped in rocks from being
disturbed by VRM, the rock samples must stay in magnetic
shield environment.?”! In another situation, a bias field may
disturb the observation of dynamic process of a target being
researched in magnetic film materials, such as spin waves and
magnetic skyrmions. On the other hand, the deviations of By
could also bring extra error.
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Fig. 1. ODMR spectrum of NV ensembles. (a) Four crystallographic orienta-
tions of NV in diamond. (b) Energy levels of NV electron spin. (c) Optically
detected magnetic resonance (ODMR) spectrum of NV ensembles simulated
in conditions where all eight groups of spectral lines are divided. The mag-
netic field sensed by NV ensembles is set as By = (Bg,0,a) = (20 G, 25°
30°). The spectral lines are labeled by the corresponding crystallographic ori-
entation of NV, as shown in (a). (d) Simulated ODMR spectrum when By
changes from 20 G to 0 G. The spectral lines of ODMR spectrum become
highly overlapped as By becomes smaller, which makes it hard to distinguish
the corresponding orientation of NV centers.

There has been some reported NV magnetometry with no
bias field. Till Lenz et al.l*'! made use of the selective ex-
citation of a single NV center with a circularly polarized mi-
crowave radiation circuit. This effectively avoids nonlinear re-
lations of NV energy levels and the sensed magnetic field mod-
ulus in zero to near-zero field due to level anticrossing in states
with the same I,. However, only axial magnetic component B,
is measurable. Huijie Zheng et al.[*?! used the same method
of selective excitation of NV ensembles with circularly po-
larized microwave field. They also combined a modulation-
demodulation system to resolve the magnetic field modulus in
ultralow field with a bandwidth within 1 pT. But this still can
only extract axial magnetic component. Miinzhuber et al.!>]
utilized polarization selective laser excitation to assign all the
distinct resonance peaks to their corresponding orientations of
NV centers. This method resolves the complexity of ODMR
spectra of NV ensembles when all the resonance peaks are
separable without overlaps and has the capacity of vector re-
construction. However, the minimum value of the modulus of
measurable magnetic field is larger than 20 G, otherwise the

spectral lines will overlap and become indistinguishable.

In this paper, to solve the problem that the 4 x 6 = 24
ODMR spectral lines of NV ensembles are overlapped in zero
bias magnetic field, which makes the reconstruction of B in-
feasible, we established an accurate numerical model to quan-
titatively describe the ODMR spectrum of NV ensembles un-
der various polarizing angles 6. of the input linearly polarized
laser. By rotating 6, from O to © and measuring the ODMR
spectrum at every point of 6, a normalized two-dimensional
fluorescence spectrum Pyorm (0, 6. ) is obtained, where @ is the
microwave frequency. The anisotropic fluorescence intensities
of four orientations of NV centers as a function of 6, leave dif-
ferent characteristic features in this two-dimensional fluores-
cence spectrum, even the ODMR spectral lines are overlapped.
So the concerned magnetic field vector B can be fitted from
measured Pyorm (0, 8e) pattern by a two-dimensional nonlinear
least-square algorithm using our numerical model.

The challenge lies in the numerical model with many un-
known parameters needed to be determined. To ensure the
agreement of those parameters with the actual experiment con-
ditions, the whole system was carefully calibrated first. The
calculated Poorm (@, 6.) pattern with fitting results is very close
to the experiment data, and the relative error of reconstructed
magnetic field vector is at most 9.7%. This vector magnetom-
etry method in zero bias magnetic field has high measurement
dynamic range. The minimum modulus of measurable mag-
netic field vector | Byn| is down to 2 G in experiment due to
noises in fluorescence signal and measurement uncertainties
of calibrated parameters. |By,| can be further decreased to
~ (0.64 G with a more precise calibration.

