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Abstract

In recent decades, second-generation quantum technologies based on the practical use of individual quantum sys-
tems—atoms, molecules, impurity centers, and photons—have become one of a central focus of modern science.
Among these, quantum magnetometry has emerged as one of the most advanced directions. In this field, nitrogen—
vacancy (NV) centers in diamond, as well as their complexes with nuclear spins, are widely employed as sensors for
measuring magnetic fields with nanometer-scale spatial resolution. However, due to the Csy symmetry of the NV
center, information about the azimuthal angle of the magnetic field vector is not accessible. Here, we propose and
experimentally demonstrate, for a first time, a method of vector magnetometry based on acquisition and theoretical
analysis of high-resolution optically detected magnetic resonance (ODMR) spectra of an individual hybrid electron-
nuclear three-spin system *NV-13C, in which the electron spin of a single NV center is coupled by hyperfine interac-
tion with the intrinsic nuclear spin of the N atom of the center as well as with the spin of the isotopic atom 3C,
located in the third coordination sphere of the NV center.

Key words: Diamond, single NV center, '*C nuclear spin, optically detected magnetic resonance, vector magnetom-
etry, nanoscale.

1 Introduction

In recent decades, the development of second-generation quantum technologies based on the practical use of individ-
ual quantum systems— atoms, molecules, impurity centers, and photons—has become one of a central focus of mod-
ern science [1]. One of the most advanced areas in this field is quantum magnetometry, in which nitrogen—vacancy
(NV) centers in diamond, as well as their complexes with nuclear spins, are widely used as sensors for measuring
magnetic fields with nanometer-scale spatial resolution [2]. The physical basis of such nanoscale magnetometry lies
in the sensitivity of the ground-state triplet (*Az) sublevels of the NV center to external magnetic fields. The magnetic
field shifts and mixes the sublevels corresponding to different projections of the electron spin (m, = 0, +1). These
changes are typically detected using confocal microscopy in combination with optically detected magnetic resonance
(ODMR), which provides an increase in sensitivity of up to ~7 orders of magnitude compared to conventional electron
paramagnetic resonance (EPR) techniques. Theoretical analysis of ODMR spectra enables vector magnetometry, i.c.,
the quantitative determination of both the magnitude B of the local magnetic field and its orientation, defined in a
spherical coordinate system by the polar & and the azimuthal ¢ angles.

Currently, most vector magnetometers rely on recording and analyzing ODMR spectra of NV ensembles with
orientations distributed among the four crystallographic axes of the diamond lattice. In such sensors, the spatial reso-
lution is limited by the separation between individual centers, which typically ranges from tens to hundreds of na-
nometers. In contrast, single NV centers offer maximal spatial resolution. However, in this case, the ODMR transition
frequencies (m; = 0 <> m; = +1) depend only on the magnetic field strength B and the polar angle 6, due to the axial
Csy symmetry of the NV center, while information about the azimuthal angle ¢ is lost.

To overcome this limitation, a method of complete vector magnetometry based on individual hybrid electron—
nuclear spin systems has been proposed in [3]. Instead of a single NV center, it was proposed to use a hybrid electron-
nuclear complex consisting of a single NV center coupled via hyperfine interaction (4fi) to the nearby '*C nuclear
spin. The resulting “NV-"*C complex has lower Cs symmetry, and its high-resolution ODMR spectrum contains
complete information about the magnetic field parameters B, @, and ¢. This approach was experimentally demonstrated
in [4,5] for the NV-'2C system in which the '*C atom occupies the nearest-neighbor position relative to the NV center
vacancy, corresponding to the strongest hyperfine interaction with the electronic spin of the center.

Subsequently, in [6], a similar approach to vector magnetometry was developed for more general NV—'3C
systems with arbitrary configurations [6]. In that work, the method relied on measuring ODMR line frequencies and
analyzing them using prior knowledge of hyperfine interaction parameters obtained from quantum chemical calcula-
tions [7]. Experimental verification in [6] was carried out for a system in which the '*C atom was located in the third
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coordination shell of the NV center. However, the use in [6] of a low-purity diamond sample resulted in relatively
broad ODMR lines (~5 MHz), which prevented the observation of fine spectral features [3] responsible for extracting
information about the azimuthal angle ¢.

