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Nitrogen-vacancy (NV) centers in a bulk diamond are often employed to realize measurement of multiple physical
quantities, which depends on orientation information of NV axis. We report a fast and effective method to determine
the orientation of NV axis with the aid of a static magnetic field. By measuring the optically detected magnetic resonance
spectra, we can precisely extract the polar angle information between the NV axis and the known magnetic field. Combining
with the polar angle information of different kinds of NV centers, we employ the Nelder—-Mead algorithm to get the optimal
solution of the orientation of NV axis. This method is simple and efficient, and is easily applied in NV-based quantum

sensing.

Keywords: nitrogen-vacancy centers, polar angle, quantum sensing

PACS: 03.65.Ta, 42.50.Ct, 61.72.jn, 76.70.Hb

1. Introduction

Nitrogen-vacancy (NV) center particularly in the nega-
tive charge state in diamond is a promising solid-state system
for quantum information processing and quantum sensing,!!~7!
which can be initialized and detected by optical pumping. (>8]
The electron spin of NV center has long coherence time under
ambient conditions.!!%! Its electron spin state information can
be easily extracted by optically detected magnetic resonance
(ODMR) spectra.l! Its electron spin is sensitive to multiple
physical quantities, which makes it possible to be a promising
quantum sensor for multiple physical quantities with high sen-
1112] g
netic field,!'3-16] temperature,!!”-!8 and crystal strain.!!%0]

sitivity and spatial resolution, such as electric field,!

Accurate and reliable measurement of NV orientation is a cru-
cial step when one attempts to utilize the NV centers for solid-
state quantum sensing.

For a single crystal sample, the orientation of the NV axis
has four possibilities with knowledge of the crystalline facet in
diamond.[?' However, NV centers are randomly distributed
in diamond, and their positions and orientations are difficult
to identify in the laboratory frame. Therefore, it is necessary
to develop a fast and effective method to identify NV orien-
tation for further potential applications. A traditional method
to identify NV orientation is to measure ODMR spectra with
a series of three-dimensional magnetic fields parallel to the
X-Y plane and along the Z axis.[??] Takashima et al.>}! pro-
posed an improved method that can reduce the measurement
time by half. The improved method only needs to measure a
single dataset of ODMR spectra by rotating the magnetic field
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in X-Y plane and a group ODMR spectra of magnetic field
in a single direction out of X-Y plane. These methods are
still time-consuming due to measuring plentiful ODMR spec-
tra. For the NV ensembles experiment, the coordinates (X, Y,
Z) often consist of X, Y, and Z axes that are often considered
to be along [110], [110], and [001] in terms of diamond lattice
vectors, respectively. [24] Therefore, the actual orientations of
NV axis are still unclear in real space. It is essential to de-
velop a fast and effective method to determine the orientation
of the NV axis for quantum sensing based on NV ensembles
and single spins in single crystal sample.

In this work, we propose a fast and effective method
to simultaneously identify the orientation of four different
NV axes assisted with a direction-known magnetic field in
the laboratory frame. We just need to measure the ODMR
spectra of three different kinds of NV centers and then em-
ploy the Nelder—-Mead algorithm to calculate the orienta-
tion information of NV axis in bulk diamond. Polar an-
gle 6 and azimuthal angle ¢ are used to describe the ori-
entation of NV axis in the laboratory frame. A direction-
known magnetic field with vector orientation (6g, ¢5) =
(50.29°,78.75°) is used in the experiment. We finally calcu-
late that the orientation information of four different NV axes
is (Bnvo, Onvo) = (2.03 +0.20°,287.48 +23.04°) , (Onvi,
Onvi) = (110.81 +0.48°,331.57 £ 0.44°), (Onv2, Onv2) =
(107.69+0.27°,91.30+0.80°) and (Onv3, Pnv3) = (109.97+
0.84°,210.54 +0.42°), respectively. In our approach, owing
to only measuring three different kinds of ODMR spectra, the
measurement time can be greatly reduced.
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In the experiment, ODMR spectra of NV, NV;, and NV3
centers are used to realize the identification of NV orienta-
tions, and ODMR spectra of NV center is employed to verify
the experimental results. By comparing the theoretical and ex-
perimental results of NVy’s ODMR resonance line, there are
deviations of 1.16 MHz and 1.01 MHz with errors of 1.71%
and 1.48%, respectively, for left and right resonance peaks of
NVj center in the results, which means that our method is ef-
fective and accurate.

