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Estimation of vector static magnetic field by a nitrogen-vacancy
center with a single first-shell '°C nuclear (NV-'3C)
spin in diamond*

Feng-Jian Jiang(#04%2)7, Jian-Feng Ye("%1%), Zheng Jiao(FE4),
Zhi-Yong Huang(#5 £ 7K), and Hai-Jiang Lv(2 L)

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

(Received 22 March 2018; published online 26 April 2018)

We suggest an experimental scheme that a single nitrogen-vacancy (NV) center coupled to a nearest neighbor '3C
nucleus as a sensor in diamond can be used to detect a static vector magnetic field. By means of optical detection magnetic
resonance (ODMR) technique, both the strength and the direction of the vector field could be determined by relevant
resonance frequencies of continuous wave (CW) and Ramsey spectrums. In addition, we give a method that determines
the unique one of eight possible hyperfine tensors for an (NV=!3C) system. Finally, we propose an unambiguous method
to exclude the symmetrical solution from eight possible vector fields, which correspond to nearly identical resonance
frequencies due to their mirror symmetry about '*N—Vacancy—'3C (14N—V—13C) plane.

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

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

1. Introduction

The negatively charged nitrogen-vacancy (NV) color
center!l? in diamond has attracted great interest from vari-
ous quantum information processing (QIP) applications>~8! to

(9-101 and imaging in

high-resolution sensing of magnetic field
life science!'!! by using ODMR technique,!'?! even at room
temperature. Specifically, NV center has become a prominent
magnetometer, the central idea of which is detecting the rel-
ative energy shift of ground state by an external AC or DC
vector magnetic field.[>!%13-14] By detecting frequency and
relevant shift, the corresponding parameters of external mag-
netic field could be precisely determined. The information of
strength and polar angle of vector magnetic field (relative to
NV symmetry axis) could be easily extracted by observing two
resonance frequencies of continuous wave (CW) spectrums,
but the information of azimuth angle is still missing due to the
C3, symmetry of the defect. One solution to this issue is that
NVs were employed in a multi-NV vector magnetometer with
different [111] axes.!!*!>] However, these N'Vs are the best to
be close to each other and differ by no more than hundreds
of nanometers for achieving high spatial resolution. Another
alternative strategy, suggested theoretically by Ref. [16], only
used a single high-spin system (such as SiC with spin 3/2) as a
vector magnetometer, which might further improve the spatial
resolution.

In this paper, using a single NV center with a single first-

DOI: 10.1088/1674-1056/27/5/057601

shell 3C nuclear spin (NV=13C), an executable experiment
scheme of detecting a static vector magnetic field is proposed
in diamond. More information of vector magnetic field could
be revealed by resonance spectrum. The reason is that the
symmetry of the NV-13C can be reduced from Czy to Cs, a sin-
gle mirror plane. Moreover, the energy level splitting of '°C
nuclear spin is sensitive to the changes of external magnetic
field in contrast to *N nuclear spin, which remains almost un-
changed. Due to the distance between '3C nucleus and NV
electron less than 1 nm, the advantage of our proposal is that
high spatial resolution conditioning precise measured hyper-
fine coupling tensor of NV-13C, 17211 high contrast of the flu-
orescent readout, and narrow linewidth of resonance spectrum
lines??) may be achieved by experimental implementation.

2. A static vector magnetic field detection with
an NV-13C

2.1. The NV-13C system

An NV-13C sensor consists of a substitutional '“N and
a nearest neighbor 'C nuclear spins adjacent to the vacancy
defect. The spin Hamiltonian of the system under an applied
static vector magnetic field B can be written in a coordinate
system, in which the NV axis is aligned to z axis, and x axis

lies in the plane constructed by '*N—V-13C (seen in Fig. 1).
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The combined spin system can be written by Hamiltonian