Recently, a high-quality single-crystal diamond sample with a chemically pure chemical-vapor-deposition
(CVD) layer was synthesized at the Technological Institute for Superhard and Novel Carbon Materials [8]. In this
sample, individual NV centers exhibit high-resolution ODMR spectra with linewidths as narrow as ~180 kHz [9],
allowing clear resolution of hyperfine structure associated with the interaction between the NV electron spin and the
intrinsic "N nuclear spin. In addition, various hybrid "“NV-!3C spin systems were identified by analyzing their ODMR
spectra in the absence of external magnetic field and comparing them with quantum-chemical predictions [7]. Among
them, previously studied complexes “NV-13C, involving '3C atoms in the third coordination shell, were discovered.
In the present work, we take the next step by demonstrating vector magnetometry based on high-resolution ODMR
spectra of such individual hybrid spin systems. We report a combined theoretical and experimental study of a “NV—
13C(third-shell) system, enabling the determination of the magnitude and orientation (B, #, ¢) of an initially unknown
local magnetic field. These results provide the first experimental evidence of the applicability of such systems for
nanoscale vector magnetometry.

2 Theoretical methods and experimental part

For theoretical modeling of ODMR spectra of an arbitrary hybrid spin system “NV-!3C in an external magnetic field
B, we use the standard spin-Hamiltonian (see, e.g. [7])

H =HMN+85.49 .19+ 5,¢"s-B-p,gN 1™V .B- 8,1 . B, (1)

(C)
where S, 1 v (N) are the spin operators of the NV-center (S=1), the '3C atom (/=1/2) and the “N atom (/=1),
respectively. The first term in (1)

HYM) = D[ $7=5(5+1)/3] #5401 40| (19 P =1V 1™ w1)/3] @)

describes the NV center in the absence of an external magnetic field and includes the zero-field splitting D~2870 MHz
between the 7 =0 and Mg =+1 sublevels of the ground triplet state A, of the center, the Afi between the electron

spin 8 and the "N nuclear spin /V=1, and the nuclear quadrupole moment of the '“N nucleus. The hyperfine tensor

A(N) is diagonal in the principal axis system (PAS) of the NV center, in which the Z axis coincides with the Csy
axis of symmetry of the center, while the X and Y axes are chosen arbitrarily, with components Aggv) = A)(,]}\,[ )=

2.16 MHz and Agy =-2.63MHz. The quadrupole moment of the N nuclei is @=-4.95MTI'11. The second term in the

. - . (C) . . 4(C) .
spin-Hamiltonian (1) accounts for the 4fi between spins § and , described by a matrix A4'~/, that is generally

non-diagonal in the NV PAS. The final three terms in Eq. (1) represent the Zeeman interactions of all three spins

(C)
S, 1 v (N) with the external magnetic field B. Here, ﬂe: 1.39964 MHZ/G and f3,= 0.76226 kHz/G are the
Bohr magneton and the nuclear magneton, respectively, g(NV) =2.0028, g,(lN) =0.4037607 and g’(1C) =1.40483

are the g-factors of the NV center, N and *C nuclear spins. In addition to the well-established parameters of the

NV center [10], we use the /fi matrices A obtained from quantum chemical calculations reported in [7].

