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Experimental investigation of vector static magnetic field
detection using an NV center with a single
first-shell '>C nuclear spin in diamond*

Feng-Jian Jiang (¥ 04%2)7, Jian-Feng Ye("%1%), Zheng Jiao(E44), Jun Jiang(¥ %),
Kun Ma( %), Xin-Hu Yan([EJ#75%), and Hai-Jiang Lv( 5 T)*

School of Information Engineering, Huangshan University, Huangshan 245041, China

(Received 9 February 2017; revised manuscript received 7 March 2018; published online 26 April 2018)

We perform a proof-of-principle experiment that uses a single negatively charged nitrogen—vacancy (NV) color center
with a nearest neighbor 'C nuclear spin in diamond to detect the strength and direction (including both polar and azimuth
angles) of a static vector magnetic field by optical detection magnetic resonance (ODMR) technique. With the known
hyperfine coupling tensor between an NV center and a nearest neighbor '3C nuclear spin, we show that the information of
static vector magnetic field could be extracted by observing the pulsed continuous wave (CW) spectrum.

Keywords: color centers, optical detection magnetic resonance (ODMR), magnetometer

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

1. Introduction

Owing to its outstanding optical and electron spin indi-
vidually addressable properties, negatively charged nitrogen—
vacancy (NV) color center in diamond!'! has recently
emerged as a promising candidate for a wide range of appli-
cations, such as quantum information processing (QIP),[+-!1]
imaging in life science,'”! and high-resolution sensing of
magnetic field.['>!4! The NV-based magnetometers have been
applied to an outstanding challenge in magnetic sensing,
whose applications are involved from fundamental physics and
material science to quantum memory and biomedical science.

The central idea for the NV-based magnetometer is that
detecting the relative energy shift of degeneracy ground state
induced by an external DC or AC magnetic field!!3-!3] can pre-
cisely extract the information (including strength and polar an-
gle relative to NV axis) of an applied magnetic field from cor-
responding resonance frequencies, but the information of az-
imuth angle was lost due to its C3, symmetry. For completely
reconstructing the AC or DC vector magnetic field, ones com-
monly adopted a multi-NV vector magnetometer with differ-
ent [111] axes NVs,[!318] which are best to be close to each
other, differing by no more than hundreds of nanometers for
improving spatial resolution. Another theoretical scheme, sug-
gested by Lee et al.,!'”] is only to use a single high-spin (spin
3/2) system as a vector magnetometer, which may avoid the
above mentioned relatively low spatial resolution.

Furthermore, nuclear spins in diamond, coupled by hy-
perfine interaction to nearby NV electron spin, are generally
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(19201 For detecting

believed to contribute to its decoherence.
weakly coupled nuclear spins, dynamical decoupling (DD)
pulses could be used to prolong the dephasing time of the NV
electron spin,?1->2! whose sensitivity to the target nuclear spin
is enhanced.>2%! In contrast, if the hyperfine interaction is
strong enough to induce resolved energy splitting, the nuclear
spins could be well detected and their hyperfine tensors may be

d.127-32] Such interactions have been used

precisely determine
to demonstrate QIP by employing NV electron and '3C nu-
clear spins as quantum registers. (4!

In this paper, with the known hyperfine components 39321
between an NV electron and a single nearest neighbor '3C
nucleus (NV-13C), our proof-of-principle experiment showed
that the possible directions of an applied static vector mag-
netic field could be determined with the assistance of the '°C
nuclear spin. Because of the presence of a '3C nuclear spin in
the first coordination shell, the symmetry of the NV center can
be reduced from C3, to Cs, a single mirror plane. More infor-
mation of the vector field could be extracted in the continuous
wave (CW) spectrums of an NV='3C system compared to a
single NV center. The main idea is observing the resonance
spectrum lines of NV=!3C to determine the four transition fre-
quencies and the Lamor splitting of sub-manifold ms = 0 in-
duced by *C nuclear spin, since their combined effects of the

311 together determine the corre-

field strength and direction
sponding resonance frequencies. The potential advantage of
our method is that the NV center and the first-shell '>C nucleus

are only separated by the length of diamond lattice constant,
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and thus high spatial resolution may be achieved.

