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resonance in diamond”*
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We carried out a proof-of-principle demonstration of the reconstruction of a static vector magnetic field involving
adjacent three nitrogen-vacancy (NV) sensors with corresponding different NV symmetry axes in a bulk diamond. By
means of optical detection of the magnetic resonance (ODMR) techniques, our experiment employs the continuous wave
(CW) to monitor resonance frequencies and it extracts the information of the detected field strength and polar angles with
respect to each NV frame of reference. Finally, the detected magnetic field relative to a fixed laboratory reference frame
was reconstructed from the information acquired by the multi-NV sensor.

Keywords: diamond defect, optical detection, magnetic resonance, magnetometer

PACS: 76.70.Hb, 76.30.Mi, 07.55.Ge

1. Introduction

The evaluation of a weak magnetic field with high spa-
tial resolution has many potential applications, ranging from
material science to biomedical science.l'-5] Consequently, a
variety of magnetometers based on the techniques such as su-
perconduction quantum interference devices (SQUIDs)!®! or
Hall effect in semiconductors!”! have been developed in the
past few decades. Alternatively, electronic spin associated
with nitrogen—vacancy (NV) color center in diamond can be
well addressed, initialized and manipulated, even at ambient
temperature. Due to its small size and long coherence time, of
milliseconds, 8] the NV center has been demonstrated to be an
excellent solid-state quantum sensor that is able to detect mag-
netic fields with nanoscale resolution and high sensitivity. 8221
To extract the information of detected magnetic field, the idea
behind the use of NV electron is that the Zeeman shift of
the electron spin sublevels is monitored through ODMR spec-
trums or a measurement is taken based on a quantum phase

evolution, [9-10:23.24

I However, due to the C3, symmetry of the
defect, a single NV electron spin as a magnetometer can only
determine the polar angle relative to NV axis and the strength
B of detected static magnetic field.''”! To reconstruct the com-
plete information of a static vector magnetic field B, the az-
imuth angle should be determined simultaneously. Various
methods have been developed to address this issue, including
the high-spin system theoretically,[>>! the NV center with a

single nearest neighbor '3C system,?®?’] and the techniques
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of ensemble imaging. [28,29]

In our work, we demonstrated a proof-of-principle exper-
iment to reconstruct a static vector magnetic field by three
NV sensing spin centers with different crystal axes. By ob-
serving their respective continuous wave (CW) spectrums, we
were able to reconstruct the complete information of a de-
tected static vector magnetic field.

2. The Hamiltonian of an NV center under an
applied magnetic field in diamond

The negatively charged NV center consists of a vacancy
defect and an adjacent substitutional nitrogen atom. The cor-
responding ground state of the NV center is a spin S = 1 sys-
tem with a zero field splitting at 2.87 GHz, separated by the
lower-energy my; = 0 level and m; = 1 levels. An external
magnetic field can be applied to lift the degeneracy between
the mg = %1 levels, as shown in Fig. 1.

B =0

D =2.87 GHz

m_ =0 m_ =0

Fig. 1. The energy level scheme of NV electron spin ground states. The
zero-field splitting value is D = 2.87 GHz. For B # 0 the split-energy levels
of my; = £1 correspond to doublet resonance frequencies v; and v;, respec-
tively.
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The corresponding Hamiltonian of the ground state is

H=DS:+y%B-S
= DS? + %.B(sin @ cos ¢S, +sin B sin S, +cos 0S;), (1)

where D = 2.87 GHz denotes the zero-field splitting, 6 and
¢ are the polar and azimuth angles of vector magnetic field
B relative to 7/ and x axes in the NV frame of the reference,
as shown in Fig. 5. The electron spin gyromagnetic ratio % =
2.8 MHz-Gs~! (1 Gs = 10~* T). The measured two resonance
frequencies v; and v, of transitions |m; = 0) <+ |m; = +1) and
|mg = 0) <> |my = —1) can be observed by ODMR spectrums.
Correspondingly, the analytic forms of v; and v, are expressed

as
V) = i\;a{vsin (%),
vz:\/]vcos(%) Jr:/[fsin (%), 2)

where cosQ = M/VM?+K? = M/2V/N3 and sinQ =
K/VM? +K? = K/2VN3 with M = —9(|| B||> — 3B2)¥2D —
2D%, N =3||B||*12 +D? and K = —iv/—4N3 + M2 > 0. Ob-
viously, the two resonance frequencies Vi, depend on the
magnetic field strength and vector direction relative to the NV
axis.

permanent magnet

(a) B

feed into microwave

diamond sample %
50-ym copper wire

oil immersion objective«—

532-nm laser

3. Experimental setup and results

A 532-nm green laser was used for the initialization and
readout of the electronic spin state. The fluorescence signal
was detected by an avalanche photo diode. Coherent control of
the electron spin was realized through the resonant microwave
pulse radiated from a 50-um copper line mounted on the di-
amond. Three different axial NV centers could be addressed
using scanning confocal microscopy at room temperature.