2. Experiment setup and control circuits

The experiment setup and pulse sequences are shown in
Fig. 2. This is a typical wide-field ODMR experiment platform
for NV ensembles. A 532 nm laser is used to excite and read-
out the electron spin state of NV centers. Two acoustic optical
modulators (AOMs) are used to control the laser sequence and
generate laser pulses. The light beam is expanded by an ex-
pander to generate a large field of view (200 umx200 pum at
most). A polarized beam splitter (PBS) is used to eliminate
s-polarized component of input laser and select p-polarized
component. A half-wave plate mounted on a motorized ro-
tation stage is used to control the polarized angle 6. of the
laser beam projected on NV centers. A long pass dichroic mir-
ror is used to separate input 532 nm exciting laser beam and
output collecting fluorescence light path (> 630 nm). A sC-
MOS camera is used to readout the NV fluorescence collected
by an Olympus LUCPLFLN 40x objective. A set of three-
dimensional Helmholtz coils is used to cancel background
magnetic field (mostly the Earth’s magnetic field) and generate
a static magnetic field B = By (sin 0 cos &, sin 0 sin @, cos 6)
to simulate the field of a magnetic sample to be measured.
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Fig. 2. Experiment setup. (a) Sketch of the experiment setup. (b) The full-hardware-control electronic circuits. (c) Continuous wave sequences of ODMR.

A 1.2 mmx1.2 mmx0.6 mm sized diamond sample with
low electric/strain field cut from a {100} CVD diamond plate
(Element Six) with [N] ~ 1 ppm is used and placed on the
central region of a coplanar waveguide. With limited accu-
racy of mechanical cutting craft, the crystal angle of the cut
diamond has a mismatch from the desirable {111} direction.
The coplanar waveguide fabricated on a printed circuit board
(PCB) is used to transmit and radiate the microwave field gen-
erated by a RIGOL DSG3060 radio frequency (RF) source to
control the electron spin state of NV centers. This waveguide
is designed to radiate microwave field parallel to the surface
of PCB and has a broadband working range from 0.35 kHz to
6 GHz. The radiation efficiency is upper than 90% within this
working frequency range.

The control circuits of the instrument are shown in
Fig. 2(b). A pulse generator (PulseBlaster, PB) is used to con-
trol the pulse sequences via TTL signals to finish all the time
ordered operations of the laser, microwave, and sSCMOS (sci-
entific Complementary Metal Oxide Semiconductor) camera.
In these circuits, a PIN switch is used to switch the on-off state
of microwave (MW) to general MW pulses. PB also triggers
AOM to control the laser pulses, and initializes the starting
of the exposure operation of the SCMOS camera. To guar-
antee the success of every exposure operation of the camera
and also save the sequence’s execution time, a feedback line
is linked from the SCMOS camera to the PB (see Fig. 2(b)).
A TTL pulse is generated by the camera transmitted in this
line after an exposure operation is finished. This TTL sig-
nal triggers PB to output the next pulse operations just after a
picture has been taken by the camera and stored in the com-
puter. This feedback process minimizes unwanted communi-
cation time between two exposures. During the whole experi-
ment, after the pulse sequences are loaded into the memory of
PB, the remaining control of the instrument is all done by PB
in a “hardware way”. This full hardware control mode vastly
increases the utilization efficiency of picture exposure time.

The pulse sequences loaded into PB are shown
in Fig. 2(c). This is a typical continuous wave se-
quence of ODMR."”* The final fluorescence contrast sig-
nal shown in ODMR spectra is defined as contrast =

(signal — reference) /reference. After taking the fluorescence
picture of signal and reference on one microwave frequency
fi» PB then triggers the MW source to switch onto the next

frequency fiy.
recorded on every frequency point, and this frequency sweep-

The signal and reference fluorescence are

ing process is repeated for several loops in order to improve
the signal-to-noise ratio.

3. The numerical model of the two-dimensional
ODMR spectrum

The system of the numerical model of the two-
dimensional ODMR spectrum Pyorm (@, 6, ) is shown in Fig. 3.
The laser beam was set to be not along the —Z axis. To de-
scribe both the deviations of the [111] direction of cut diamond
and the laser beam from Z axis, four rotational angles 31, ¢,
B2, @> are introduced.

Coplanar
waveguide

Fig. 3. The Pyorm(®, 6) pattern numerical model. A near {111} facet
cut diamond containing NV ensembles is set on a coplanar waveguide
which transmits linearly polarized microwave field By, along x axis to
control the NV electron spin state. A linearly polarized 532 nm laser
irradiates the diamond to excite and read out the N'V electron spin state.
The [111] crystallographic direction of the diamond and the laser beam
have deviations from Z-axis direction.