2. The detection of a static vector magnetic field
with an NV-13C

2.1. The Hamiltonian of NV-!3C system

The NV center contains a substitutional nitrogen '“N
atom and a vacancy in an adjacent lattice site. Its ground state
has a spin triplet S = 1 with a zero-field splitting D =2.87 GHz
between ms = 0 and mg = %1 spin sublevels. In a sample with
a natural abundance of '3C isotope (1.1%), a randomly placed
13C nucleus (spin I = 1/2) locates in the diamond lattice. The
hyperfine splitting of '#N nuclear spin (spin I = 1) is a con-
stant of —2.16 MHz,[?8! which is insensitive to the changes
of external magnetic field. Therefore, we do not take into ac-
count the '*N nuclear spin temporarily, and only consider the
hyperfine structure of NV electron spin coupling to the single
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13C nuclear spin with corresponding Hamiltonian
Hyy-nc =DS:+%B-S+7% B-I C+8-A-1°C, (1)

where B = B(sinfcos¢ &,sinOsing §,cos6 2) represents
the vector magnetic field and 6 and ¢ its polar and az-
imuthal angles in the NV frame of reference. The gyromag-
netic ratios % and 7/;3C correspond to electron and '3C nu-
clear spin, respectively. The last term of Eq. (1) represents
the NV spin coupled to a nearest neighbor '*C nuclear spin,
which corresponds to a magnetic dipolar hyperfine interaction
S-A-T7C = A Sl + Ay Syly + AcS.L + A ST + A Syl
Its axis & satisfies A, = Ay; = 0 without loss of generality.
Six eigenvalues E; (i = 1...,6) of ground state in descend-
ing order can be obtained from the relevant Hamiltonian (1)
as shown schematically in Fig. 1. Eigenvectors |E;=; 234) and
|Ei—s,6) correspond to |+ 1,0 ) and |0,B+) of the two sub-
manifolds mg = 1 and mg = 0, respectively.

(b) 14N nucleus
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Fig. 1. (color online) (a) The energy-level diagram of NV-!13C center ground state. The hyperfine splitting of A corresponds to n; = 0 ground-
state manifolds due to the coupling to the nearest '*C nuclear spin. (b) Under the low MW power, six resonance peaks could be observed
between energy levels |¢, o) <+ |0, B+) due to hyperfine splitting of '*N nuclear spin.

Applying a microwave (MW) pulse causes transitions of
the system between the electron spin levels and modulates the
fluorescence intensity. The spin dynamics of the ground state
are relevant to microwave power, which can particularly af-
fect the quantization axis of sub-manifold m; = 0. Concretely,
in the case of relative low microwave power, the splitting of
ms = 0 corresponds to two eigenstates of |0, ) and |0,3_),
between which the analytic form of the effective Larmor split-
ting obtained by second order perturbation theory
__2|%Bsin6|
D

reveals the direction of B.[*! Correspondingly, the nuclear

A (\/AZ +A2.cos ¢ +|A,y|sin® ¢)

spin eigenstates of sub-manifold ms = 0 are written by |B;) =
cosg| +1/2) +¢€l? sin%| —1/2) and |B_) = sing| +1/2) —
e'? cos g| —1/2), which depend on the direction of an applied
vector field. In moderate magnetic field strength, the approxi-
mate formula of A conforms well to the numerical simulation
based on Eq. (1).