2. Results and discussion
2.1. Basic properties

The diamond lattice consists of covalently bond carbon
atoms that are tetrahedrally bonded to each other through sp?
hybrid bonds (distance 1.44 A) with bond angle of 109.47°.
The NV center in diamond is a point defect and consists of
a substitutional nitrogen atom and an adjacent vacancy at the
diamond lattice as shown in Fig. 1(a). In the diamond lattice,
there are four kinds of NV centers with different tetrahedral
orientations referring to the laboratory frame due to the Csy

symmetry.
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Fig. 1. (a) Schematics of the NV center in diamond. NV, NV, NV;,, NV3
represent tetrahedral orientations for four kinds of NV centers referring to
the laboratory frame. (b) Energy-level scheme of the NV center in diamond.
The ground state (*A,) and excited state (*E) of NV center are both spin
triplets, whose zero-splittings are Dgg = 2.87 GHz and Des = 1.43 GHz, re-
spectively. Due to the Zeeman effect, the resonance lines between mg = 0
and mg = £1 in °A, CE) are separated around 2.87(1.43) GHz in an applied
magnetic field. (c) Schematics of the experimental setup with a home-built
confocal microscopy. The Gaussian beam is focused on the diamond and the
fluorescence photons are collected by oil-immersion microscope objective.
MW: microwave, HWP: half wave plate, PBS: polarization beam splitter,
APD: single photon avalanche diode.

The electron spin energy levels of the NV center are il-
lustrated in Fig. 1(b). Here, 532 nm laser pulse is used to
pump the NV center from the ground state A, to the excited
state >E. The NV center’s electron spin can decay from the
excited state °E to the ground state A, by radiative transitions
directly or spin-selective nonradiative inter-system crossings
(ISC), which can enable optical initialization and readout of
the electronic spin state. The electron spin can be manipu-
lated by a microwave field resonant with the transitions be-
+1in %A,.

tween mg = 0 and mg =

2.2. Experimental setup

The experiment is performed based on a purpose-built
confocal microscope system as shown in Fig. 1(c), which is
employed to address and focus the 532 nm laser beam to the
individual NV center. The diamond sample used in the exper-
iment is a type-Ila, single-crystal synthetic diamond (element
six). We use an acousto-optic modulator (AOM) to modulate
the laser beam and to produce the required laser sequences.
The produced laser beam passes through the single mode op-
tical fiber and converts to a near-Gaussian beam. The fluores-
cence of the NV center can be collected by an oil-immersion
microscope objective with NA = 1.40 and filtered by pin hole
and long pass filter. Finally, the fluorescence photons are de-
tected by a single photon avalanche diode (APD).

2.3. Theoretical analysis

Under external magnetic field conditions, the spin Hamil-
tonian H can be written as the sum of zero-field splitting term,
electron spin Zeeman splitting term, and local strain term in
the NV center. H is expressed as[*]

S(S+1)