The rotation transformation matrix to describe the de-
viation of the [111] direction of diamond is R (B, ¢1) =
R.(¢1)- Ry(P1), where R,(Bi) and R,(¢;) are the rotation

transformation matrices along y-axis by B; and along z-axis

100701-3



Chin. Phys. B 33, 100701 (2024)

by ¢, respectively,

cosBy 0 sinf
R, (p1) = 0 0 ; ey
—sinfB; 0 cosf
cosgp; —sing; O
R (¢))=| sing; cosp; 0 |. )
0 0 1

The actual direction vectors of the quantum axis of NV; (i =1,
2,3,4)are

n; =Ry (B1,¢1) 1, (3)
where n; are the ideal direction vectors of NV;

ni = (0,0,1), n>= (ﬁ’\@’l),

3
(vait) (o)
=S 3
The rotation transformation matrix to describe the deviation
of the laser beam is Ry (B2, ¢2) = R (¢2) - R,(p2), which has

the same form as R (B, ¢;). The actual electric field vector

“)

ng =

of input laser beam F; is expressed as

El/:RZ (ﬁza(PZ)'Eh (5)
E, = Ep, (cos 6,sinb,,0). (6)

To express Poorm(®,6:) pattern explicitly, the central
frequencies, the shape of ODMR spectrum lines, and the
anisotropic features of the fluorescence contrast when the po-
larized angle of the laser beam is changed are analyzed quan-
titatively in the following.

First, we calculate the eigenvalues of Hamiltonian of NV
ensembles to get the resonant frequencies of four different ori-
entations of NV centers. The Hamiltonian of NV; (i =1, 2, 3,
4) ist?!]

H .

7’ = (D +E;)S:+E(S;—57)

+Ey (S8, +5,5,) + YB-S+ SA-T
~ (D.+E.) S+ Ex (S; — S2) + Ey (SxSy + SySx)
+ '}/BiHSz +A;S L. (7

Here D, = 2870 MHz is the zero-field splitting of NV center.
Ey, E, and E; are the strain terms. B is the magnetic field
sensed by NV centers. S and I are the spin operator of NV
center and '*N nuclear spin, respectively. 7 is the gyromag-
netic ratio of NV electron spins. The transverse magnetic field
B;, exerted on NV; is omitted. We assume that E,, Ey and E;
values are the same for all NV centers. The solution of the
eigenvalues of H; is as follows:

w1 =D +E.—\[ET + 7B}, (8)

W =D;+E;+[ET + 7B}, ©9)

w3 =D, +E, — \/Ef +A2Z—2A,YBy +V*B%, (10)

il

Wiy =D, +E. + \/Ei +AZ—2A.yBy + 7B}, (11)

Wi =D, +E, — \/Ei +AZ+24.7B; + By, (12)

i = Do+ Ec+[E +AL+2A27By + PBY, (13)
E} =E}+E;, (14)
BiH = Bn; (15)

Second, we consider the anisotropic properties of the flu-
orescence of NV electric dipoles. Single NV center has two
electric dipoles perpendicular to the quantum axis of NV cen-
ter and also perpendicular to each other (Fig. 4(a)). The fluo-
rescence intensity Py of a single NV center relates to the elec-
tric field of input laser E; and the direction vector of the two
electric dipoles d; and d, by?!

Po<c(|Ep-di|* + |Ep-do|?) =c| E;xn)?, (16)

where m is the direction vector parallel to the quantum axis
of NV center. c is a proportional factor. Substituting E; =
Ry (B, ¢2) - E; and n) = Ry (B1,¢1) - n; into Eq. (16), the
normalized fluorescence intensity Py, (i = 1, 2, 3, 4) of single
NV; in four different orientations changing with 6. can be cal-
culated, Py = c|(Ra (B2, 92) - Ei(6e)) x (R (Br, 1) - mi)[*.