Using the spin-Hamiltonian (1), we could calculate the energy levels £ o and eigenstates |5Ua> of a NV —

13C spin system in external magnetic field with given values of the magnitude B and its orientation angles 6, and ¢.
Typical energy levels and allowed transitions between them for a spin system “NV-13C in magnetic field B are pre-
sented in Fig. 1, where the hyperfine structure due to the nuclear spins '“N and !*C is schematically shown. In partic-
ular, the splittings 4*, 4% of the NV substates with spin projections ms=+1,0 arise from the combined effect of the
magnetic field and Afi with '3C.
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Fig. 1 Hyperfine structure and allowed transitions in a hybrid NV —!3C spin system subjected to an external magnetic

field B. The mg and mgN) are projections of the vectors S, 1 (N) The splittings 4, 4-, and 4? arise from the

combined effects of the magnetic field and hyperfine interaction with the *C nuclear spin

Of particular importance is the splitting A% of the ms=0 sublevels, which depends on the azimuthal angle .
This dependence is described by an approximate analytical formula [3]

: [ ,(C)2 2
A0z2|YeBsm6’|/D[ Agg)( +Ag cos2§0+‘A§,§)

where y, = :Be g(NV) is the gyromagnetic ratio of the NV center and A;{CL) are the components of the matrix de-

sin’ go], 3)

scribing Afi between the NV center and the '*C spin in the specially chosen PAS, where the '*C atom lies in the XZ
plane [3]. Experimental measurement of the splitting 4%in the high-resolution ODMR spectra, followed by comparison
with theoretical predictions (3), enables the wanted information about the azimuthal angle.

Due to the relatively large dimension (18x18) of the Hamiltonian matrices, their diagonalization is performed

numerically. This allows us to determine the transition frequencies OB and their amplitudes
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For comparison with experimental data, the spectrum was broadened by replacing the J-functions with Lorentzian
lines of equal area. The half-widths 7" of the Lorentzians are chosen according to experimental resolution; in the present
work, /=0.18 MHz. Matching the calculated and experimental ODMR spectra enables determination of the unknown
parameters of the external magnetic field.

Experimental ODMR spectra of single '*NV centers and their complexes with isotopic '3C nuclei were obtained
using a high-purity single-crystal diamond sample. The sample consisted of a CVD-grown epitaxial layer on an HTHP
substrate, optimized for ultralow nitrogen concentration (<50 ppb). The lateral dimensions of the sample were 4 x 4
mm, with a 20 um thick CVD layer on 300 pm substrate. During growth, conditions were established to form a layer
of isolated NV centers at a depth of several micrometers below the surface.

Initialization and readout of the N'V spin state were performed using a 532 nm laser with a power of 230 pW.
The emitted fluorescence in the 640—750 nm range was detected using a single-photon detector through an immersion
objective (NA = 1.4). The photon count rate was approximately 80,000 counts per second. The single-photon nature
of emission was confirmed via measurement of the second-order correlation function g2(t).

ODMR measurements were carried out using a home-built setup based on an Integra Spectra 500 confocal
microscope. The external magnetic field was generated by permanent magnets, providing both vertical and in-plane
components. Microwave control of the NV spin state was achieved using a broadband wire antenna positioned close
to the selected NV center, with a microwave power of 0.06 W. ODMR spectra were recorded using a pulsed technique
with synchronous signal detection.

, and construct the corresponding ODMR spectrum Paﬂ( OB ) as a set of J-functions.
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Individual NV centers were localized using a coordinate grid on the sample surface. Among them, hybrid NV—
13C systems with different relative positions of the *C nucleus were identified. Identification was performed by ana-
lyzing ODMR spectra at zero magnetic field, specifically by measuring hyperfine-induced splittings and comparing
them with reference values from [7]. These splittings are characteristic of specific families of equivalent *C lattice
sites. In particular, a system with a zero-field splitting of approximately 13 MHz (Fig. 2b) was identified as corre-
sponding to *C atoms in the third coordination shell of the NV center, as illustrated schematically in Fig. 2a. One
such system was selected for detailed study and used to demonstrate vector magnetometry.

