High-Sensitivity Optical Detection of Electron-Nuclear Spin Clusters in Diamond
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We perform sensitive nuclear magnetic resonance (NMR) with spin ensembles which are polarized
by nitrogen vacancy centers (NV centers) in diamond at room-temperature. With a near shot-
noise-limited photoluminescence detection and a highly uniform magnetic field, we resolve sharp
NMR features arising from multiple spin clusters. In particular, we investigate the coupling between
nuclear spins and NV centers in the neutral and negatively charged states. Further, we perform
high precision NMR and coherent control of families of **C nuclear spin ensembles in the |ms = 0)
level of the NV ground state. Applying an off-axis magnetic field reveals the various sites associated
with the otherwise degenerate couplings of the 3C sites around the NV electronic spin providing
access to all the hyperfine tensor components. Last, we observe spectroscopic signatures of pairs of
nuclear spins coupled to the same NV center. These results are relevant for ensemble measurements
of dynamical polarization that currently rely on expensive nuclear magnetic resonance systems as
well as for recently proposed nuclear spin gyroscopes.

Harnessing ensembles of nuclear spins lies at the heart
of a vibrant interdisciplinary effort, driven by applica-
tions in quantum information processing, secure commu-
nication, and nanoscale sensing [1-3]. Among the most
promising platforms in this field of research is the ne-
gatively charged nitrogen-vacancy (NV~) center in dia-
mond, whose electronic spin state allows for efficient rea-
dout and polarization of proximal nuclear spins via opti-
cal means at room temperature. Notable breakthroughs
using this hybrid electronic-nuclear platform include the
realization of large-scale nuclear spin registers [4], high-
precision gyroscopy [6-7], nanoscale Nuclear Magnetic
Resonance (NMR) spectroscopy in microfluidic environ-
ments [8, 9] or Nanoscale Magnetic Resonance imaging
[10]. Despite the unique ability of NV centers to detect
nuclear spins optically, ensemble-based detection of bulk
nuclear polarization—especially for 3C spins—still often
relies on conventional NMR setups, which require strong
(Tesla-scale) magnetic fields and cryogenic temperatures
[11-14].

A promising alternative leverages optical detection of
nuclear magnetic resonance (ODNMR), particularly via
the nitrogen nuclear spin of the NV center itself. In this
method, nuclear polarization is enhanced at the excited-
state level anti-crossing (ESLAC), where the NV photo-
luminescence becomes sensitive to the nuclear spin state
[15-17]. While N nuclei are commonly used in this
context, the detection of other spin ensembles, such as
13C, remains more challenging due, notably, to reduced
polarization efficiency caused by anisotropic hyperfine
fields in the NV optically excited state and the inhomo-
genous hyperfine coupling of the distant nuclear spins to
the NV electronic spin. To date, most high-resolution stu-
dies of 3C nuclear spins have relied on the probabilistic
study of several single NV centers [18, 19], which restricts
throughput and scalability. Bulk readout of ensembles
of 13C nuclear spins generally still require conventio-

nal NMR techniques. In the present work, we perform
ODNMR using amplitude and beam direction-stabilized,
high-power green laser excitation in conjunction with ba-
lanced photoluminescence detection and highly homoge-
neous magnetic field conditions. By operating near the
ESLAC, we achieve sensitive and high resolution detec-
tion of weak nuclear spin signals. Our results show that
even in a disordered system where all coupled '3C-NV
pairs are present, discrete families can be resolved. In
particular, we detect distinct 13C families (labeled A, B,
C and D) in the NV electronic ground state manifold as
well as site degeneracy lifting using a novel two-tones cor-
relation spectroscopy method. We also report the optical
detection of nuclear spins of the "N atom in the neutral
NVO charge state. Last, we study pairs of coupled carbon
13 spins that are indirectly connected by the NV center
electronic spin. By driving to triplet states of the coupled
system we identify conspicuous features of these pairs of
13C in good agreement with a numerical model, paving
the way for a rich low-field 13C NMR research landscape.

The measurements in this study are realized with a
homemade confocal microscope (see Supplementary Ma-
terials, Section I). Lasers delivering 200 mW in the green
(either from Ventus-GEM or a DPSS Cobolt Samba) are
employed to excite the NV centers. Of central impor-
tance to this study is the noise reduction on the detected
NV photoluminescence, stemming mostly from the laser
noise. Both lasers were found to be prone to beam poin-
ting and amplitude noise translating directly to PL noise
if no correction is applied. We reduced the low frequency
laser noise thanks to a balanced detection as well as an
active correction of laser beam pointing and amplitude
noise (see SM, Section I). Such stabilization is crucial for
long wide-band NMR scans.

To minimize magnetic noise from paramagnetic impu-
rities, we use a Chemical-Vapor-Deposition (CVD) grown
diamond from the company element 6 (BNV14 diamond)



FIGURE 1: a) Schematics showing the repartition of '*C
atoms around the NV centers projected on a plane perpendi-
cular to the NV axis. Families are defined according to their
symmetries with respect to the NV axis, following the nota-
tion introduced in [20]. ¢ defines the angle between B, and
the axis "*C-NV. b) Schematics showing the '*C families pro-
jected on a plane containing the NV axis. 6 defines the angle
between the perpendicular plane passing though the vacancy
and '3C families location.

containing 4.5 ppm of NV centers and a natural abun-
dance of 13C (i.e. 1.1%). We detect up to 40 uW of
stable NV photoluminescence. Under these power condi-
tions, the PL signal noise—referenced against a green
laser—remains at ~ 107*V for over an hour, enabling
efficient NV signal averaging.

The ground electronic state of the negatively charged
NV center is a triplet state [21]. In the absence of an ex-
ternal magnetic field, the |my = £1) = |£1.) states in the
triplet manifold are at a frequency D =~ 2.87 GHz above
the |ms = 0) = |0.) state at room temperature. The elec-
tronic spin of the NV center can be optically polarized
to the |0.) state using green laser light. Additionally, the
Stokes-shifted photoluminescence (PL) is stronger in the
|0.) state compared to the |£1.) states. Consequently,
applying a microwave signal at the resonant frequency
induces a drop in PL, which forms the basis of Optically
Detected Magnetic Resonance (ODMR) spectroscopy.