When Bi, ¢1, B2, ¢» equal O (i.e., there is no misalign-
ment in the system), the calculation of Py; is shown in Fig. 4(b).
Po; changes with 6, periodically and the extreme points of ev-
ery Py; are different, which makes the separable spectral lines
distinguishable (Fig. 4(c)). From the experiment, we found
the proportional factor c¢ is not the same for different NV;:
¢234 = 1 and ¢; is 2-3.5. This happens because the fluores-
cence collection efficiency for NV is larger than that for other
three orientations of NV centers. %3]

To reconstruct the vector magnetic field, it is crucial to
determine the resonant frequencies of four orientations of NV
centers. When the sensed field of the concerned sample is
weak in zero bias magnetic field, the spectral lines are over-
lapped and indistinguishable. But the effect of the anisotropic
property of fluorescence still leaves characteristic features in
the two-dimensional ODMR spectrum Pyorm (@, 6.). From
that, the magnetic field sensed by NV ensembles can be re-
constructed.

Given the locations of all the energy sublevels ;; (i =1,
2,3,4,j=1,2,3,4,5, 6) and the normalized fluorescence
intensities Py; (i = 1, 2, 3, 4), the fluorescence spectrum for
single NV; can be modeled as!!”!

Pi(0,6:) = Poi(B1, 1, B2, ¢2,¢,6)

100701-4
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6
X I—ijl

A; (%)2 .
(0— wij(Baﬁlv‘Pl))z + <S;l>
(17)

Here A; is the fluorescence contrast of single NV;. €; is the
spectral line width of NV;. The shape of the ODMR spectral
lines is modeled as Lorentzian. For diamond samples contain-
ing NV ensembles, supposing the proportion of four orienta-
tions of NV centers are 1:1:1:1, the total fluorescence contrast
of NV ensembles is
(P + P>+ P;+ Py) — (Po1 + Poa + Po3 + Poa)
Po1 + Poz + Po3 + Pos

—Poi (B1,91,B2,92,¢,6e)

Po1 + Poz + Poz + Pos

Prorm (CO, ee)

>

=1 (@0 — (B, Br,¢1))* + (

(18)

02’
7)

which builds a mapping between the sensed magnetic field B
and the Pyorm(®, e ) pattern.

The symmetry of Pyorm(®, 6) is four-fold when S, ¢,
B2, @> are all zero. By doing this transformation of the sensed
magnetic field B = (B, 0, a):

(a— 0c+180°)Vv (6 — 180° —0),

the same Phorm(®, 6) is obtained for four different magnetic
fields B = (By, 0, o). However, when 1, B, # 0 and the laser
beam is non-collinear with the [111] direction of the diamond,
the symmetry of Porm (0, ;) decreases to two-fold.”’! Only a
plus or minus sign is unsettled. The deviation of the laser beam
from the direction of [111] crystal orientation of the diamond
is necessary to gain an unambiguous reconstruction result. The
ambiguity of the plus or minus sign can be further resolved by

using a circularly polarized MW radiation structure.>!

Normalized fluorescence changes

with polarized angle (°)
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Fig. 4. Anisotropic properties of NV fluorescence (with no misalignment in the system). (a) Two transition dipoles of NV: d; and d. (b) Normalized
fluorescence intensity Py; (i = 1, 2, 3, 4) of single NV; in four different orientations changes with polarized angle 6. of the input 532 nm laser beam.
(c) Simulated two-dimensional ODMR spectrum Pyorm (@, 6e) in the same magnetic field as that in Fig. 1(c), By = (B, 6, o) = (20 G, 25° 30°). The

spectral lines are labeled by the corresponding orientations of NV centers.

4. Calibration

Before doing the measurement of Puorm(®, 6:) pattern
and fitting the magnetic field, the environment magnetic field
B. needs to be compensated and the magnetic shield envi-
ronment needs to be ensured. We used a spectral method to
measure the environment magnetic field. The details are in the
supplementary.

After the magnetic shield environment is ensured, the un-
known parameters of the numerical model of the near {111}
facet cut diamond containing NV ensembles are calibrated.
From Egs. (1)-(18), the unknown parameters to be calibrated
include

E|,E, Az &, Bi, o1, c,Ba, g2, A (i=1,2,3,4).