In the remaining cases of relative high MW power, the
Larmor splitting of mg = 0 corresponds to two linear superpo-
sition states |0, ) of eigenstates |0, ;) and |0, 3_), whose
quantization axis of nuclear spin are realigned to a new axis
defined by nuclear spin states | ).[*3 o) can be approxi-
mated as |0t} ) ~ cos 2 |+) +sin 3|—) and [or_) ~ sin 3| +) —
cos % |—), where tan ¥ = % In particular, the doublet transi-
tions between |0,B.) and |¢,04) (¢ = +1 and k = £) appear
at the relatively low microwave power. When considering the
hyperfine splitting of an N nucleus adjacent to the vacancy,
previous double transitions could be split into six resonance
peaks as demonstrated schematically in Fig. 1. In contrast,
high MW power leads to a single peak transition, whose cor-
responding frequency is almost centered between the two tran-

sition frequencies of |0, BL) <> |, o).
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2.2. Experimental result and analysis

NV-13C was optically addressed at room temperature
by using a confocal microscope combined with a photon-
counting detection system. A permanent magnet near the bulk
diamond was used to apply an unknown static vector magnetic
field, whose direction relative to the NV symmetry axis (z-
axis) is shown schematically in Fig. 2. The electron spin reso-
nance (ESR) transitions are driven with a microwave field ap-
plied through a 20 um diameter copper wire directly spanned
on the diamond surface.

permanent magnet

20 pm copper wire

- .

nbjec

532 nm laser

Fig. 2. (color online) The schematic of the experimental setup. A 532-
nm laser was used for the initialization and readout of the NV electron
spin. Control of the spin was realized through the resonant microwave
pulse radiated from a 20 pm copper wire mounted on the diamond. A
static vector magnetic field B is applied. NV frame of reference is de-
fined by x, y, and z axes, where ¢ and 6 represent the azimuth and polar
angles with respect to the x and z axes respectively.

Fluorescence intensity/10°

Fequency/MHz

Fig. 3. (color online) An NV center with a nearest neighbor 13C nucleus
was identified by the zero-field splitting value 126 MHz.

In this experiment, we used the NV-!3C to implement the
static vector magnetic field detection. As an identification of
our chosen NV-13C sensor, in zero-field its doublet splitting
should be about 130 MHz.[** For this purpose, the experi-
mental optical detection magnetic resonance (ODMR) spec-
tra was firstly applied in zero-field to determine the two reso-
nance frequencies. As shown in Fig. 3, at room temperature
the spectral lines of the chosen NV-!3C defect exhibit about

126 MHz zero-field splitting, which conforms to the numer-
ical simulation of 131(£9) MHz based on hyperfine tensors
Table 1 and Hamiltonian Eq. (1). The deviation of zero-field
splitting comes from £ ¢;; of hyperfine components. Concrete
analysis can be seen in Appendix B.

Under the detected vector magnetic field, experimental
pulsed CW spectrums of NV-!3C are demonstrated in Fig. 4.
It should be noted that magnetic dipolar interactions with a
bath of nuclear spin fundamentally affect the full width at half
maximum (FWHM) I'" of CW spectrum, which is limited by
the inhomogeneous dephasing rate. Furthermore, the FWHM
could also be affected by power broadening, which is from
the laser light used for polarizing electron spin and MW field
used for spin rotation. Thus, the laser intensity and MW power
should be appropriately reduced in experiment for achieving a
narrower linewidth.[>3 Specifically, in Figs. 4(al)—4(a4) MW
power was reduced by —10 dB with relevant duration of 7
pulse 1000-1200 ns. Due to the coupling with the *C and
14N nucleus, the resonance fluorescence spectrum in each one
of Figs. 4(al)—4(a4) shows six resonance peaks, for which I" is
about 1.2 MHz. It seems like each one of the Figs. 4(al)—4(a4)
has five peaks, because the middle two ones of these six reso-
nance frequencies as schematically depicted in Fig. 1 are too
close to each other. In addition, the fluorescence intensities of
spectral lines as shown in Fig. 4 are asymmetric. The reason
is that the transition probabilities between the two transition
matrices of |(Es|Sy|E;)|* and |(Ee|Si|E;)|* (j = 1,2,3,4) are
different. Based on the transition matrix, we could find that the
relative fluorescence intensity of the doublet transition should
depend on polar angle 6 for a determined hyperfine tensor of
an NV-13C system.