To polarize the nuclear spins, a highly homogeneous
magnetic field generated by a pair of 2 inches permanent
magnets and mounted on a rotation stage is employed
(see SM, section IT). We will mostly be studying the
|I =1/2,m; = +1/2) = |£1/2) spin of the 3C atoms.
Neglecting the coupling between the electronic spin and
the nuclear spin of the '“N, the Hamiltonian that des-
cribes a single coupled 3C-NV pair is given by :

H
€:D55+VES~B+%I~B+S~2-I, (1)

where D = 2.87 GHz, . =2.8025 MHz/G and ~, =
—1.07 kHz/G. A is the hyperfine tensor, whose com-
ponents characterize the anisotropic interaction between
the electronic and nuclear spins. In the NV center basis,
it is possible to rewrite this Hamiltonian as
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FIGURE 2: a) Optically detected magnetic resonance (ODMR)
spectrum around the |0.) — |—1.) transition at B= 487 G.
Blue points are experimental data, red line is a Lorentzian
fit to the resonance associated with the |0, 1n) — |—1e, 1n)
transition. Electronic spin transitions associated with the NV
electron coupled to the A, B, C and D '*C nuclear spin fa-
milies are indicated by vertical lines. b) Electron spin echo
signal subtracted from the slowly varying envelope (see main
text). Insets : Spin echo sequence and Fourier transform of
the spin echo curve.
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where double quantum terms are neglected (See SM, sec-
tion VI). The {e,, ey, e.} coordinate system is shown in
Fig. 1-a) and b). ¢ is defined as the angle that points to
a 13C site as depicted in Fig. 1-b). A..i, AL are linear
combinations of the components of the A tensor (see Sup-
plementary materials, section VI). A enables a flip-flop
process, while A.,; induces a flip of the electronic spin
conditional on the nuclear spin state.

At room temperature, the spin Hamiltonian has the
same form in both the NV ground and excited states;
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FIGURE 3: a) Optically Detected Nuclear Magnetic Resonance (ODNMR) spectrum at B= 486.8 G. Evolution of the photolu-
minescence (PL) as a function of the frequency of radio-frequency field, from 400 kHz to 14.3 MHz. The upper right box show
the Iy = 1 level scheme of the *N nuclear spin in the |0c) state. The 3¢ down-arrow shows the expected peak at the *C spin
Larmor frequency. b),c) Enlarged spectra corresponding to the two dashed boxes in a), showing resonances associated with the
YN nuclear spins coupled to NV~ centers in the |+1.) manifolds.

only the parameters D and A differ [21]. In the optically
excited state D™ ~ 1.4 GHz. A level crossing between
the |0¢*) and |—1°F) takes place at a magnetic field of
around 500 G. At such Excited State Level Anti-crossing
(ESLAC), some families of 13C nuclear spins are polari-
zed because of a joint flipping of the electron and nuclear
spins 0%, —1/2) — |—1¢*,+1/2) induced by the perpen-
dicular component AS* of the hyperfine tensor. After a
few optical cycles, at relative angles between NV and ma-
gnetic axes below 1 degree, the nuclear spins of atomic
species coupled to the NV center with A, larger than
a few MHz can then be polarized in one of the |£1/2)
states through their hyperfine coupling to the NV elec-
tronic spins, at room-temperature [22]. 13C families A, B,
C, D, up to O have been observed using Optically Detec-
ted Magnetic Resonance (ODMR) and partially polarized
using single NV centers in CVD grown samples [19, 20].
Fig. 1-a) depicts a projected image of the position of 27
13C atoms around the NV centers on a plane perpendi-
cular to the NV axis. Fig. 1-b) is a schematics showing
the 13C families projected on a plane containing the NV
axis. 6 defines the angle between the perpendicular plane
passing though the vacancy and '3C families location. ¢
is the angle between B, and the 13C-V axis (see Section
VI of the supplementary materials).

The previous discussion focused on 3C nuclear spins,
but ESLAC polarization also applies to other nuclear spe-
cies, such as the nuclear spin I = 1 of the N, provided

that the transverse component of the hyperfine tensor in
the NV excited state exceeds a few MHz.

I. ODMR AND SPIN ECHO AT THE ESLAC

Fig. 2-a) shows an ODMR scan centered on the |0.) —
|-1.) transition at a magnetic field B = 487 G [23].
The main peak at 1506 MHz corresponds to the electro-
nic spin transition in the polarized |m; = +1) = |[+1x5)
nuclear spin state of the N at the frequency v =~
D — ~.B + |A)|. Here, A} = —2.16 MHz is the longi-
tudinal component of the hyperfine tensor describing the
NV electron and the N nuclear spin interaction. From
the Lorentzian fit to this central line we extract a reso-
nance line-width of ~ 0.9 MHz, close to what is measured
at smaller (=~ 50 G) magnetic fields, highlighting the ne-
gligibly small inhomogeneities in the B field (see section
IT of the supplementary materials for more technical de-
tails).

The other features correspond to the two other 4N
nuclear spin—conserving electronic transitions as well as
the four electronic transitions related to hyperfine cou-
pling with the nuclear spin of the A, B, C, and D '3C
families [19, 20]. Proximal *C nuclei from family A have
already been observed in ODMR with a resolution of
about 2 MHz (see, e.g., Refs. [7, 23]). The frequencies
of the four '3C-NV transitions we observe can be ap-



proximated by v £ |A) & v, B| far from level crossings in
the ground state (the + signs depend on the signs of the
hyperfine tensor A for each family). These analytical ex-
pressions provide a good estimate of the peak positions.
In this measurement, the precision with which one can
extract the 3C-NV hyperfine tensor from ODMR spec-
tra is nevertheless limited by 1/7%, where Ty =& 1us is the
electron spin coherence time. Improving beyond this re-
solution is inherently challenging with highly doped NV
ensembles.

To enhance spectral resolution, a common approach is
to employ spin-echo sequences [24]. The sequence is illus-
trated in the inset of Fig. 2-b). Figure 2-b) displays the
photoluminescence (PL) as a function of the free pre-
cession time, after subtracting the slowly varying spin-
echo envelope, which decays with a characteristic time of
T5 =~ 7(3), us (see Section IIT of the Supplementary Ma-
terials). The data reveal fast oscillations at a frequency
of 521(5) kHz (see the Fourier transform below), cor-
responding to the 3C Larmor precession at a magnetic
field of 487(1) G. This is clear evidence that the electron
spin experiences a periodically modulated hyperfine field
from coupled '3C nuclei. Applying a transverse magne-
tic field could, in principle, allow one to distinguish the
contributions from the different *C families in the Fou-
rier spectrum and extract the complete hyperfine tensors
[18]. However, the achievable resolution would be limited
to 1/Ty ~ 140 kHz. Moreover, inequivalent 3C sites wi-
thin the same family would precess at slightly different
frequencies, leading to a broadening of the Fourier peaks.