The distance between each chosen NV center is less than
10 um, as shown in Fig. 2. By measuring the correspond-
ing ODMR frequencies of the NV centers with different crys-
tallographic orientations, whose distinct CW spectrums are
demonstrated under an applied static vector magnetic field, as
demonstrated in Fig. 3. However, the limitation of our imple-
mentation is that the resonance frequencies measured by mon-
itoring the CW spectrum is only applicable to detect the mag-
netic field strength below 0.02 T, otherwise the fluorescence
of the NV center will be dramatically influenced. The reso-
nance frequencies (shown in Table 1) could be measured by
fitting experimental data. The polar angle 6 and field strength
B could be calculated directly from the resonance frequencies
and the relative energy level shift associated with the detected
field.

(b) .

B
NV, ;%/

z/um

2

z/um

Fig. 2. A schematic diagram of the experimental setup. (a) A 532-nm laser was used for the initialization and readout of the NV electron spin. The sample
was imaged with an oil immersion objective lens. (b) Zoom-in view of the diamond sample for panel (a) shows respective symmetry axes labeled by red

arrows of the chosen three NV centers, the distance between them is less than 10 pwm.

Table 1. Measured six resonance frequencies of CW spectrums.

Frequency vi/MHz vo/MHz v3/MHz v4/MHz vs/MHz Ve/MHz
Experiment data 2819.7 2921.3 2836.8 2906.6 2860.6 2883.3
FWHM of CW spectra 16.7 11.6 9.9 9.7 8.0

Standard deviation 0.20 0.14 0.14 0.14 0.15 0.17

The polar angles 6; » 3 € [0, 7] corresponding to the three NV centers could be calculated according to

6 = arccos (:l:\/(zvl —w—D)(vi =2w»,+D)(vi+ W, +D)> .

[9D(VZ — vi v, + V3 — D?)]

The magnetic field strength is analytically expressed by B = \/ (Vi —viva+Vv; —D?)/(372) (see Appendix A for details). The

calculated results are listed in the following Table 2.
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Table 2. The polar angles 6) > 3 relative to their respective symmetry axes énv, ,, and the strengths of static magnetic field B

corresponding to the three NV centers.

NV2 NV3

NV
01 2,3/rad (0.55 or w —0.55) £0.03
BIT (21.240.35) x 107*

(1.01 or £ —1.01) £0.005
(23.4+0.30) x 107*

(1.38 or T — 1.38) £0.003
(22.240.38) x 10~*

0.5 r

Relative flurescence intensities

2800 2840 2880 2920

Frequency/MHz

2960

Fig. 3. Experimental data are obtained by monitoring the photolumines-
cence intensity. The CW spectrums of fitting curves with blue, green and red
lines correspond to NV, NV,, and NVj centers, respectively. The marked
V1,2,...6 correspond to their respective resonance frequencies.

4. The reconstruction of a static vector magnetic
field by three different axial NV centers

To reconstruct a static vector magnetic field B, the cor-
responding vector direction of magnetic field was projected
onto Cartesian components (£, ¥, £) in the laboratory frame.
Alternatively, the vector field B can be projected onto each of
the NV axes {énv,,énv,,énv;,énv, } corresponds to different
NV reference frames. Due to the fixed crystallographic axes
inherent to the NV solid-state system, each of the tetrahedral
diamond axes of NV centers demonstrates different CW spec-
trum features. By using a similar method as shown in Ref. [32]
that reconstructed an AC vector magnetic field, a static vector
magnetic field could be entirely determined by at least three
of four possible NV axes aligned along [111], [111], [111], and
[111].

Concretely, by using a geometric arguments to transform
the tetrahedral components (£,%',%') into a Cartesian coor-
dinate (£,9,2) (see Appendix B), as shown schematically in
Fig. 4, the transformation between the two sets of coordinate

system is given by

0 VI B

cos 0;

cos 6, —/2/3 0 —/1/3 Sl.nOCCf)SI.'}

= sinasinf |, (3)
cos 63 2/3 0  —\/1/3
cos b, cos Q.

0 VB I

where the polar angles 0; >3 4 are taken with respect to four

different NV axes éxv, , 5, @ and B are the polar and azimuth

angles with respect to z and x axes in the laboratory frame.
When the information of the four polar angles 0, > 3 4 was ex-
tracted, the corresponding parameters (@, 3) of the magnetic
field orientation in the laboratory coordinate (£,$,2) could be
obtained based on Eq. (3). It should be noted that in our ex-
periment only three of the four NV axes are used for recon-
struction of B and the real direction of the detected field in
the laboratory frame could not be determined due to the lack
of a calibration of the magnetic field.