The E|, E;, Ay, ©; (i=1,2,3,4), B, ¢; are directly mea-
sured by ODMR spectral method. ¢, B2, @, A; (i =1, 2,

3, 4) are fitted by Eq. (18) using a Pyorm(®, 6:) experiment
measured in a pre-set and known magnetic field B.. All the
measured ODMR spectra and two-dimensional ODMR spec-
tra Pyorm shown below are results averaged from the fluores-
cence signals collected in 3 x 3 pixels of the camera. This
corresponds to a ~ 600 nmx600 nm region in the diamond
surface.

From Egs. (8)—(15), when there is no magnetic field,
all the energy eigenstates of four orientations of NV centers
shown in ODMR spectrum are degenerated into four,

oy =D +E. —E|, (19)
o =D +E +E|, (20)
w3 =D, +E;— \/ EJZ_+A%U @n
o4 =D +E,+1/E? +AZ. (22)

100701-5
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So a zero-field ODMR experiment is conducted to cali-
brate E |, E,, A;; based on Egs. (19)—(22). The central fre-
quencies of the four spectral lines in zero field are fitted in this
ODMR spectrum (Fig. 5(a)) and E | , E,, A;, can be calculated
from Egs. (19)-(22). To measure the parameters ; (i = 1, 2,
3,4), B1, @1, the spectral peaks of NV; need to be fully divided
and distinguished from each other. An ODMR experiment in a
20 G magnetic field B, = (By, 0, a) = (20 G, 135° 150°) was
done for that (Fig. 5(b)). The width ; of spectral lines of NV;
are directly fitted in this 20 G ODMR spectrum. Meanwhile,
the central frequencies of all the eight groups of spectral lines
@, (a=1,2,...,8) ordered from smallest to largest are also
fitted out. The formula to fit this ODMR spectrum is

8 1—'2
y = (C3u2 “
a; 40— 0 +Az)’ + 17
I"2
+C3a—l+
40— ;)" +I2
1"2
+C3a “ 2 > (23)
Ho—@— AL 17
In this equation, I; (a = 1,2,...,8) is the width of the

spectral line whose central frequency corresponds to @,. It is
supposed that I1 = Ig, I; = I7, I3 = I, Iz = I5. The spec-
tral lines of this ODMR spectrum can be distinguished as the
magnetic field condition is already known (Fig. 5(b)). So it is
determined that I] = Q3, I; = Q4, I3 = Q4, I, = 5.

After the eight frequencies @, are extracted, an optimiza-
tion algorithm is utilized to calculate the rotational angles of
[111] direction of the diamond S, ¢;. The objective function
is

Jopt (B, @1) = (@31 — 1) + (4 —eo2>2

+ (0 — 03)*+ (021 — 4)°

+ (2 — w5)> + (0’12 — )’

+ (00— 07)° +(0n - 05)°. (24
The w;; (Be, Bi, ¢1) (i=1,2,3,4, j=1, 2) are determined
in Egs. (8) and (9). w, (a=1,2,...,8) are fitted from the 20 G
ODMR spectrum (Fig. 5(b)). Minimizing fop (B1, ¢1) using
simplex search method, %! the values of the rotational angles

of [111] direction S,
For the other unknown parameters ¢, B2, @2, A; (i =1, 2,

¢ can be obtained.

3, 4), it is hard to directly measure them accurately for NV
ensembles. Fluorescence excited from one orientation of NV;
cannot be divided and selected out from total fluorescence of
large NV ensembles, so the fluorescence imbalance parameter
c is hard to measure. The rotation angles of the input laser
beam f,, ¢, are hard to measure because of the short focal
length of the object. And in Eq. (18), A; couple with Py;, which
depend on more unknown parameters, and so they are hard to
be determined directly.