In the rest of the manuscript, we will use another me-
thod that is closer in spirit to NMR to measure nu-
clear spins and hyperfine tensor components with higher
spectral resolution, enabling precise estimate of the full
13C-NV hyperfine tensor. When a green laser is conti-
nuously applied to the NV centers, the fraction of the
electronic spin population in a given electronic spin state
will flip depending on the nuclear spin state. Applying
an RF tone in the NV ground state to flip a polarized
nuclear spin when at the ESLAC will indeed result in
an electron-nuclear spin flip-flop in the optically excited
state. The electron flip to the |—1.)®™ state, will provoke
a non-radiative decay to the NV metastable state, thus
lowering the PL rate. In turn, the NV PL thus depends
on the nuclear spin state [15, 16]. The protocol will he-
reafter be called ODNMR [17]. As we shall see, detecting
I3C-NV couplings in the |[4+1) states as well as in the |0.)
electronic states enables precise determination of the full
hyperfine tensor.

II. N NMR IN THE NV~ STATE

In this part, we study ODMNR under 10 mW of
continuous-wave laser power. At this power level, the la-
ser does not fully polarize the NV center in the |0.) state
so that nuclear spin transitions in the electronic states
|£1.) can be detected without applying microwave [15]
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FIGURE 4: a) Photo-ionization (P.I.) and radio-frequency exci-
tation of the '*N spin in the NV charge state. b) ¢) Optically
Detected Nuclear Magnetic Resonance (ODNMR) spectrum
at B= 486.8 G showing resonances associated with '*N nu-
clear spins coupled to the NV center in the |+/1/2.) mani-
folds.

(See SM, section IV).

Fig. 3-a) shows the NV PL as a function of RF drive
frequency up to 14.4 MHz, featuring many sharp peaks.
The first one, indicated by a downward pointing arrow,
is close to v,B = 521 kHz under a magnetic field of
487 G. Thus, this peak may be attributed to the *C
NMR transitions in the |0,) state. This will be confirmed
in the next section. The other most pronounced peaks are
associated to '*N spins in the three NV~ center electronic
states. The N nucleus of the NV center has a spin I =
1. In the presence of a magnetic field B = B,e,, the
transition frequencies of the two nuclear spin transitions
in the |0.) state are

A?
HN) ~ Q| -4V B - L 3
(T No) =~ Q| = D- B’ (3)
2
F1No) QI+ 4B — L (4)
" D+~.B’

where Q ~ —4.95 MHz is the quadrupole coupling
constant, ’y,(lN) ~ —0.3077 kHz/G is the gyromagnetic
ratio of the N nucleus, and A, ~ —2.62 MHz is the
transverse hyperfine coupling to the NV electronic spin.
In the |+1.) manifolds, the hyperfine interaction shifts
the nuclear levels by an extra term A ~ —2.16 MHz
(see Section VIII of the SM).



Fig. 3-b) and ¢) show a zoom on the four nuclear spin
transitions in the |£1.) manifolds of the NV~ center.
The low employed optical power level permits observing
all of the four transitions with high sensitivity, without
requiring microwave pulses to drive the electron to the
|+1.). Notably, the “'!N_; and *!N,; transitions are
both much lower than the ~' N_; transition and almost
have the same contrast, although |+1xy) state is bet-
ter polarized. This phenomenon is likely to be caused
by the ODNMR read-out protocol. At the ESLAC, the
flip-flop only involves the |—1.) and |0.) states, so only
nuclear spins in the |—1,) are read-out efficiently. This
effect boosts (resp. lowers) the read-out efficiency of the
“IN_; (resp. "1 N;1) NMR transition [17].

Using this spectrum, full information about the '*N-
NV~ hyperfine tensor can be obtained (see Supplemen-
tary materials, section VIII).

III. "N NMR IN THE NV° STATE

We now turn to observations of ODNMR in the neutral
charged state of the NV center, written NV°. Not visible
on Fig. 3-a) are pairs of peaks around 2 and 8 MHz.
Fig. 4-b) shows two scans around these transitions. These
are attributed to the driving of the nuclear spin of the
nitrogen 14 atoms in the NVY state. In the NV state,
the electron spin of the defect can be S =1/2 or S = 3/2
[25, 26].

NV? ODNMR resonances |'4N Nuclear spin parameters
Label  Frequency (MHz)|Param. in NV® Value (MHz)
TIN_1 )2 7.828(3) |Qo 4.655(5)
i\ 1.472(9) Aj 6.057(3)
TINL1)2 1.782(3) A 3.9(6)
N4y 7.540(8)

TABLE I: Measured ODNMR transition frequencies (left) and
1N nuclear spin parameters (right) in the NV state.

Neglecting second-order electron-nucleus flip-flop pro-
cesses for now, the effective spin Hamiltonian for the N
nucleus in the S = 1/2 state of the NV center reads :

HNY' /b= Qo2 + vV B.L + m AL, (5)
where Qg = —4.655 MHz [27, 28] is the nuclear quadru-
polar interaction, and Aﬁ ~ 6.06 MHz is the hyperfine
coupling constant between the S = 1/2 electron spin and
the nuclear spin [28].

In contrast to the NV-, the NV? state lacks spin-
selective optical transitions, which restricts its applica-
bility in coherent spin-control schemes. As illustrated
in Fig. 4-a), however, photo-ionization (P.I.) may allow
readout of the NV° nuclear spin states, provided that
P.I. does not disturb the nuclear spins. In this protocol,
N nuclear spin polarization is first established in the

NV~ charge state. A subsequent two-photon process [29]
converts NV~ into NV? where both the hyperfine inter-
action and quadrupole moment differ. Radio-frequency
driving can then flip the "N spin, after which a second
P.I. process restores the NV to the negatively charged
state, enabling optical readout of the 4N nuclear spin.

The spectral positions of the four peaks in Fig. 4-b)
are reported in the table 5. There is good agreement bet-
ween the predicted positions of the peaks and the expec-
tations found from Eq. (5). Interestingly, the contrast of
the four '*N nuclear spin transitions in the NV state is
fully consistent with a polarization of the nucleus in the
|1n) state. This shows that a large 14N nuclear spin pola-
rization is preserved after photo-ionization. Also, the P.I.
transfer enables unambiguous CW read-out of the spin-
polarization. This is to be compared with the read-out of
the N nuclear spin in NV~ where ODNMR biases the
read-out contrast, as discussed in Section II.

We now seek to provide quantitative estimates of the
NV hyperfine and quadrupole tensors. To this end, we
employ the formulae in the Supplementary Materials
(Section VIII), which include non-secular contributions.
The values are reported in the table I. We also extract
the A[j_ component, which has not been reported thus far
to the best of our knowledge. Note that our method in-
volves a subtraction of two frequencies that are very close
to each other, so the uncertainty in AY is larger than in
the estimation of Qg and Aﬂ.