The four transition frequencies Vi 3 4 are sensitive to the
changes of polar angle 6, compared to its insensitivity of the
changes of azimuth angle ¢. However, the Larmor splitting
A is sensitive to the changes of ¢. Thus, to precisely detect
the vector magnetic field, both the two factors of v, 34 and
A as listed in Table 1 should be taken into account to extract
the information of magnetic strength and possible directions
by a method akin to maximum likelihood estimation!!! (seen
also in Appendix C). Taking the spectral linewidth and known
hyperfine component deviation ;; into consideration by the
numerical search program, we determined the eight possible
directions of detected B as listed in Table 2. Due to the lack
of a calibrated magnetic field in our experimental apparatus,
we only estimated the errors listed in Table 2. The spectral
broadening determines the spatial resolution of the detected
magnetic field as the simulation analysis in Appendix D. Fi-
nally, it should be noted that our scheme of detecting the vector
field by observing CW spectrums is only suitable for magnetic
field strength being less than 200 Gs. Otherwise, it will dra-
matically influence the fluorescence intensity of the NV center.
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Fig. 4. (color online) Experimental data demonstrate the hyperfine structure of NV-13C via a change in fluorescence detection with 100
sampling points. (a) At relatively high power, the chosen NV-13C indicates four resonance frequencies due to hyperfine coupling with a single
13C nucleus for a detected magnetic field configuration. (al)—(a4) The relatively low microwave power reveals doublet transitions of each
corresponding resonance line in panel (a) and hyperfine splitting induced by '#N nucleus. The hyperfine splitting A of ground state ms = 0
induced by '*C nucleus is 5.3 MHz. The FWHM I" of CW spectra is about 1.2 MHz.

Table 1. Four experimental resonance frequencies vy 34 and Larmor
splitting A obtained by fitting experimental data.

Resonance frequency Vv,/GHz v,/GHz v3/GHz v4/GHz A/MHz
2974 2909 2.847 2.784 5.3
1.2 MHz

Experimental data
FWHM of CW spectra

Table 2. Experimental result for the detected static vector magnetic
field.

The parameters of B Experimental results

Bo/Gs 19.3(£1.3)

6o/rad 1.03(40.04),2.11(40.04)

#o/rad 1.25(+0.29), 1.89(+0.29)
)7

4.39(£0.29), 5.03(+0.29)

3. Conclusion

In this paper, we implemented a proof-of-principle exper-
iment that an NV center with a first-shell 13C nuclear spin was
applied to reconstruct the three dimensional magnetic field
vector by a single NV center. Based on accurate hyperfine ten-
sors between an electron and a single nearest-neighbor '*C nu-
cleus, by observing its hyperfine splitting spectrums induced
by both *N and '3C nucleus, we could obtain the desired in-
formation of the strength and eight possible directions. Differ-
ent to the other published method that uses three NV centers
with different axis directions, our method has the advantage
that one could use a single NV center so that it can potentially
combine with the nanoscale magnetic imaging to achieve the
ultimate resolution. We hope that in future work it may be
possible to further improve the spatial resolution by reduction
of spectral broadening.

Appendix A: Candidate hyperfine tensors of NV-
13C

In the NV frame of reference, the symmetric hyperfine
tensor

AXX 0 A)CZ
0 A, 0
Ap 0 A

A= MHz, (A1)
associated with the nearest '>C coupling to NV spin was deter-
mined in Ref. [32], where A; ; with errors £0; (i, j = x,y,2) is
the component of A. Due to the C; symmetry of NV-13C, the
specific parameters are listed in Table 3, in which the signs of
A,; can be positive or negative, linked by a 7 rotation transfor-
mation around the z axis.

Table 3. Hyperfine tensors for NV-13C (in units of MHz).