% static vector magnetic field B
A

o>

NV2

0>

NV4

é
NV3

Fig. 4. Four inherent NV symmetry axes in the diamond’s tetrahedral struc-
ture are demonstrated by énv, , 5, A bias static vector magnetic field B is
applied. The corresponding poiar angles taken with respect to each of NV
axes énv, , ;4 can be represented by 6 33 4, respectively.

With a method akin to maximum likelihood estima-
tion,*%32] our numerical calculations implemented a search
procedure to match the target experimental resonance frequen-

cies V12, V3 4, and Vs ¢ according to the formula

Amin(a()vﬁOaBO) = gzn/%f}; \/[vi - vi/(aaﬁaB)]27
i=1,2,...,6, 4

where V/(o, B, B) denotes the searched resonance frequencies
relevant to the parameters of polar angle a, azimuth angle f3,
and field strength B in the laboratory frame. Based on Eq. (3),
one can pick up the optimal parameters @, 3y, and By satisfy-
ing Amin (0, Bo, Bo) that minimizes Eq. (4) in comparison with
other choices of parameters. In the laboratory frame, o and 3
relative to Z and £ axes and the strength of magnetic field B
can be obtained, as listed in Table 3, in which the correspond-
ing vector directions of the two results are antiparallel in the

laboratory frame.
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Table 3. Experimental results of detected static vector magnetic field B
with respect to the laboratory frame.

op/rad Po/rad By/T Amin/MHz
Result 1 1.344+0.01 1.154+0.01 (21‘1:|:0Al)><1074 0.68
Result2 1.80+0.01 4.2940.01 (21.1 i0.1)><1074 0.76

5. Conclusion

In this paper, we have provided an experimental study of
the detection of a weak static vector magnetic field by using
three NV centers with different symmetry axes under ambi-
ent conditions. By measuring the resonance frequencies of the
ODMR spectrums, the corresponding information of direction
and strength of the detected field could be reconstructed. In
future work, it may be possible to further improve our spatial
resolution by reduction of spectral broadening and determine
the real vector direction of the detected magnetic field by in-
stalling the calibration of the magnetic field.

Appendix A: The determination of magnetic field
strength and polar angle relative to an NV axis
based on ODMR resonance frequencies

The spin Hamiltonian of the ground state of an NV center
is
H = DS? + 1.B(sin 0 cos @S, + sin 8 sin S, +cos 6S;), (Al)
where D denotes the zero-field splitting and }. is the elec-

tron spin gyromagnetic ratio. The corresponding ground state

eigenvalues of Eq. (A1) are given by

1 Q
Eo=3 {2D—2\/ﬁxsin <3+”>} ,

G (A2)

E, :% {2D+2\/N><sin <?Z>} (A3

E. = % [2D+2\/Nxcos(§)], (A4)

where cos Q = M/VM? + K% = M/2VN3, sinQ = K/VM?+K? = K/2VN? with M = —9(||B||> — 3B2)y2D — 2D3; N =
3(|B||*¥2 +D* K = —iv/—4N3+M?, K > 0; || B||* = B + B} + BZ.

The corresponding two resonance frequencies are given by

v, = VN cos (9) + @sin (9>,

VN
~ (7).

Vi =

which can derive

3y

(AS5)

3 3

V3

[OD(V —ViVv2 + v} — D?)]

1B = (vf—v1v2+v22)_027 0 — arccos (i\/(zw —w—D)(vi —2vz+D)(v1+vz+D)> .

Appendix B: The transformation between labo-
ratory and NV frame of reference

The transformation of laboratory and NV, frame of ref-
erence is shown in Fig. B1. For example, the transformation

between laboratory and NV frame of reference is given by a
3 x 3 orthogonal rotation matrix

1 0 0
Ry, = | 0 VI3 V23
0 —v2/3 V13

The vector direction of B can be represented by a unit

(B1)

vector
AL = [sinacos B,sin asin B, cos a] T

in the laboratory frame of reference.

1 0 0 sin o cos
0 1/3 2/3 sinasinff | =
0 —/2/3 1/3 cosa

—+/2/3sinasinf ++/1/3cosx

(¥)

Fig. B1. The transformation of laboratory and NV frame of reference are
linked by a rotation around the £ (£') axis. It is noted that the two reference
frames share a same £ axis.

Via the rotation matrix of Eq. (B1), the transformed vec-
tor direction 7Ny, of B in the NV frame of reference can be
expressed as 7iny, = Rnv, AiL. Due to the C3y symmetry of the
NV center, the main concern is the z component of 7iny, paral-
lel to the NV axis énv, as the following matrix multiplication

= . . (B2)
cos 6y
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In the same way, cos 6,, cos 03, and cos 84 can be given

by the transformation taken with respect to each NV reference
frame.
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