Iv. '»C NMR
A. ODNMR in the NV magnetic states

Let us now turn to additional peaks that are not visible
in Fig. 3-a), which are displayed in Fig. 5. The central
frequencies of these peaks, obtained by fitting Lorentzian
functions, are reported in Table II (left). The peaks labe-
led A,,., By, and D,,, are in excellent agreement with
the expected transitions in the |+1.) NV electronic states
for the three families of 13C spins, as previously observed
by Smeltzer et al. [20] using pulsed ODMR with inter-
leaved RF drive in the |+1.) manifolds. The previously
unreported peak at 8.45 MHz observed here can be attri-
buted to C_;, based on the ODMR results from Dréau
et al. [19].

Interestingly, sharp NMR peaks are observed, with a
width on the order of the one measured in the single
spin experiments [20], but here using many NV centers
coupled to 3C atoms at different sites. All the sites —
whose Hamiltonian differ one by ¢ (see Eq. (2))- for a
given family are indeed degenerate in the |+1.) states.
Diagonalizing the Hamiltonian Eq. (2) using the values
of A from [19, 20] and neglecting A, already yields a
fair agreement with the observed transition frequency.
We postpone the estimation of A to when A will be
extracted. The latter can indeed be estimated efficiently,
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FIGURE 5: (Left) Energy levels of the *C nuclear spins in the |41.) states. a),b) and c) are close-up of the ODNMR resonances
arising from the coupling between *C nuclei and NV electronic spins in the |+1.) magnetic states. Blue dots correspond to
experimental data and red lines to Lorentzian fits. The resonance frequencies are reported on Tab.II. Resonances are labeled

by the 3C family and using the NV electronic spin in index.

independently on Aj, in the |0.) state.

[+1e) [—Le) [0e)
Label|Freq. (MHz) | Label |Freq. (MHz) | Label | Freq. (kHz)
Ai | 13.2052(9) | Ay | 14.1907(4) | Ao | 469.79(3)
Bii | 12.202(1) | B_i | 13.2085(3) | Bo | 480.27(5)

C_y | 8.4402(5) | Co | 499.29(9)
D_i | 6.0235(5) | Do | 516.58(5)

TABLE II: ¥¥*C ODNMR resonances in the three electronic
spin states |+1.) and |0.) of the NV~ center at B = 486.8 G
aligned with the NV axis. Values and uncertainties are obtai-
ned from Lorentzian fits of each resonance.

B. ODNMR and coherent control in the |0.) state

We now study ODNMR in the |0.) state, where to
the best of our knowledge, no '3C spins have yet been
detected. Since the |0.) state is non-magnetic, the NMR
peaks for all 13C families are expected to lie at around
Yo B &~ 520 kHz, with B= 486.8 G. This, in fact, almost
coincides with the first broad peak observed in Fig. 3.

1. ODNMR in the |0c) state — theory

Figure 6-b) displays an ODNMR scan acquired with 30
dB lower RF power than in the data shown in Fig. 3, re-
vealing four narrow peaks in the vicinity of v = v, B now.
To account for the origin of these peaks, one must consi-
der second-order hyperfine interactions with the |+1.)
NV spin states. Although the NV is nominally in a non-
magnetic state, the transverse component of the hyper-

fine interaction can induce an effective electronic magne-
tic moment, which in turn shifts the nuclear energy quasi-
degenerate levels [18, 30, 31].

Here, we derive an effective two-level Hamiltonian for
a single *C spin in the subspace |0.) taking into account
the hyperfine interaction in all NV states. Using a se-
cond order perturbation theory of degenerate states (see
supplementary method, section VI and VII) we obtain

H(L%C> _ 1 < ’YnBz +v fYnBz + hJ.)
h 2 ’

2 \ By + 1Y =B, —v

in the basis |+1/2), with :

B ’YeAL

hi = =% (Aanie’®B. + 2DB,,) (6)
v = f%(w cos pAumiBe + A2B.).  (7)

We wrote A% = D? — (.B.)?. The diagonal terms are
due to virtual transitions through states |1.) and |—1.)
by the combined action of A, and A,,;. This process
is shown in Fig. 6 (note that the state |[+1.) is not de-
picted, but it also contributes to the frequency shifts).
They involve flip-flop processes between the electronic
and nuclear spins followed by electronic spin flips which
preserve the nuclear spin. The Hamiltonian can in fact
be recast in terms of an effective Zeeman Hamiltonian
with a g-tensor capturing the effects of the anisotropic
and transverse components of the hyperfine tensor (see
[18, 32] and the SM, section IX).

From this Hamiltonian we can compute the shift in
energy between the two |+£1/2) eigen-states. It is given
by :

AE = hn/(mB. + v)? + [ymBs + hL|2. (8)
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FIGURE 6: a) Coupled *C - NV spins and simplified level
structure (|4+1.) state not depicted) showing the mechanism
by which the two quasi-degenerate '>C states are coupled in
the |0.) state. b) Optically detected nuclear magnetic reso-
nances (ODNMR) of ®C nuclei coupled to the NV center
electronic spin in the |0.) state. The magnetic field B is ali-
gned along one NV axis. B = 488.15 G. Four resonances are
fitted with Lorentzian profiles, the parameters are reported
in Tab.III. ¢) Enlarged scan around the peak D, showing an
extra peak, possibility related to all other weakly coupled *3C
families.

In the particular case where B, = 0 we get :

2
Ve 214LA’4emni 2
(9)

We observe that the energy splittings, and conse-
quently the RF resonance frequencies, differ for each 3C
family, due to variations in A and A,y;.

2. Two-tones ODNMR spectroscopy

The values of A| have at present not been measured
for the four families A, B, C and D. We may tentatively
attribute the resonances in the |0.) manifold to fami-
lies Ag, Bg, Cy and Dy in ascending order of transition
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FIGURE 7: a) ODNMR, from 460 kHz to 525 kHz, using a
lock-in detection. The modulation frequency of the RF field
is 2 kHz. Frequencies shown with arrows are the one chosen
to realize the two-tones spectroscopy below. b) DPL scans
around '*C transitions in the |—1.) states (indicated on the
top) with a second modulated RF near the '*C resonances
in the |0.) manifold (indicated on the right). Red continuous
curves are Lorentzian fits to the data.

frequencies, following the A) trend. The extra smaller
peak that is seen at v,B =~ 520 G (a close-up is shown
in Fig. 6-¢)) would then likely correspond to the other
weakly coupled 3C families, including possible contribu-
tions from diffusive '3C spins that are not coupled to the
NV center directly.