Hiot = DS?-I-%B . S+P(IZ14N)2_~_Y;4NB.IMN
% BT+ Hy N+, C, (1)
where vector magnetic field B can be expended to
B(sin B cos ¢&,sin 0 sin¢g,cos 02), 6 and ¢ are the polar and
the azimuth angles relative to z and x axes in the NV frame
of reference, respectively. The gyromagnetic ratios of NV
electron, 13C and '*N nuclear spins are % = 2.8 MHz-G~!,
7€ = —0.00107 MHz- G, and 3, N = 0.43 kHz -G, re-
spectively. Zero-field splitting D and quadrupole splitting P of
14N correspond to 2.87 GHz and —5 MHz, respectively. The
last two terms of Eq. (1) respectively represent the NV elec-
tron spin coupled to '*N and proximal '3C nuclear spin. Since
the hyperfine splitting of '“N nuclear spin (spin / = 1) is a con-
stant of —2.16 MHz[?3! and insensitive to changes of applied
vector magnetic field, we could only consider the hyperfine
structure of NV spin coupled to the '3C nucleus written as

Hyv_13¢ :DS?+%B'S+%13CB'II3C—|—S-A.IBC7 )

where the NV-!3C hyperfine interaction ’H}lffc isS-A-I"°C=
AxxSily +Ay Syl + A S I+ Ay S A +ASyl;, when choosing
the x axis such that A;, = A,; = 0 without lack of generality.
From Eq. (2), eigenvalues E; (i = 1,...,6) in descending or-
der and corresponding eigenvectors |E;) of ground state can be
obtained. For sub-manifold mg = £1 with the hyperfine split-
ting of 13C nuclear spin, the relevant eigenvectors |E}23.4)
could be approximately equal to |¢,0x) (¢ = £1 and k = %),
where the '*C nuclear spin states |c.) could be approximated
as |og) ~ cos 3 |+) £sin 3 |—) with tan® = Ay, /A..** The
ordering of the corresponding energy level of eigenvectors
|+ 1, a4 ) could be exchanged by the switching of polar angle
0 between (0,7/2) and (n/2, 7). For sub-manifold ms = 0,
its corresponding eigenvectors |Es ) could be approximately
equal to |0, B ), in which the nuclear states |31 ) of interest de-
pended entirely on applied vector magnetic field and could be
written as |B1) = cos $|m; = +1/2) £ e sin §|m; = —1/2).
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Fig. 1. (color online) A static vector magnetic field B is applied. NV—
13C frame of reference is defined by x, y, z axes, where ¢ and 6 repre-
sent the azimuth and the polar angles with respect to the x and z axes,
respectively.

Concrete schematic diagram can refer to Appendix A. Specif-
ically, the quantization axis of sub-manifold ms = 0 and cor-
responding spin dynamics could be affected by the microwave
power strength.

2.2. The determination of eight candidated hyperfine ten-
sors for a single NV-13C

In the NV-13C frame of reference, the symmetric hyper-

fine tensor
Ao 0 Ay
A= 0 A, O MHz,
Ax 0 Ay

associated with the nearest '3C coupled to NV spin, was deter-
mined in Ref. [19], where A; ; for i, j = x,y,z is the component
of eight candidated hyperfine tensors, A. The components are
listed in Appendix B, in which the signs of A,, = A, can be
positive or negative, and can be linked by a 7 rotation trans-
formation around the z axis.

However, when NV-!3C is used as a vector magnetome-
ter, its hyperfine tensor should be uniquely identified instead
of multiple candidates due to mirror symmetry. A simple
scheme may be feasible as an initial state of NV electron
spin (|ms = 0) 4 |mg = —1))/v/2 with '3C nuclear spin state
(lm; = +1/2) + |my = —1/2))/+/2 is polarized!** and pre-
pared. Under an applied magnetic field B aligned along the
NV-13C axis (z-axis), its total free evolution under the Hamil-
tonian (2) demonstrates eight different evolution processes
conditioned the chosen hyperfine tensor. The evolving states
are projected onto the state |ms = —1) ® |m; = —1/2) with
evolving populations as shown in Fig. 2. Along the way, in ex-
periment one needs to observe the free induction decay (FID)
signal of the NV-13C.