3 Results and discussion

Since the primary focus of this work is the hybrid NV—-13C system with a third-shell *C nuclear spin, we begin by
formulating a model for this specific configuration. For this purpose, we use data on the spatial positions of carbon
atoms and the corresponding Afi matrices obtained in [7] for the cluster Csio] NV [Hasz2. As shown in [7], in this cluster
there are six equivalent positions for the '*C atom—C(235), C(239), C(247), C(250), C(271), and C(273) (Fig. 2a)—
which exhibit a characteristic zero-field splitting of approximately 13 MHz.
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Fig. 2 a) Fragment of the Csio[ NV ]Hzs2 cluster. Carbon atoms highlighted in red are third neighbors of the NV -cen-
ter vacancy and exhibit a characteristic zero-field splitting of approximately 13 MHz. The nearest neighbors of the
vacancy are shown in blue, and the nitrogen atom of the NV center is shown in purple. The coordinate system used
in [7] is also shown; the Z axis is aligned with the NV-center symmetry axis, while the X and Y axes are chosen ar-
bitrarily. b) Experimental low-resolution ODMR spectrum of the studied hybrid NV—'3C (third-shell) spin system at
zero magnetic field, showing the hyperfine-induced zero-field splitting of approximately 13 MHz.

All these positions, highlighted in red in Fig. 2a, correspond to third neighbors of the vacancy of the NV
center and are located within the upper sublayer of the diamond bilayer perpendicular to the NV axis (Z axis). Notably,
the three nearest neighbors of the vacancy, shown in blue in Fig. 2a and exhibiting the strongest hyperfine interaction
with the NV center, are also located in the same sublayer.

In the coordinate system used in [7], the X and Y axes are defined arbitrarily, and therefore the XZ plane
does not pass through any of the six third-shell positions. Consequently, the hyperfine matrices reported in [7] can-
not be directly used in Eq. (3) for analysis of experimental ODMR spectra. To overcome this, we perform a coordi-
nate transformation such that the selected '*C atom lies in the XZ plane. For definiteness, we consider the position
C(239), indicated in Fig. 2a with the red arrow . In the geometry of [7], this atom has coordinates R239= [3.34008
A, -2.074421 A, 2.250895 A] and the corresponding Afi matrix for the system NV-'3C(239) is of the form (in MHz)

13.9404 -1.9477 0.7431
A239=|-1.9477 14.1884 -0.9385 |. )
0.7431 -0.9385 12.3735

By applying a counterclockwise rotation about the Z axis by an angle y=148.6°, the XZ plane is aligned to pass
through the *C(239) atom. The hyperfine tensor (4) is then transformed accordingly the standard Z-rotation matrix
Iz, to



15.755 -0.97454 -1.1264

— _ _1 _

A239 =11(zy) A239H(Zx} =1-0.97454 12373  0.4052 |, (5)
-1.1264  0.4052 12.374

and used in subsequent numerical calculations based on the spin Hamiltonian (1), as well as in analytical estimates
using Eq. (3).

To assess the feasibility of using the *NV—'"3C (third-shell) system for vector magnetometry, and to compare
it with previously studied first-shell systems [4,5], we first performed test simulations of high-resolution ODMR spec-
tra under the experimental conditions of [5], namely at B=19.3 G, 6=59° and ¢=71.6°. The results are shown in Figs.
3, assuming a spectral resolution of /" =180 kHz. The splitting 4%, which is critical for determining the azimuthal
angle, is resolved as approximately 0.4 MHz. This value agrees well with the analytical prediction of 4°=0.41 MHz
obtained from Eq. (3). For comparison, in the first-shell system studied in [5], a significantly larger splitting of 5.3
MHz was observed under similar conditions, albeit with lower spectral resolution /7=1.2 MHz.
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Fig. 3 a) Simulated high-resolution ODMR spectrum of the “NV-3C(239) complex in an external magnetic field
with parameters B=19.3 G, 6=59° and ¢=71.6°, corresponding to the conditions of Ref. [5]. Simulation assume a
linewidth of HWHM "= 180 kHz. b) Enlarged view of the spectral region highlighted by the blue frame in panel a).

These results indicate that, given the experimentally achieved resolution of /=180 kHz, the “NV—'3C (third-
shell) system is suitable for vector magnetometry. Based on this prediction, targeted experiments were carried out to
obtain high-resolution ODMR spectra of individual *NV—3C (third-shell) systems in unknown magnetic fields. Be-
low, we present two such experiments performed on the same hybrid system under different magnetic fields generated
by different configurations of permanent magnets around diamond sample.