This interpretation is not entirely satisfactory however.
Theories suggest that the A, ordering between families
can differ significantly from that of A} [33, 34]. To resolve
this ambiguity, we perform two-tones correlation spectro-
scopy involving the |—1,) electronic states in which each
13C family was previously unambiguously identified (see
Section IV-A). The idea is to record demodulated PL
lock-in signals (DPL) by scanning an RF tone close to
resonances in the |—1.) manifold while a second modula-
ted RF tone is on resonance with one of the peaks in the
|0.) state. First, we perform a lock-in detection close to
the Ay, Bg, Cg and Dg peaks with a frequency-modulated
RF signal. Fig.7-a) shows the corresponding demodula-
ted photoluminescence (DPL) scan, where all peaks seen
in Fig. 6-b) are clearly identified. Next, as indicated by



—0.1

Bx (mT)
<)
=)

0.1

1.08

—
1.03
0.99
0.94

460 470 480 490
Frequency (kHz)

b)

d

100

PL(MV)

470
Frequency (kHz)

480 490

p—
B
D
(e

N 490 i),
g -
> o .
2 480| D
Q e
= N o~
o ! if) <
= 470 ,\9,\__><'

—-0.10 0.00 0.10

By (mT)

FIGURE 8: a) Schematic representing the **C repartition, of families A and B around an NV center (not shown). The direction
of B shown here is the one employed in the measurements shown in b)-c) and d). b) ODNMR spectra for families A and B
for the three values of B, shown on the top right (here ¢ = 0 so B, = Be;). Dashed lines indicate the evolution of the peaks’
maxima obtained using Lorentzian fits. ¢) 2D plot showing the photoluminescence as a function of the transverse magnetic field
amplitude and RF frequency for families A and B. d) Transition frequencies as a function of the transverse magnetic field B;.
The data points (dots) are extracted from the maxima in the ODNMR spectra of Fig.6-b). Continuous lines correspond to the
fit using Eq. 8, where ¢ is set to 0 (resp. 27/3) for traces i) and iii) (resp. traces ii) and iv). Aan; is used as a free parameter in

these fits. Each trace is associated to a '3C as labeled in a).

the red arrows, we park the modulated RF signal around
one of the four transitions in this |0.) manifold. We then
detect a DPL around the four A,B,C, and D transitions in
the |£1.) state for four different pump frequencies using
a second RF generator.

The principle of this technique is that a demodula-
ted detection scan around one of the four nuclear transi-
tions—for instance B_;—yields a signal only if a modu-
lated pump is applied on By, thereby depleting the |0.)
state. Since the lock-in detection is sensitive exclusively
to resonances involving 3C nuclei from the same spin
family, a DPL signal should thus appear solely for the
B_1-Bg combination.

Figure 7-a) presents the results of sixteen measure-
ments obtained with the two-tones correlation spectro-
scopy technique. A signal within a given family appears
only when the pump is tuned to that same spin family,
with no cross-signals observed. This allows us to unam-
biguously identify the families in the |0.) subspace and
confidently assign the four resonances in Fig. 6-b) to the
A, B, C, and D families, in ascending order.

One essential feature in the theory presented in the
section IV B 1, is that the central position of the Ag, By,

Cp and Dg peaks depend solely on |A | to lowest order.
The third term under the square root in Eq. (9) is indeed
negligibly small as we shall see. This fact greatly facili-
tates the reconstruction of the hyperfine tensor. From the
central position of these peaks, we can thus extract the
absolute value of A independent on A. This is reported
in table III, setting the sign of A, to be the same as the
sign of A (see section VIII of the SM).

Once the A, are extracted, another identification
check can be done by comparing the amplitude of each
of the four peaks. Their amplitudes are proportional to
p % 2 X Nge where p is the polarization of the C spin,
Q the RF Rabi frequency and Ng;te, the number of sites.
One can use the formulas in [31] to estimate Q =+, Bry
where «/, is the hyperfine enhanced gyromagnetic ratio
—related to A, — and Bry is the RF magnetic field ampli-
tude. Using the polarization p measured in [19], we find
that the amplitude ratios between each peak match very
well this prediction (see supplementary materials Section
IX-B).



3. Lifting site degeneracy

Theory also predicts that there is a dependency of the
frequency of the various sites within the same family (see
Fig. 1-a)) to a transverse magnetic field. As is manifest
in Eq. 8, when both ¢, namely the azimuthal angle that
identifies a site in the same family, and B, are included
in the theory, the energy levels depend on ¢. *C nuclear
spins states of the same family are then no longer degene-
rate in a transverse B field. A,,; then contributes at lea-
ding order to the shift, allowing specific spatial >*C-NV
configurations to be distinguished spectrally.

In order to show this effect while still retain sufficient
signal to noise, we performed an experiment where the
transverse component of the magnetic field is set as sket-
ched in Fig. 8-a). The magnetic field direction is set in
the middle of two A carbon 13 atoms so that only two B
field projections onto the '3C-NV axes differ, instead of
six for the family A and three for the family B. A clear
splitting of the A and B transitions due to the transverse
component of the magnetic field is observed in 8-b) as
it is stepped up to 0.085 mT. Fig. 8-c) shows a scan of
the transition frequencies in families A and B, when the
transverse component of the B field spans -0.15 mT to
0.15 mT. The evolution of the transition frequencies as a
function of B, is shown in Fig. 8-d). Each of these four
curves are fitted by Lorentzians, thus providing a precise
and uni-valued measurement of A,,;. The hyperfine com-
ponents, including the A components obtained from the
transitions frequencies in the table II, are recorded in the
table III.

3C Family|[# of sites| A1 (MHz)[Aani (MHz)[ A (MHz)
A 6 15.6(1) 1.56(8) [13.7496(1)
B 3 14.00(7) 1.8(1) | 12.795(2)
C 3 -10.4(1) 0.9(2) -8.9(2)
D 6 -5.2(2) -6.51(2)

TaBLE III: Values of the **C-NV hyperfine interaction terms
for the families A, B, C and D. A, are evaluated using data
from Fig. 6-a). Aani are extracted from Fig. 8-a) using a fit
with Eq. (8). A) are extracted with the results from table II.

4. Coherent control of **>C nuclear spins

To use the C nuclear spins for applications, achieving
quantum coherent control of their spin states is essential.
Here, we show coherent control of '3C nuclear spin en-
sembles in the |0.) manifold.

As a preliminary step, we demonstrate Ramsey oscil-
lations on the |[+1y) — |On) transition of the 4N nu-
clear spin in the |0.) electronic state. The duration of a
7/2 pulse is first calibrated via Rabi oscillation measu-
rements. We then perform a standard Ramsey sequence
using a radio-frequency tone detuned by approximately
8 kHz from the central transition frequency at 5.091 MHz.
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FIGURE 9: a) Ramsey oscillation of the **N nuclear spin state
at a frequency detuning of 8 kHz. The sequence is detailed in
the top right of the figure. b) Ramsey oscillation of the *C
nuclear spin. The RF is fixed at 460 kHz. Experimental data
are fitted with a sum of two sinus with exponential decay.
¢) Fourier transform of the Ramsey oscillation signal. Three
resonances corresponding to families A;B and C in the |0c)
state are visible.