=—1)®|m; = —1/2)
o o ©
w [N ot

0.2

0.1

Population of |ms

0 0.01 0.02 0.03 0.04 0.05
Evolution time/us

Fig. 2. (color online) The applied external magnetic B = 510 Gs is
parallel to the NV axis. Red and dashed red lines correspond to hy-
perfine tensor A; with A,y = —24.1 MHz and A, = +24.1 MHz, re-
spectively. Blue and dashed blue lines correspond to hyperfine tensor
A with A, = —24.1 MHz and A, = +24.1 MHz, respectively. Green
and dashed green lines correspond to hyperfine tensor Az with A, =
499.3 MHz and A, = —99.3 MHz, respectively. Black and dashed
black lines correspond to hyperfine tensor A4 with A, = +99.3 MHz
and A, = —99.3 MHz, respectively.
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2.3. The spin dynamics of ground state under microwave
field

A microwave (MW) field is applied and causes transi-
tions between the electron spin levels, which modulates the
fluorescence intensity. At relative low microwave power, the
hyperfine splitting of ms = 0 corresponds to two eigenstates of
|0,B+) and |0, B_), between which the analytic form

(\/A2, + A2 cos® ¢ +|A,,|sin® ¢)

of the effective Larmor splitting obtained by the second or-

_2|%Bsin 8|
)

A

der perturbation theory reveals the direction of applied vec-
tor field.['8] Through numerical calculations in moderate mag-
netic field (< 100 Gs), the above approximate formula of A
conforms well to the numerical results based on Eq. (2). In
the remaining cases of relatively high MW power, the Lar-
mor splitting of sub-manifold mg = 0 corresponds to two linear
superposition states |0, &) of eigenstates |0, ) and |0, B_),
whose quantization axis of nuclear spin is realigned to a new
axis defined by nuclear spin states | ).[>*]

At relatively low MW power, the doublet transitions be-
tween |0,B+) and |¢, o) could be observed. Taking into ac-
count the hyperfine splitting of the '“N nucleus, the double
peak transitions above could further show six resonance lines
as demonstrated schematically in Fig. 4(a). With the increase
of MW power, only a single peak transition could be observed
and its resonance frequency is almost centred between the dou-
blet transitions of |0, B+) <> |¢, o) as shown in Fig. 4(b).

|<—A—>‘

‘<—A —|

0

3C nuclear

13C nuclear 4N nuclear

(a) - [+104) (b)
%Jr [i,ap) —
141) |+l ) m—
I-1) ‘_17a*>_T |076+> T
3 1
[~ )
|0) — 10,64 i \ \/frequency
10,5 ) v 4 AL
B=0 B#0 —A—

[0,8-)

Fig. 3. (color online) (a) The energy-level diagram of NV-13C center ground
state. The hyperfine splitting of A and A, correspond to ms = 0 and mg = %1
ground-state manifolds due to coupled to the nearest '3C nuclear spin. (b) Un-
der the low power microwave, six resonance peaks could be observed due to
the hyperfine interaction between electron and '“N nuclear spin. (c) Ramsey
sequence for detecting the Larmor splitting A. Notations are defined in the
main text.

2.4. Numerical simulations of a static vector magnetic field
detection

2.4.1. Simulation ODMR spectra of the NV-13C sys-
tem

NV center can be optically addressed at room tempera-
ture using a confocal microscope combined with a photon-
counting detection system.[!?] An external static vector mag-
netic field whose direction is relative to the NV-!3C of interest
is shown schematically in Fig. 1.