In both cases, low-resolution ODMR spectra were first recorded using relatively strong microwave power to

obtain a coarse overview. An example is shown in Fig. 4, where two broad groups of resonances with a noticeable but
poorly resolved structure are observed around 2810 MHz and 2935 MHz. Preliminary analysis using the approach
described in [6] yields approximate field parameters B~35 G, 6~47°. Subsequent high-resolution measurements, per-
formed at much lower microwave power, revealed fine structure within these groups. The part of the Fig. 4 spectrum,
similar to that highlighted in Fig. 3 by blue frame, was recorded especially carefully and is presented in Fig. 5 together
with its fitting with six Gaussians, which yielded the frequency values of three pairs of peaks: 2809.90 and 2810.51
MHz, 2812.02 and 2812.62 MHz, 2814.22 and 2814.81 MHz. From these experimental data it follows that the

Contrast ODMR (a.u.)

2,76 2,8 2,835 2,87 2,905 2,94 2,975
MW frequency (GHz)

Fig. 4 Low-resolution ODMR experimental spectrum of a single '“NV-13C(third-shell) system in the presence of an
unknown external magnetic field
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obtained multiple resolved peaks correspond to hyperfine splitting due to the N nuclear spin (~2.1 MHz) and an
additional splitting 4°~600 kHz of the ms=0 substate, caused by the magnetic field acting on the complex.

Contrast ODMR (a.u.)

0.97—

s L L s L | s L
2808 2810 2812 2814 2816
MW frequency (MHz)

Fig. 5 Enlarged part of the experimentally measured high-resolution ODMR spectrum of a single “NV—-"*C (third-
shell) complex, together with the result of fitting by six Gaussian components

Numerical simulations of the ODMR spectrum at B = 35 G, 6 = 47° reproduce this splitting accurately. For
example, at ¢ = 90°, the calculated value is 4°~610 kHz, see Fig. 6a, in good agreement with both the analytical
prediction of Eq. 3 (618.7 kHz) and the experimental result (~600 kHz). For comparison, Fig. 6b shows the theoretical
prediction of the ODMR spectrum for the *NV-13C(239) complex in the magnetic field with the characteristics B=35
G, 6=47°, 9=0°. In this case, the frequency splitting 4° of two peaks in the simulated spectra is equal to 4°=790 kHz.
Eq. (3) for this case gives the value 4°=789.8 kHz. In addition, the ratio of the amplitudes of these peaks has changed.
This example demonstrates that the dependence on the azimuthal angle is significant and can be experimentally meas-
ured using this single “NV-13C complex.
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Fig. 6 Theoretically calculated ODMR spectrum of the '4NV-3C(239) complex in an external magnetic field with
B=35 G, 6=47° a) ¢=90°; b) p=0°

In a second experiment, a stronger magnetic field was applied to the sample by repositioning the permanent
magnets. The resulting low-resolution ODMR spectrum exhibited resonance groups near 2866 MHz and 2915 MHz,
corresponding to approximate parameters B=72.3 G, 6=84.2°, i.e., a field nearly perpendicular to the NV axis. High-
resolution measurements (Fig. 7) revealed a four-line structure instead of the expected six lines. This is explained by
overlap of spectral lines due to the near-coincidence of 4? with the characteristic hyperfine splitting (~2.1 MHz) from
the N nucleus. Analytical estimates using Eq. (3) confirm that A4° falls within this range for various values of ¢,
making precise determination of the azimuthal angle challenging in this case. Nevertheless, numerical simulations for
different azimuthal angles, shown in Fig. 8, reproduce well the general features of the experimental spectrum.
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Fig. 8 Numerically simulated ODMR spectra of the “NV—'3C(239) complex in an external magnetic field with
B=72.3 G, 6=82.8° at different azimuthal angles: a) p=0°, b) p=45°, and ¢) p=90°

A more detailed comparison was performed by analyzing transition frequencies Do and probabilities

P (o for our system “NV-13C(239). Totally, in this spin system, having 18 energy levels, there can be 18 x
ap! “ap Y