Figure 9-a) displays the resulting decaying Ramsey os-
cillations. A fit with an exponentially decaying sinusoid
yields a detuning of 8 kHz and a dephasing time T3 of ap-
proximately 864(7) us. This value is close to the T time
of the NV electronic spins (see Supplementary materials,
section V). It is also close to the decay time estimate
that one can derive from the electronic 75 and ratio of
the nuclear to electronic gyromagnetic ratios.

We now move on to performing coherent control of the
13C ensemble in the |0.) state. One difference with the
nitrogen nucleus is the non-degeneracy of the A, B, C
and D peaks, even in the |0.) state (see Fig. 6). Fig. 9-b)
shows a Ramsey measurement with an RF tone set at
460 kHz. We fit this data by a sum of two sinusoids with
frequencies wyq = 9.87(3) kHz and wp=20.34(6) kHz and
a single exponential decay. The Fourier transform of the
signal in Fig. 9-b) features these two frequencies, plus
another one around 40 kHz from family C. From the fit



we extract a decay time for the *C nuclear spins cohe-
rence time T5 ~ 203(9) ps. The ratio of the decoherence
time of 13C and *N nuclear spins is of the same order of
magnitude as the ratio of their gyromagnetic ratios indi-
cating that the decoherence times have the same origin
in both species.

We conclude this section by noting that, in principle,
all-optical pulsed detection of '3*C nuclear spins can be
performed in a similar manner to that of the NV center’s
15N nucleus, as demonstrated in Ref. [35] (both having a
spin 1/2), albeit with a smaller contrast and with mul-
tiple frequency components instead of just one.

C. Coupled pairs of *C spins

Intra-family Couplings
Pair |Frequency (kHz)|Experimental (kHz)
A-A 359.2(1) 360.1(3)
B-B 391.2(1) 392.0(6)
c-Cc|  455.5(1) 452.2(4)
D-D|  504.7(1)

Inter-family Couplings
AB[ 375.1(1) 376.2(6)
A-C|  409.0(1) 412.9(3)
A-D|  449.3(1) 452.2(4)
B-C|  422.5(1) 426.8(2)
B- 460.4(1) 462.1(7)

TABLE IV: Theoretical predictions and experimental obser-
vations for transitions between the ground and triplet states
in the '*C spin pairs (in kHz) for homo- and hetero-nuclear
pairs in the |0.) state of the NV center.

Individual nitrogen-vacancy (NV) centers can act as
efficient mediators for coupling nearby nuclear spins,
offering a more effective mechanism than direct nu-
clear—nuclear interactions. Figure 10-a) illustrates how
the NV center facilitates the interaction between 3C
pairs. This picture can be naturally extended to larger
clusters of nuclei, where the NV center mediates com-
plex multi-spin interactions with potential applications
in quantum information processing and quantum metro-
logy [4, 36-38].

Such coupled spins are expected to exhibit eigenfre-
quencies distinct from those of uncoupled nuclei. Predic-
tions about the frequencies of the transition of coupled
pairs can be performed by diagonalizing numerically the
Hamiltonian :

H
5 = D247 B+l +1x) B

+S-A L+S-A T (10)

Here, I 2 denote the nuclear spin operators, and A Lo
are the hyperfine tensors describing the interaction of
nuclear spins 1 and 2 with the electronic spin S of the

same NV center. The direct coupling between the two
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FIGURE 10: a) Left : Schematics showing 13C spins coupled
through the NV electronic spin. Right : Energy levels of the
coupled '3C spins in the |0.) state. |T) and |S) denote the
triplet and singlet states respectively. b) Trace i) : ODNMR
spectrum in the 340-460 MHz range, showing the coupled
hetero- and homo- nuclear couplings between the *C spins.
Blue dots are experimental data, red lines correspond to Lo-
rentzian fits used to extract data from IV C, each resonance is
extracted independently. The bottom curve ii) was obtained
by lowering the RF signal by 10 dB.

nuclear spins is negligibly small and therefore omitted
from the calculation.

The new eigenstates of the coupled spins are triplet |T')
and singlet states |S) which are symmetric and antisym-
metric combinations of the uncoupled [+1/2), , states.
Importantly, transitions from the |g) = |+1/2), |[+1/2),
state to the entangled state |T") = %(|+1/2>1 |—1/2), +
|—1/2), |+1/2),) are allowed whereas transitions to the
singlet state are RF-forbidden by selection rules as shown
in Fig. 10-a). Numerical simulations of the |g) — |T)
transition frequencies for all possible pairs of strongly
coupled 3C spins in the |0.) states are listed in the
table IV. The frequency difference between the transi-
tions of two coupled *C and uncoupled **C in the |+1,)
states was found to be too small to be detectable are thus
not listed.

The number of clusters of spins around each NV under
the laser focal spot is calculated in the Supplementary
material, section IX. It is shown that there is a ratio
of 1/10 between double occupancy and single occupancy



of 3C nuclear spins close to NV centers in our sample.
Such pairs should thus be detectable in about an hour
with our setup. Fig. 10-b) shows two scans taken in the
region where such transitions between the |g) and triplet
states |T') are expected. Most of the transitions are in-
deed observed, and reported in Tab. IV. showing good
agreement with theoretical modeling.

V. CONCLUSION

In conclusion, we perform high-sensitivity detection
of nuclear spins in a CVD grown diamond crystal un-
der modest magnetic fields at room temperature. The
identification of nuclear spin environments around en-
sembles of NV center lays the groundwork for further
dynamical control of the state of nuclear spins families,
opening up the possibility to test and optimize various
polarization transfer protocols with 3C spins that are
currently only accessible using high-field NMR, even at
to the single spin level. This includes Coherent Popula-
tion Trapping (CPT) [39-42], pulse-pol [12] and adiabatic
sweeps techniques [11, 13] which are central for improving
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spin initialization and readout in diamond-based quan-
tum sensors. Another promising avenue arises from the
temperature-dependent variations observed in all spec-
tral features [43-45], which provide a means to investi-
gate the spin—phonon interactions of the newly detected
clusters with high precision.

Most importantly, our results will offer applications in
gyroscopy. Nuclear spins are predicted to be good can-
didates for the next generation of compact and precise
gyroscopes [5, 6, 46]. To this end, the '*C spin preces-
sion signal can be boosted using '*C enriched samples,
potentially surpassing 14N-based implementations [7, 47].
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I. Set-up

Figure 1a presents the experimental setup used to perform optically detected nuclear magnetic resonance (ODNMR) measure-

ments. The key advances that enabled the observation of weak nuclear resonances include significant noise reduction, precise

control of the magnetic field direction, and a setup optimized to operate at a fixed, homogeneous magnetic field.