(a)
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Fig. 4. (color online) As an example, ODMR CW spectra was simulated

with A (A, = —24.1 MHz) for preset parameters 6 = 57°, ¢ = (11°, 169°,

191°, or 349°), and B = 35 Gs satisfying mirror symmetry about '“N—V-13C plane. (a) The relatively low MW power reveals doublet transitions of each
resonance line in panel (b). The 24 resonance lines resulted from the '3C nucleus and the fixed splitting (2.16 MHz) were induced by '*N nucleus. The
asymmetry of 24 resonance lines is due to the different transition probabilities between |0, B4) <> |¢, ) and |0, B_) <> |¢, o). (b) At relatively high MW
power, the NV=13C indicates four resonance spectral lines due to hyperfine coupling with the 13C nucleus. Notations are defined in the main text.
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In the following, these frequency hyperfine magnetic res-
onance lines could be observed by pulsed CW ODMR spectra.
The corresponding four resonance frequencies Vi34 and the
Larmor splitting A could be obtained as simulated in Fig. 4.
For more precise measurement, the Larmor splitting could
also be obtained by using Ramsey-type sequence /2 — T —
7/2.1251 The spectrum in Fig. 4(a) shows 24 resonance peaks
due to the coupling with the '“N nucleus. The fluorescence
intensities of 24 spectral lines in Fig. 4 are commonly asym-
metry. The reason is mainly that the doublet transition proba-
bilities between |0, B,) <> |¢, 04) and |0, B_) <> |¢, 0y ) are dif-
ferent. Based on the calculations of MW transition matrix el-
ements |(E;|Sy|E;)|> with j =1,2,3,4 and i = 5,6, the change
of the relative fluorescence intensities for the doublet transition
depends on the polar angle 6 of the vector field. Qualitative
analysis can refer to Appendix C. It should be noted that if the
magnetic field is higher than 200 Gs, the fluorescence of the
NV center would be dramatically influenced and could not be
measured by the CW spectrum.

2.4.2. The fault tolerance analysis of NV-!3C sensor

The four resonance frequencies Vi34 of electron spin
are sensitive to the changes of polar angle 6, compared to its
insensitivity of the changes of azimuth angle ¢. However, the
Larmor splitting A induced by '*C nuclear spin is sensitive to
the changes of ¢ as shown in Fig. 5. Thus, to precisely detect
a static vector magnetic field, both the two factors of V{534
and A should be taken into consideration.

With a method akin to maximum likelihood estimation,
our simulations implemented a numerical search procedure to
match both the target four measured resonance frequencies
V1,234 and the measured Larmor splitting A as shown in Fig. 4
according to the formula similar to!!?!

£1(0,0,B) = Y |Ei—(Es+Eg)/2—(Vit+ey)
i=123.4
+|Es —E¢ — (A +ea)l, (3

where the vi»34 and A have linewidth dv; and SA, re-
spectively. The linewidth & is fundamentally limited by the
imhomogeneous dephasing rate, o< 1/7," of the NV electron
spin, which is decided by magnetic dipolar interactions with
a bath of nuclear spin in diamond. The pulsed-ESR spectrum
linewidth &v; is inversely proportional to the m-pulse duration
limited by 7. Furthermore, the linewidth could also be af-
fected by power broadening, which is from the laser used for
initializing electron spin and MW field used for spin manipu-
lation. Thus, in experiment, the laser intensity and MW power
should be decreased appropriately for achieving a sharpen
linewidth.[??! For Larmor splitting A, Ramesy sequence could

achieve sharper linewidth 8A ~ kHz. Therefore, we intro-
duced random measurement errors €y, € [—0v/2,8v/2] and
€x € [-6A/2,8A/2] limited by linewidth §v; and §A. One
could pick the parameters 6y, ¢o, and By satisfying

émin(907¢0a30):51.1(5%5(9»@573)» (4)

that minimizes Eq. (3), compared to other choices of parame-
ters. The search ranges of direction parameters (6,¢) are set
to [0, ] and [0, 27], respectively.
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Fig. 5. (color online) (a) Red and blue lines correspond to the cases of
B =20 Gs and B = 10 Gs, respectively. The four curves of each group
(red or blue lines) associated with Larmor splittings A correspond to
fixed four azimuth angles ¢ = 37/36,57/36,77/36 and 97r/36, which
can be distinguished by changes of A (at least ~ 100 kHz/0.1 rad) for
relatively large misalignment angle 6 relative to the z axis. (b) Dashed
and solid lines correspond to the cases of B =20 Gs and B = 10 Gs
respectively. The four resonance frequencies v;34 of each group
(dashed or solid lines) are sensitive and insensitive to the changes of
6 and ¢, respectively. In contrast to panel (a), the resonance frequen-
cies Vi34 are almost unchanged (at most ~ 2 kHz/0.1 rad) for the
chosen fixed four different azimuth angles ¢ = 37/36, 57/36, 71/36,
and 97/36. Notations are defined in the main text.