H:DgS<S§— 3

) +upgeB-S+E(S;—S;), (1)
where Dgs ~ 2.87 GHz is zero-field splitting parameter, S =
(Sx,Sy,S;) is the spin matrices of spin-1 systems, g is the
Bohr magneton, g. is the g-factor of electron, B is the external
magnetic field and E ~ 0 is the strain splitting due to imperfect
axial symmetry. Considering that magnetic field B has trans-
verse B, [B, = (By,By)] and axial B, components, and the
strain splitting is approximately equal to zero in single-crystal

synthetic bulk diamond. The spin Hamiltonian can be written
[25]
as

By—iBy
? — HUpgeB: —MUgge \[1 0
By +iB B:—iB
H= —HBge% _ZED " ﬂBge \fl =, @)
+
0 —HB8e \[; § + UpgeB;
and mg = 0, mg = —1, mg = +1 are the eigenvalues. The spin
transition frequencies of mg =0 — mg = —1 and mg = 0 —

mg = +1 are defined as v; and v,. The transition frequencies
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are given to the third order in HpgeB by

hDygs
2
UpgeB 3 (HegeB in’
Vi = Dy |1 — a+z *
1 gs[ ( 7Dy )cos +2( 7Dy sin
3
B\ (1 1
(352 (o e e o
2
uBgeB 3 /JBgeB 22
Vo) = D 1 o A~ o
5 gs[ + ( 7Dy )cos +2( 7Dy, sin
3
B\ (1 1

where & is the Planck constant, and « is the angle between the
magnetic field and the NV axis.

In experiment, we measure the ODMR spectra and obtain
the transition frequencies v; and v, by fitting resonant peaks
with the Lorentzian function. The angle ¢ between the mag-
netic field and the NV axis can be obtained by solving Eqgs. (3)
and (4). However, it is not enough to identify the orientation
of NV axis because the angle & only tells us that the possible
NV orientation is a cone around the magnetic field as depicted
in Fig. 2(c).

(a) (b) (c)

h B
‘ Y ' y NV &
ONYV . ()];\\;
X X S
A

Fig. 2. (a) and (b) Orientation of the NV axis NV; = (6nvi, Onvi)
(i=1,2,3,4) and the orientation of the magnetic field B = (65, ¢3).
The brown arrow indicates the direction of the magnetic field, and the
green arrow indicates the direction of the NV axis. (c) The possible di-
rection position of NV axis corresponding to single ODMR spectra. In
static magnetic field, the orientation of NV axis is possibly located at a
conical surface calculated by ODMR spectra.

Here, we define the angle (Onvi, Onvi) (=1, 2, 3,
4) as the orientation of the NV axis and (6g, @) as the
orientation of the magnetic field in the laboratory frame
(spherical coordinates), as shown in Figs. 2(a) and 2(b),
where the laboratory frame is transformed from the Carte-
sian coordinate system formed by three-dimensional coils
with X-coils corresponding to X-axis, Y-coils correspond-
ing to Y-axis, and Z-coils corresponding to Z-axis in real
space.  Therefore, the orientation of the NV axis can
be transformed into the vector NV; = (xnvi, YNVi,ZNVi) =
(sin Onvi cos Pnvi, sin Onv;sin nvi, cosdnyi) (=1, 2, 3, 4)
and B = (xg,yB,z8) = (sin 6 cos @, sin O sin Pp, cos Pp) in
these Cartesian coordinates. In diamond lattice, the relation-
ship between the NV axial vector and the magnetic field vector
can be given as follows:

NV;-NV; =c0s109.47°, (5)

NV, - B = cosqy, (6)

where NV;, NV; (i,j =0, 1,2, 3 and i # j), op (k =1, 2,
3) represent the angles between the NV axis (NV{,NV,, and
NV3) and the magnetic field B, as shown in Fig. 1(a)). Based
on Egs. (5) and (6), we are able to calculate the final values
of the four NV orientations using the Nelder—Mead algorithm
and obtain the angle o.