To reach the sensitivity required for detecting the weakest ODNMR signals, we addressed multiple noise sources, with the

dominant contribution originating from laser-induced fluctuations. The laser beam is coupled into an optical fiber to mitigate

both beam-pointing and amplitude instabilities. Additionally, a feedback loop controlling an acousto-optic modulator (AOM) is

used to actively stabilize the green laser power.

Confocal detection is achieved using an objective lens with a numerical aperture of 0.75, corrected for chromatic aberration. This
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FIGURE 1 — a) Confocal microscopy set-up. Red boxes correspond to the laser noise reduction part. The blue circle highlights
the confocal microscope and the magnetic field alignment set-up with two independent rotation stages. A second AOM and a
switch are used for the pulsed sequences. Two lasers are used in our measurement : Cobolt (532 nm) from Hiibner and Ventus
(532 nm) from Novanta. b) Simulation (from COMSOL) of the magnetic field gradient in our set-up. Minimum gradient occurs
at the center of the set-up.

configuration enhances photoluminescence (PL) collection efficiency from the excitation volume while minimizing the effect of
magnetic field gradients. The excitation power before the diamond ranges from 5 mW to 15 mW, resulting in PL signals between
10 and 30 u'W. Detection is performed using a balanced photo detector (PDB210A), where the PL signal is measured relative to
the green laser reference taken prior to the confocal path using a 4/96 reflective quartz plate. The power on the reference photo
diode is fine-tuned using a variable optical density to optimize balancing. Under these conditions, we achieve a detection noise
level of approximately 1 mV over minutes time scales, allowing us to resolve ODNMR contrast as low as ~ 10~® within one
hour of averaging.

Experiments were conducted using two laser sources : a Ventus-GEM and a Cobolt Samba (DPSS), both operating at 532 nm
and capable of delivering up to 200 mW of power. Most data in the main text were acquired using the Ventus-GEM laser. The
only exceptions are the ODMR spectra in Figure 2, the |0,) manifold data in Figures 4a and 4b, and the results in Figure 5. In
the Supplementary Material, Figures 3b and 4b were obtained using the Cobolt Samba laser.

Magnetic field alignment is achieved using two permanent magnets in an anti-Helmholtz configuration to minimize field gra-
dients. Figure 1b shows a simulation of the expected magnetic field distribution in the region surrounding the diamond. The
sample is mounted at the center of a goniometric system, where the field gradient is minimal—on the order of a few 0.06 T/m
along z (see Fig. 1-a). With an excitation spot size along the laser beam axis estimated at o ~ 100 pm, this yields an inhomoge-
neity in the 100 ppm range corresponding to a broadening of the electronic spin transitions on the order of %, VBo ~ 200 kHz.
This is more than a factor of three below the inverse of the inhomogeneous dephasing time 1/7;° ~ 650 kHz of the electronic
spins measured at low fields.

The diamond is fixed on a high-precision rotation stage (CONEX-AG-PR100P, minimum incremental motion : 0.001°), allowing
rotation around the laser axis. A second rotation stage (CONEX-CC, minimum increment : 0.02°) holds the magnets and enables
azimuthal rotation around the diamond.

The magnetic field strength is calibrated using optically detected magnetic resonance (ODMR) in combination with numerical
simulations of the electronic spin Hamiltonian, including hyperfine interaction with the "N nuclear spin. By measuring the
Zeeman splitting between the |—1.) and |+ 1.) spin sub-levels and comparing the values to simulated resonance frequencies, we

extract the magnetic field magnitude with high precision.
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FIGURE 2 — Photoluminescence as a function of waiting time between two hard 7 /2 pulses and 7 pulse in a spin echo
sequence. The plain line is a polynomial fit to the data.

II. Alignement of the magnetic field to the NV axis

Efficient nuclear spin polarization via optical pumping of NV centers relies on spin mixing processes that occur at the excited-
state level anti-crossing (ESLAC), typically near 510-520 G when the magnetic field is aligned with the NV symmetry axis. The
ESLAC condition corresponds to an avoided crossing between the |0,) and |—1,) sublevels of the NV excited state, which enables
hyperfine-mediated mixing of electronic and nuclear spin states. This mixing is a prerequisite for transferring polarization from
the NV electronic spin to nearby nuclear spins, such as 13C, N, or °N.

Critically, the efficiency of this mixing—and hence of the polarization process—depends strongly on the orientation of the
applied magnetic field relative to the NV axis. When the field is precisely aligned along the NV axis, the quantization axis of
the spin Hamiltonian matches the symmetry axis of the defect, maximizing the overlap between spin states that participate in
the ESLAC-mediated mixing. In this configuration, the secular approximation remains valid, and the off-diagonal terms in the
hyperfine Hamiltonian (which drive the mixing) are maximized near the level anti-crossing. For these reasons, precise alignment
of the external magnetic field along the NV axis is essential for operating at the ESLAC with optimal nuclear spin polarization.
In our setup, this alignment is achieved using a dual-axis goniometric mount that allows us to adjust both the diamond orientation
and the magnet angle with sub-millidegree resolution (see Fig. 1).

To ensure optimal alignment of the magnetic field along the NV axis, we exploit the optical readout of *N nuclear spin polariza-
tion via the peaks labeled *'Ny and ~'Nj in the main text (see Fig. 3). These peaks arise from spin-selective optical transitions
and directly reflect the nuclear polarization of the '*N nucleus associated with the NV center [1]. Since they can be detected
within a fraction of a millisecond, they serve as an effective probe of alignment quality. We use the relative amplitudes of these
peaks to finely adjust the magnetic field direction. We define the nuclear polarization as :

_HN()

P=——— 1
+1N0+71N07 ( )

where *'Nj and ~'Nj denote the amplitudes of the corresponding peaks. A two-dimensional map of the nuclear polarization as a
function of rotation stage angles is shown in Fig. 3.a). Using this method, we achieve an angular alignment precision better than
0.01°. This high degree of control is essential to maintain efficient polarization transfer at the ESLAC and to ensure reproducible
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FIGURE 3 — Polarization a) Evolution of the polarization defined by the ratio of the resonance amplitude in the manifold |0,)
with the rotation stages angles. b) Evolution of the contrast of the resonance A_; as a function of the green excitation power

measured just before the confocal microscope.

measurements across experiments.