With above method, the simulations of detecting vector
direction with fixed B are carried out and results are given in
Fig. 6, where random measurement errors €y; and €4 are intro-
duced. It should be noted that for large misalignment angle 6
relative to the z axis, high resolution of azimuth angle ¢ may
be easily achieved compared to those of small misalignment
angle 6. At the same time, relatively higher magnetic field
strength could improve the angular resolution of detected B
due to the higher resolution of Larmor splitting A for different
azimuth angles ¢ as shown in Figs. 5(a) and 6(c).
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Fig. 6. (color online) (a) The detected magnetic field strength is set to 10 Gs. Each simulated azimuth angle ¢ (5°-85° with 10° intervals)
with error bar is obtained from corresponding formula &, (60, @0, Bo) with repetition cycles 10. The mean value of each cycle was obtained
from 60 groups of random numbers €y, and €4, which are limited by linewidths 6v; = 0.3 MHz and A = 26 kHz, respectively. (b) As an
example, the statistical distributions of simulated measurement of ¢ are demonstrated with 8 = 60° £ 0.2°. (c) With the increasing magnetic
field strength, relatively higher angle resolution of ¢ could be achieved. The searched target azimuth and polar angles are set to ¢ = 65° and

6 = 20°, respectively. Notations are defined in the main text.

Next, taking into account the errors £¢&; (i,j = x,y,z) of
hyperfine components referred in Appendix A, we found that
for large misalignment angle 6 relative to the NV-13C axis,
simulated field strength B and direction angle (6, ¢) were ro-
bust against these errors compared to those of small ones. De-
tailed numerical comparison would not be listed here.

2.5. The determination of vector magnetic field direction

Due to the mirror symmetry of NV-13C, eight possible
combinations of polar angles (6,7 — 0) and azimuth angles
(¢, m£¢,2m — ¢) correspond to nearly identical v; 34 and
A. However, for a definite NV-!3C hyperfine tensor, the po-
lar angle 6 could be firstly decided by observing relative flu-
orescence intensity of CW spectrums as shown in Fig. 4(a).
More details refer to Appendix C. The eight possible direc-
tions could be narrowed down to four ones as illustrated in
Fig. 7.

Finally, we propose a scheme that the authentic one of
the four possible magnetic field directions could be singled
out by observing their free dynamical evolutions |‘Pf(e’n) (1)) =
exp[—iHNv,mCTH'Pi(e’n)) of initial states |'¥’i(e’n)> =y ®
\l//l(ngr ,) under the Hamiltonian (2). The initial electron
spin state |y(®)) could be prepared in (|ms = 0) + |m; =

—1))/+/2 and initial '3C nuclear spin state \l//l(n)> = (lmy =
+1/2) + mp = ~1/2)/V2 or [WV) = (jmy = +1/2) ~
ijmy = —1/2))/V/2, respectively. Finally, 'Pf<e’n)(f)> is pro-
jected into ground state |) = |ms = 0) ® |my = —1/2) with
p(t) = |<n|‘1’f(e’n)(r)>|2. The resulting population evolutions

p(7) under different initial '>C nuclear spin state |l//1(ngr2>
could exclude the symmetrical solutions of four azimuth an-
gles ¢ as shown in Fig. 8. The envelopes contain rapid os-
cillations, which are from the term of zero-field splitting D in
the laboratory frame. In experiment, FID signal could be mea-
sured.