The Nelder—Mead algorithm is one of the best known
algorithms for multidimensional unconstrained optimization
without derivatives. For the n-dimensional minimization
problem min f(x), with a simpler description, the method
for searching the minimum value is described as follows:
(i) Generate initial values x; (I = 2,3,...,n+ 1) next to xg
we give. (ii) Find minimum point x,, in the f(x;). (iii)
Take x,, as the new initial value, and repeat steps (i) and
(i) until local minimum appears. The constraint equa-
tion is min f(x) = ¥3_, (NV; - B —cos(04))? + Xi_; (NVy -
NV —c0s(109.47°))> + Y3 _, (NV; - NV —cos(109.47°))% +
Yi_3(NV; - NV, — cos(109.47°))2, where oy is the the an-
gles between the NV axis and the magnetic field as shown
in Eqgs. (5) and (6), and NV, is the results of each search.
In the experiment, first the initial value with four NV axis’
parameters is randomly given, considering the internal bond
angle (109.47°) of diamond crystal. Because the search re-
sult of the Nelder—Mead algorithm is the local minimum,
some initial values with large numerical differences are given
to find the absolute minimum of the equation min f(x).
Then angles of first initial value are rotated for ¢ (¢t =
30°,60°,90°,120°,150°,180°) around the Y-axis to produce a
series of new initial values by rotation matrix.?”! Later, when
a series of initial values are applied, the local minimum can
be searched by the Nelder—Mead algorithm. Finally, when the
absolute minimum appears, the NV is the final search result.

2.4. Results

In the experiment, four kinds of NV centers close to each
other (several microns) are selected through the difference of
ODMR spectra. In the confocal microscope system the po-
sitions of laser focus and oil-immersion microscope objective
are fixed. Therefore, the different NV centers in diamond can
be moved to the same laser focus by nano-piezoelectric stage
in order to ensure that each NV center is under the same mag-
netic field. Then, we sweep the microwave (MW) frequency
and obtain the ODMR spectra. Compared to the continuous
ODMR scheme, the pulsed ODMR scheme with a resonant
MW m-pulse and a read-out laser pulse can reduce the power
broadening of ODMR spectra and improve spectral resolution.
At low MW power (m-pulse duration of ~ 2600 ns), we can
observe the hyperfine splitting in the ODMR spectra due to
the hyperfine interaction between electronic spin and nitrogen
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nuclear spin. Four sets of pulsed ODMR spectra are measured
in a [111]-oriented bulk diamond with the certain static mag-
netic field as shown in Fig. 3. The transition frequencies of left
peak (mg =0, m; = —1 — mg = —1, m; = —1), middle peak
(mg =0, m; =0 — mg = —1, m; = 0) and right peak (mg =0,

my = +1 — mg = —1, m; = +1) in the ground state 3A, are
same. For convenience, the middle peaks (v; and v,) are se-
lected and correspond to the transition frequencies of mg = 0,
m=0—->mg=—1,m=0and mg =0, m; =0— mg = +1,
my; = 0, which are shown in Table 1.

Table 1. The transition frequencies for NV centers in different orientations. The angles ¢ between the static magnetic field and the NV axis
are extracted from the ODMR spectra of NV center, NV, center, and NV3 center as shown in Fig. 3. The last column is the final orientations

of NV; (i =0, 1, 2, 3) shown in Fig. 4(b).

NVo NV, NV, NV3

Vi 2806.5440.16 MHz 2827.48+0.18 MHz 2818.32+0.16 MHz 2797.2240.16 MHz

vy 2942.22+0.16 MHz 2923.71+0.16 MHz 2931.93+0.12 MHz 2950.27+0.16 MHz

o - o = 116.20° o = 58.60° o3 = 134.63°

(6,¢) (2.034£0.20°, 287.48+23.04°)  (110.8140.48°, 331.57+£0.44°) (107.69+0.27°, 91.30+0.80°)  (109.97 +0.84°, 210.54 4+0.42°)