ODMR at 0 G; (48
0
—0.01
—0.02 (a)
—0.03
—0.04
—0.05
—0.06
—0.07

50) binning length =3

Signal

— Fitted curve

—0.0
§860 2864 2868 2872 2876 2880
Frequency (MHz)

(b) ODMR at 20 G; (48,50) binning length =3

0
—0.005
- NVa Ny
< —0.010
=]
50
% —0.015F 1
— Fitted curve
—0.0201 i
—0.025 . . NVy, NVt .
2800 2820 2840 2860 2880 2900 2920 2940
Frequency (MHz)
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(c) O H \ 5
30 0
60 _5
< 9 ~10
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Fig. 5. Calibration of unknown parameters of the numerical model of

Poorm (@, 6:). (a) ODMR spectrum of the NV ensembles measured at zero
field. The locations of the spectral peaks are fitted to calculate three pa-
rameters £, , E; and A;;. (b) A fully separated ODMR spectrum measured
when the magnetic field is set as B, = (B, 0, a) = (20 G, 135°, 150°). The
corresponding line widths ©; (i = 1, 2, 3, 4) and resonance frequencies ®,
(a=1,2,...,8) are fitted. An optimization method is used to determine the
rotational angles (B; and ¢;) of [111] direction from @, (a = 1,2,...,8).
(¢) The result of Phorm(®, 6.) measurement experiment at known magnetic
field condition B, = (Bp,0,0) = (20 G, 135°, 150°). (d) The fitting result
of Pyorm (@, 8:) pattern. Substituting fitted ¢, B2, @2, A; (i =1, 2, 3, 4) into
Eq. (18) combining with settled parameters E | , E;, A.;, Q; (i=1,2,3,4), b1,
¢, and the magnetic field condition B, leads to this result.

These seven parameters, ¢, B2, @2, A; (i =1, 2, 3, 4) can
be classified into three kinds and each kind of them causes in-
fluence on the features of Pyorm (®, 6:) spectrum independently
(see supplementary for more details). So, a Pyorm (@, 6 ) mea-
surement experiment (Fig. 5(c)) is carried out in known mag-
netic field B, = (By, 0, ) = (20 G, 135° 150°) to calibrate
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these parameters. A multi-parameters nonlinear least-squares
algorithm (trust-region method) is used to fit them with our
numerical model, Eq. (18), from the experiment data shown in
Fig. 5(c).

Table 1. Values of all the calibrated parameters. The measurement
uncertainty of every parameter is determined by its 95% confidence in-
terval given by the trust-region method. B; and ¢@; are given by opti-
mization algorithm with no direct ways to assess their uncertainties.

Parameters Values
E, 0.34+0.3 MHz
E; 0.16+0.03 MHz
A —2.164+0.07 MHz
Q 1.56 +0.04 MHz
Q 1.8+0.3 MHz
Q3 1.5+0.2 MHz
Q 0.8+0.2 MHz
Bi —22.3°
(ol 0.97°

c 3.3+0.8

B 15° +2°
(0] 356° £2°
Ap 0.027 £0.003
Ay 0.042 +0.006
Aj 0.048 £0.007
Ay 0.019£0.004

To avoid a local minimum rather than a global minimum
of the fitting results appearing frequently in multi-parameters

nonlinear least-square fitting based on optimization method, a
selection strategy using random ergodic ideas is adopted and
the best fitting group of all the unknown parameters is selected.
The same selection strategy is also adopted in the fitting of the
magnetic field vector in reconstruction. See the supplementary
for more details about the selection strategy. The final fitting
result in Fig. 5(d) agrees well with the experiment data.

Finally, all the unknown parameters of the numerical
model are determined and listed in Table 1. These values of
the parameters are used in the fitting program to reconstruct
the magnetic field vector B.

5. Reconstruction of magnetic vector in zero
bias magnetic field using NV ensembles

In the following, we show the vector magnetometry with-
out bias magnetic field using NV ensembles.

First, a magnetic field B = By(sinfOcosa, sinfsina,
cos 0) is generated by the Helmholtz coils to simulate the mag-
netic field of a sample to be measured. The ODMR spectrums
of NV ensembles are measured under various polarized angle
6. of the input laser, and a two-dimensional ODMR spectrum
Paorm (@, 6. ) is obtained.