18 =324 EPR transitions, the probabilities of which, however, differ significantly. Among them, there are transitions
having significant probabilities. The frequencies and probabilities of these “strong” transitions in the complex '“NV-
13C(239) are shown in blue in Fig. 9 as a bar graph, simulated at B=72.3G, 6=82.3°, p=45°. Simultaneously, we show
in red in this figure the frequencies of such lines extracted from the experimental spectrum of Fig. 7 by fitting the
spectra with 24 Gaussians. Central frequencies of 24 "strong" lines in these spectra were: 2856.09, 2857.89, 2858.25,
2859.99, 2860.29, 2862.26, 2869.25, 2871.31, 2871.31, 2873.16, 2873.41, 2875.25, 2906.04, 2907.90, 2907.90,
2909.94, 2909.92, 2911.83, 2919.06, 2920.98, 2920.88, 2923.13, 2923.14, 2925.06 MHz.



One can see from Fig. 9 that at azimuthal angle ¢ = 45°, some lines in the ODMR spectrum near-coincide with
the experimentally obtained resonances, while the other differ from the experimental ones. Attempts to correct the
situation by varying only the azimuthal angle were unsuccessful. The reason is in using in the model standard param-
eters of the NV center in the Hamiltonian (1) as well as the Afi matrices (5), obtained by quantum-chemical simulation
for the Csi1o[ NV ]Hazs: cluster [7]. Evidently, improved correspondence can be achieved by introducing small adjust-
ments to these model parameters. Specifically, the best agreement with experimental data (Fig. 10) was obtained for
slightly modified magnetic field parameters (B=72.5 G, 6=83.25°, ¢=85°), a reduced zero-field splitting (D=2869.2

MHz), and a scaling factor of 1.12 applied to the hyperfine tensor (A(C) =1.12* 4239 ).
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Fig. 9 Calculated transition probabilities and frequencies for the “NV—-3C(239) complex with D=2870 MHz, E=0
MHz, and the hyperfine tensor given by Eq. (5), in a magnetic field with B=72.3 G, 8=82.3°, ¢p=45°. Calculated tran-
sitions are shown in blue, while experimentally determined resonance frequencies from the ODMR spectrum in Fig.
7 are shown in red

2.5+ f -
2L i
1.5- -

1
it i

2%50 2860 2870 2880 2890 2900 2910 2920 2830
MW frequency (MHz)

Probability (a.u.)

Fig. 10 Calculated transition probabilities and frequencies for the *NV-'3C(239) complex in a magnetic field with
B=72.5 G, 6=83.25%, »=85°, using slightly modified values of the hyperfine tensor and the zero-field splitting param-
eter D as described in the text. Calculated transitions are shown in blue, while experimentally determined resonance
frequencies are shown in red

Such adjustments are physically justified, as both the zero-field splitting and hyperfine interaction parame-
ters are known to depend on local environment and temperature [ 11-14]. Notably, similar scaling (factor 1.02) was
previously reported in [15] for low-temperature experiments. The larger factor obtained here likely reflects tempera-
ture effects at room conditions. Overall, our results demonstrate that the “NV—"3C (third-shell) system can be effec-
tively used for nanoscale vector magnetometry, although its performance depends on the specific magnetic field
configuration and spectral resolution.

4 Conclusion

Using the spin-Hamiltonian formalism, we have simulated high-resolution ODMR spectra of individual hybrid elec-
tron—nuclear spin systems (**NV—'*C) in diamond in the presence of an external magnetic field. These systems repre-
sent promising platforms for nanoscale magnetic field sensing and vector magnetometry with maximal spatial resolu-
tion. We have predicted the feasibility of employing for the purpose a *NV—"3C spin system in which the *C nuclear
spin occupies a third-nearest-neighbor position relative to the NV center vacancy. For the first time, high-resolution
ODMR spectra of such three-spin system have been experimentally obtained and quantitatively interpreted. This anal-
ysis enables determination of both the magnitude and orientation of the local external magnetic field acting on the
system.
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