Axx(F0) Ay (£0yy) Ag (o) Ay ()
A 189.3(£+1.1) 128.4(4+1.0) 128.9(+4.3)  +24.1(£1.2)
Ay —1893(£1.1) 1284(+1.0) —1289(+43) F24.1(+1.2)
Az -163.0(£2.4) -128.4(£1.0) 85.7(£3.3) F99.3(£2.8)
Ay 163.0(+2.4) -128.4(+1.0) -85.7(+3.3) +99.3(+2.8)

Appendix B: Zero-field splitting taking into ac-
count the deviations of hyperfine components

We have the zero-field Hamiltonian of Eq. (1)

Hyy_13¢ = DS2 +AuSuly + Ay Syly + A S,

+ Ak Sl +AnSil,

(BI)

and take into account that the deviation £¢; of hyperfine com-
ponent A;; leads to the marked difference of zero-field splitting
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as shown in Fig. 5. Each hyperfine component in Eq. (B1)
is set between A;; — o;; and A;; + ¢; with step size a,-j/4.
Traversal based on various deviation combinations mentioned
above reveals the range of zero-field splitting values.

4 (a)

600

400

200

124
Zero field splitting/MHz

126 128 130

t o (b)

400

200

132 136 138
Zero field splitting/MHz

Fig. 5. (color online) The range of zero field splitting taking into account the
deviations +o; of eight possible hyperfine tensors. Horizontal coordinate
represents possible hyperfine splitting values for B = 0. Vertical coordinate
N represents the number corresponding to each interval value of zero field
splitting. (a) Hyperfine tensors corresponding to A and A;. (b) Hyperfine
tensors corresponding to Az and Ag.

134

angle 6 =1.04 rad

Appendix C: Error analysis of experiment

Our computer programs implemented a numerical search
procedure to match both the four target experimental reso-
nance frequencies v; (i = 1,2,3,4) and Larmor splitting A ac-
cording to

£(6,0,B)= Y |Ei—(Es+Es)/2— Vil
i=1234

+|Es —Es— A (&)
One could pick the parameters 6y, ¢9, and By satisfying
Emin (60, P0,Bo) = ming 4 & (60, ¢, B) that minimize Eq. (C1),
compared to other choices of parameters. The search range of
orientation parameters 6 and ¢ was set to [0,7] and [0,27],
respectively. By taking into account the FWHM I" ~ 1.2 MHz
of CW spectra, we introduced random measurement error with
a random real number er € (—I"/2,I"'/2). The formula of
Eq. (C1) could be rewritten as

£(0,9,B)= Y |E—(Es+Es)/2— (Vi+er)|
i=12,3,4
+|Es —Es — (A +er)|. (C2)

Appendix D: Error tolerance of our scheme

As an example, based on Eq. (C2), we simulate the de-
tected magnetic field B with preset target parameters ¢ =
2.1 rad, 0 = 1.04 rad, and B = 22.7 Gs without loss of gen-
erality. The errors of these detected parameters could be ef-
fectively reduced through narrowing the I" of CW spectra as
simulated in Fig. 6.

(c) target angle B=22.7 Gs

(a) target angle ¢ =2.1 rad (b) target
< A <
E 1.2 e e e s E 1.2 .
? 1.0 RN ? 10
g 0.8 BRI A, ‘g 0.8
g 06 - £ 0.6 .
E 0.4 o obee :‘j 0.4
Z 0.2 b 2 02
E 14 1.8 2.2 2.6 £ 095 1.00

Azimuth angle ¢/rad

Azimuth angle ¢/rad

A < A
“« o . E 1'2 . “© e . oo . .
. . § 1 0 eene o0 0w .. -
.. ;‘ﬁ 0.8 cee  em  sm s e .
.. % 0.6 .. von . o - - .
k)
.. [ 04 . o e . .
=
: £ 02 UK. IR
1.05 1.10 =2 22.0 22.5 23.0 23.5 24.0

Azimuth angle ¢/rad

Fig. 6. (color online) The target direction and strength of magnetic field B are set to ¢ = 2.1 rad, 6 = 1.04 rad, and B = 22.7 Gs, respectively.
The random error er defined in Appendix C is limited within (—I"/2,I"/2), in which 15 random number of each relevant I" (including
I' =0.2,0.4,...,1.2 MHz) are introduced in our numerical search program.
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