(a) Pyorm data X10-3 (c) Phorm data X103 (e) Phorm data X103
0 | | 5 0 5
0
30 0 30 30 s
60 -5 60 -5 60 _10
) ~10 <90 ~10 < 90 ~15
< < < —20
120 _ -1
15 120 5 120 —25
150 _90 150 —20 150 : —30
180 180 —25 180 —35
2830 2850 2870 2890 2910 2860 2880 2850 2860 2870 2880 2890
Frequency (MHz) Frequency (MHz) Frequency (MHz)
(b) Pyom fitted X103 (d) Poorm fitted X103 (f) Poorm fitted X103
0 5 0 0
30 0 30 30
60 _5 60 60
=90 < < 90
s -10 & 9 <
120 15 120 120
1 1
50 —20 150 50
180 180 180
2830 2850 2870 2890 2910 2840 2860 2880 2900 2850 2860 2870 2880 2890

Frequency (MHz)

Frequency (MHz)

Frequency (MHz)

Fig. 6. Three vector magnetometry experiments in zero bias magnetic field based on NV ensembles with different magnetic field B. Panels (a), (c),
and (e) are measured two-dimensional ODMR spectrums Pyorm (@, 0e) data. Panels (b), (d), and (f) are the corresponding calculated Pyorm (@, 6c)
pattern with the fitting result B’ substituted in Eq. (18). The values of original field B and the reconstructed field B’ are listed in Table 2.

Table 2. The detailed results of the reconstruction of the magnetic fields in Fig. 6. All the original field B and reconstructed field results B’

are listed. Relative error is defined as n = | B’ — B|/|B|.

Exp B=(B,0,) B'=(B,0,d)

a (10 G, 129°, 116°)
b (6 G, 73°,278°)
c (2 G, 167°,100°)

(10.156£0.007 G, 128.19°+0.08°, 115.22°+0.03°)
(6.223+0.008 G, 73.5°+0.1°, 278.47°£0.05°)
(2.146+0.008 G, 164°+1°, 92.6°+0.3°)

(AB, A8, Ax) Relative error n
(0.156 G, —0.81°, —0.78°)  0.024
(0.223 G, 0.5°,0.47°) 0.039
(0.146 G, —3°, —7.4°) 0.097
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Second, the data of the two-dimensional ODMR spec-
trum is imported into the fitting program. With the knowledge
of all the parameters determined in Table 1, the same nonlin-
ear least-square algorithm (trust-region method) is used to fit
the magnetic field vector. A selection strategy (details in the
supplementary) is adopted to ensure the accuracy of the fitting
result.

Then, the magnetic field B to be measured is changed and
several groups of experiments are done in different B. The re-
sults are shown in Fig. 6 and Table 2. When |B| < 20 G and
the ODMR spectrum are highly overlapped, this reconstruc-
tion method still holds high accuracy with capability of vector
magnetometry. Of course, when |B| > 20 G, this method is
also applicable, making it a vector magnetometry method with
wider dynamic range.

We gradually decreased the modulus of the magnetic field
B to be measured, randomly selecting the azimuth angle o
and deviation angle 6 of B, and reconstruct B from the data
of the two-dimensional ODMR spectrum Pyorm (®, 6. ) through
nonlinear least-square fitting with Eq. (18). When the mod-
ulus of B is 10 G, the relative error of the reconstruction
n=|B' —B|/|B|is 2.4%. When |B| =6 G and |B| =2 G,
the spectrums are totally overlapped and the relative errors i
increase to 3.9% and 9.7%, respectively. The experiments of
|B| = 0.5 G are also tested but the reconstructed results are
unreliable (n > 10%).

The minimum modulus of resolvable magnetic field
| Bin| relates to the largest ODMR spectral linewidth of NV
ensembles, Qn,x. We theoretically estimate that |Byy| ~
Qnax/Y = 0.64 G. This is judged from the fact that when two
neighboring spectral lines are too close, they will overlap and
be indistinguishable. A separation of ~ Q. at least between
neighboring spectral lines is necessary to realize the recon-
struction. The estimation of | By, | is contradictory to the ex-
perimental results that the reconstruction is unreliable when
|B| <2G.

We speculate that the extra errors in the experiments are
caused by the uncertainties of the calibrated parameters in Ta-
ble 1. Even though the uncertainty of each parameter is rel-
atively small, the accumulative errors in fitting the magnetic
field vector can be non-negligible since 16 parameters are re-
lated. This is supported by the simulation in Fig. 7 and Table 3.