13C

Fig. 7. (color online) Four possible magnetic field directions satisfy-
ing mirror symmetry about the x—z plane correspond to the same CW
resonance spectrum and Larmor splitting.
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Fig. 8. (color online) As an example, both the vector magnetic field strength and the four possible directions have preset values B = 12 Gs, 8 = 37/16,
and four possible azimuth angle ¢ = 37/8, m+37/8, or 21 — 37 /8 satisfying mirror symmetry about '*N—V-13C plane. The four possible angles could

be clearly discriminated by the evolutionary processes of preparing two different initial nuclear spin state W/{"(Zr ,)- The probability evolution is shown

by the envelope. (al)—(a4), the initial state \‘P(e)> ® \VIE“)); (b1)—(b4), the initial state \‘P(e)> ® \wé“)). Notations are defined in the main text.

3. Conclusion

In this paper, we proposed an experimental scheme imple-
mentable with current technology, which could detect a static
vector magnetic field including both strength and vector direc-
tions by employing the NV center with a first-shell '*C nu-
clear spin. Based on the hyperfine tensors between an electron
and a single nearest-neighbor '3C nucleus, we could acquire
the desired information of the vector field by observing the
CW ODMR spectrums of hyperfine splitting induced by both
14N and '3C nucleus. Compared with the previous methods of

multi-NV magnetometer, our scheme provides a potential al-

ternative method and may enhance the angular resolution for
the inhomogeneous magnetic field in space.

Appendix A: Eigenstate probability amplitude
on the basis |/, oy) of sub-manifold m; = +1

The eigenvalues of Hamiltonian Hyy_13c = DS% +7%B -
S+7°CB.1°C+ 8. A-1"C in descending order correspond
to the eigenvectors |Ej—1534) and |Ej—s¢) of sub-manifold
ms = %1 and ms = 0, respectively. The quantity |(E;|¢, oy )|
represents eigenstate probability on the basis |¢, o) of sub-
manifold mg = £1.
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Fig. Al. (color online) (a)—(d) The |(E;|/, oy)|? shows eigenstate probability on the basis |, &) of sub-manifold ms = +1. (e), (f) Schematic
energy level diagrams of an NV-13C show that the eigenvectors |¢, o4 ) would exchange when polar angle 6 crosses over the sudden change
point /2 as shown in panels (a)—(d), where ¢ is set to 1.26 rad and hyperfine tensor is A; with Ay, = 24.1 MHz. Similar results could be

obtained from other candidate hyperfine tensors.

Appendix B: The determination of hyperfine tensors for NV-!3C for concrete experiment

Due to C; symmetry of NV-13C, eight possible hyperfine tensors are listed in Table B1.

Table B1. Hyperfine components (MH,) for NV-13C.

Ax (&) Ay (&) Az (+e;) Ar(£&x)
A 189.3(+1.1) 128.4(+1.0) 128.9(4+4.3) +24.1(+1.2)
Ay -189.3(+1.1) 128.4(+1.0) —128.9(4+4.3) F24.1(+1.2)
Az -163.0(4+2.4) -128.4(4+1.0) 85.7(+3.3) F99.3(42.8)
Ay 163.0(+2.4) -128.4(4+1.0) —85.7(£3.3) +99.3(42.8)
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Appendix C: MW transition matrix element

The MW transition matrix element |(E;[Sy|E;) |> with j =1,2,3,4 and i = 5,6 could qualitatively reveal the differences of

resonance intensity, which should be sensitive to the polar angle 0 of an applied static vector magnetic field.
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Fig. C1. (color online) The MW transition matrix elements |(E;|Sy|E;)|?, being a function of polar angle 8 with a fixed azimuth angle
¢ = 1.26 rad and B = 21 Gs, reveal the relative intensities of fluorescence for the doublet transition of |0, 1) <> |/, o) under low power
microwave. Red and blue lines represent the relatively higher frequency transition |0, B_) <+ |, o) and lower frequency transition |0, B+) <>
|, 04.), respectively. (al)—(ad): A; with A, = 24.1 MHz; (b1)—(b4): A; with A, = —24.1 MHz.
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Fig. C2. (color online) Red and blue arrow lines represent the rela-
tively higher frequency transition |0, B_) <> |¢, 04) and lower frequency
transition |0, B ) <> |¢, o), respectively.
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