According to the ODMR spectra shown in Fig. 3, the an-
gle o between the magnetic field B and the NV axis is cal-
culated by Eqgs. (3) and (4), and three different cones (NV;:
light green, NV;: light yellow, NV3: nattier blue) around the
magnetic field vector that are the possible orientations of NV
axis, NV; axis and NV3 axis as shown in Fig. 4(a). By us-
ing the Nelder—Mead algorithm for Egs. (5) and (6), we can
calculate the results NVo = (2.03 +0.20°,287.48 4+ 23.04°)
(red), NV; = (110.81 + 0.48°,331.57 £ 0.44°) (green),
NV, = (107.69 £0.27°,91.30 + 0.80°) (yellow) and NV3 =
(109.97 £+ 0.84°,210.54 4+ 0.42°) (blue) shown in Fig. 4(b)
and Table 1. In order to verify the accuracy of the results,
the theoretical transition frequencies of the fourth kind of NV
center (NVy) are calculated as NV (v;) = 2807.704 MHz
and NVor(v2) = 2941.211 MHz by Egs. (3) and (4).
This formula v = Dgg(1 £ ("hBDg;f cosa) + %(%‘gj)z sin® o &
(%)3(% sin® artan o — 3 sinfacosa). The experimen-
tal measured values of vy and v, for NV, are equal to
2806.54+0.16 MHz and 2942.224-0.16 MHz as shown in Ta-
ble 1. We find that there are deviations of 1.16 MHz and
1.01 MHz with errors of 1.71% and 1.48%, respectively, be-
tween the theoretical and experimental results for left and right

resonance peaks of NV center. The deviation may come from
strain of lattice and temperature fluctuation during measure-
ment process.

1.1(0.9) W =T
0.9
2.80 2.81 2.82 283 2.92 2.93 2.94 2.95
GHz GHz

Fluorescence (normalized)
=

Fig. 3. ODMR spectra for NV centers in different orientations. In the static
magnetic field, different NV centers have anisotropic Zeeman splitting and
ODMR spectra. Because of hyperfine interaction with the electron spin and
14N nuclear spin, the transitions between ms = 0 and ms = %1 both have
three peaks, respectively. These solid broken line and curve (red, green, yel-
low, and nattier blue) represent the experimental data and the data of fitting
using Lorentzian functions for NV; center (i =0, 1, 2, 3).

In Table 1, the azimuth (¢) error of NV is relatively

large. The polar angle Onyo of NV axis is close to zero,
which almost coincides with the direction of the north pole.
Around the north pole, the azimuth angle is completely uncer-
tain. The orientation error of four kinds of NV centers are less
than 0.93°.

(a) B (b) z
. A }
*NVO NV, B
NV,
N \ <z
X NV,
NV, 1 Py

Fig. 4. (a) Possible orientation of the NV axis. The angles o be-
tween the magnetic field B and the NV _3 axis are 116.64° (light
green), 58.15° (light yellow), and 135.44° (nattier blue), respectively,
showing that the possible NV axis is a cone around the magnetic field
vector. (b) Four orientation of NV axis calculated with the Nelder—
Mead algorithm. The calculated NV axis results are NV = (2.03 +
0.20°,287.48 +£23.04°) (red), NV; = (110.81+0.48°,331.57 £0.44°)
(green), NV, = (107.69 £0.27°,91.30 + 0.80°) (yellow) and NV3 =
(109.97 +0.84°,210.54 +0.42°) (blue).

3. Conclusions

In summary, we propose and demonstrate an efficient
method to simultaneously identify four types of NV axis in-
formation with a direction-known magnetic field in a bulk di-
amond. Our method only needs to measure a set of ODMR
spectra and then extract the polar angle of each NV center and
magnetic field. Combining with the polar angle information
of different NV centers, we finally employ the Nelder—-Mead
algorithm to calculate the orientation information of NV axis.
Our method is fast and effectively to determine the orienta-
tion of the NV axis for ensembles and single spins in single
crystal samples. This method can be directly extended to the
orientation determination of NV centers in a micro-diamond,
and easily applied in quantum sensing of vector magnetic and
electric fields in the future.
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