In this simulation, the origins of the errors in reconstruc-
tion are analyzed. A Phorm(®, 6¢) spectrum (Fig. 7(a)) calcu-
lated by Eq. (18) added with the same noise level as measured
in experiment is considered as the “data” imported into the re-
construction program and tested by the fitting process. Since

all the parameters in Eq. (18) are controllable in simulation,
the parameters in Table 1 used in reconstruction process are
set to be identical with those set in calculating the “data” of
the Pyorm (@, 6.) spectrum (Fig. 7(a)). So, these parameters are
considered to be accurate strictly with no errors in the fitting
process. The results in Fig. 7 and Table 3 show that even when
| B| decreases to 0.5 G (B = (0.5 G, 136°, 208°) in spheri-
cal coordinates), the relative error 1) is as low as 0.4% and the
reconstruction is fairly successful. This final error of fitted B
originates from only the model, the fitting algorithm, and the
noises added into the calculated Poom (@, 6.) spectrum. The
numerical model itself and the fitting algorithm introduce lit-
tle error in the fitting results. Thus, we infer that the extra
errors in the experiment are caused by the uncertainties of the
calibrated parameters.

The calibration still needs to be improved to do recon-
struction of magnetic field lower than 2 G. Another apparent
suggestion for improvement is to use a diamond sample of ac-
curate {111} facet cut (8; = 0 but holding 3, # 0). In this
circumstance, two parameters 3; and ¢; do not need to be cal-
ibrated and the accumulated errors to the final reconstructed
field can be decreased.

Pyorm simulated «10-2
(a) 0 0
30 o
60 —2
~ 90 -3
= —4
120
-5
150 6
180 .
2860 2865 2870 2875 2880
Frequency (MHz)
Phorm fitted X102
(b) O 0
30 1
60 —2
= 90 -3
= —4
120
-5
150 6
180

2860 2865 2870 2875 2880
Frequency (MHz)

Fig. 7. A simulation to analyze the origins of the errors in reconstruc-
tion. (a) A calculated two-dimensional ODMR spectrum Poorm (@, 6c)
where B = (By,60,0) = (0.5 G, 136°, 208°) using Eq. (18) by con-
sidering a RMS fluorescence contrast noise of 0.000457 according to
the experimental data of Fig. 6(a). (b) The calculated two-dimensional
spectrum obtained by fitting the magnetic field from (a) and substitut-
ing the fitting results into Eq. (18). The details of the fitting results are
shown in Table 3.

Table 3. The detailed results of the reconstruction of the magnetic fields in Fig. 7.

Exp B =(B,0,a) B'=(B,0',a)

(AB, AG, Ax) Relative error n

d (0.5 G, 136°, 208°)

(0.499+0.001 G, 136.1°4+0.3°, 208.3°+0.1°)

(—0.001 G, 0.1°,0.3°) 0.004
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Nevertheless, this simulation suggests that the mini-
mum modulus of resolvable magnetic field | Bpy,| is theoret-
ically down to 0.5 G using the numerical model of the two-
dimensional spectrum. This shows the limited power of our
reconstruction method to sense magnetic field vector in zero
bias magnetic field.

6. Conclusion

We proposed a numerical model to resolve the two-
dimensional ODMR spectrum measured in zero bias magnetic
field using NV ensembles to reconstruct the unknown static
magnetic field vector. This method overcomes the problem of
overlapped spectral lines when |B| < 20 G. It broadens the
measurement dynamic range of magnetic field and still main-
tains the capacity of acquiring vector information with high
accuracy. The original necessity of a bias field not less than
20 G is eliminated, making it a candidate magnetometry to
be used in magnetic shield environment. This expands the
application of vector magnetometry based on NV ensembles.
The new magnetometry method is suitable for research about
magnetic thin film materials in condensed matter physics, rock
magnetism, and other materials that are sensitive to an outside
magnetic field. With the future improvement of a selective
circularly polarized radiation structure, the ambiguity of the
plus—minus sign of reconstructed magnetic field can be elimi-
nated and a vector magnetic field imaging method in zero bias
magnetic field is available.
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