III. ESEEM

Electron Spin Echo Envelope Modulation (ESEEM) is a pulsed electron spin resonance technique used to probe weak hyperfine
and quadrupolar interactions between an electron spin and nearby nuclear spins. It is based on the observation that in the presence
of weakly coupled nuclei, the amplitude of the Hahn echo signal exhibits modulations as a function of the interpulse delay.
These modulations arise because the nuclear spin precession frequency depends on the electron spin state due to the hyperfine
interaction. During the two free evolution periods of the Hahn echo sequence (/2 — T — 7 — T — /2), the nuclear spin accumu-
lates a phase which partially cancels or reinforces depending on the electron spin path, leading to an echo amplitude modulated
by oscillations at characteristic frequencies. This is called an Electron Spin Echo Envelope Modulation (ESEEM). For a nuclear
spin 1/2 such as that of the '>C, these modulation frequencies are related to the Larmor frequency ¥, B.

Fig. 2 shows a plain spin echo signal obtain by driving the electronic spin transition at 1.506 GHz. The PL is plotted as a function
of the precession time 7.

In the main text, the oscillating signal is subtracted to let the '3C Larmor precession appear clearly and to facilitate Fourier
analysis. While ESEEM spectra can provide valuable information about the hyperfine tensor A (magnitude and anisotropy), the
quadrupolar interaction Q (for nuclei with 7 > 1), the local spin environment, including isotope abundance and nuclear spin bath
composition, the resolution Av of the ESEEM spectrum is limited by the maximum evolution time Tmax (via AV & 1/(2Tpax))-

IV. Origin of the '>C transitions in the +1, states

The peaks associated with the hyperfine interaction with 'C in the |+1,) manifold (Fig. 5 in the main text) are observed without
applying microwave excitation to the NV magnetic states. These resonances appear while the laser continuously pumps the NV
center into the |0,) state.

To better understand the observation of resonances linked to the hyperfine interaction with '3C in the |+1,) manifold, we analyze
in Fig. 3.b) the evolution of the contrast of the resonance A_; as a function of the green excitation power. We observe that the
contrast decreases with increasing laser power, which indicates that it is directly related to the residual population remaining in
the |—1,) state due to the ineffective optical pumping.

The optimum laser power to observe these features must be found by compromising sensitivity (which scales as the square root
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FIGURE 4 — a) Pulse sequence used for 7| determination. The microwave frequency corresponds to the electronic transition
|0.) — |—1,) for the NV centers aligned with the magnetic field. b) Evolution of the difference between signals S; and S; as a
function of the delay time 7. The blue points represent the experimental data, and the red line is an exponential decay fit.

of the power for a shot noise limited detection scheme) to contrast.

V. Electronic spin relaxation time 7;

In Figure 8.a) of the main text, using the Ramsey oscillations, we extracted a 7" value of 864.2us for the 14N nuclear spins while
the nuclear 77 can be in the minute time-scale. In diamond with a high density of NV centers, the electronic spin relaxation time
Ty is generally of the same order of magnitude. Since our readout of the nuclear spin state is performed via coupling to the
electronic spin state, we need to determine whether the electronic relaxation time limits the nuclear 75".

Figure 4 shows the pulse sequence used and the data obtained to determine the electronic spin 77. We take the difference between
signals S and S, in order to eliminate other effects that occur when the laser is turned on, such as photo-ionization of NV~ to
NVO. The microwave pulse only affects the electronic spin state, so the signal difference provides direct information about the
relaxation time. With an exponential decay fit we extract an electronic relaxation time 77=3.1(1)ms [2]. This value is longer than
the 7 of the 4N nuclear spins, indicating that our Ramsey measurements are not limited by the electronic relaxation time.

The T, value is thus likely to be related to fluctuating magnetic noise originating from P; or NVH™ centers, which are present
at the ppm level in our sample [3].

VL. Hamiltonian of the '>*C-NV coupling

The general Hamiltonian for the electronic spin S of an NV center coupled to the nuclear spin I of a '>C in a magnetic field B
reads :

H
ﬁ:DS§+%B-S+VnB-I+S-A-I

where 9, = 2.8025 MHz/G and 7y, = —1.07 kHz/G are the gyromagnetic ratios of the electronic and of the 13C nuclear spins

respectively. Writing the spin operator components in terms of creation and annihilation operators, we obtain



‘We obtain
H/h=DS>+7B-S+7B-I
1 . 1 .
+ALS A+ ESer (Azx - lAzy) + ESZL (Azx + lAzy)

1 : 1 .
+ §S+Iz (sz - lAyz) + ESflz(sz + lAyz)

1 .
+ ZS+1+ (Axx —Ayy - 2ley)

1
+ (ST +S5 1) (An+Ay)

Al =B

+—S_I_ (A — Ay +2iAy).
The dipole-dipole interaction between a carbon 13 nucleus and the NV electrons can be expressed in a matrix form as
Hyy=S-A;-1
where A, is the symmetric zero-trace matrix with elements :

[Adlij = &(7)(8ij — 3iri ;)

and &(F) = —Ay =tk

n; are the coordinates of the unit vector i that joins the spins, with origin on the vacancy (where the electronic density is the
largest in the NV ground state [4]). We write 0 and ¢, the polar and azimuthal angles that determine the coordinates of ii. Adding
an identical contact term A, to the diagonal elements [5], we get to

Axe =Ac—Ag(1 —3sin? 6 cos? 9), )

Ay =A.—Aq(1 —3sin® @sin’ §), (3)

A =A.—Ag(1—3cos’0), 4)

Ay =Ay = 3A,sin? O cos P sing, (5)

Ay, =A, =3A;sin60cosBcos g, (6)

Ay, =A; =3A;sin6cos Osing. @)

We have :

Ay — Ay +2iAy, = 3A,5in” e (8)

Ay, 1A, = 3A4cos 0 sin Bt )

The hyperfine interaction can then be written as
1
S-A-1=S.LA|+ Z(ZAC —Ag(2—3sin?0))(STT~ +571T)
+ %Ad sin 0(STITe 2 4 571~ 129)

3 ) )
+ 5Aqcos fsin O((STL+SI )e ™ + (S L +S.1)et?). (10)



‘We now define

A=A, (11)
A= 2Ac+Aq(1-3c0s’0) 3Ac—A) Axx+Ayy, (12)
2 2 2
Agni = 3A4cos05sin b, (13)
3A4s8in0  Ayn—A,,
Al = = ) 14
a 3 PR (14)
so that
S-A-I=S.LA|

A
+ %(sﬂ— +871)

!
+ % (STITe 20 4 571 129)
Aani
2

In the following, we use the fact that A’L <A because Ay =~ Ay, [6]. We then obtain the 13C Hamiltonian shown in the main

+ 2 (STL 480 )e ™ 4+ (STL+ 8.1 )et™). (15)

text. We will come back to this approximation in the next section.

The sign of A, depends on the '*C family around the NV center. For the strongly coupled families A, B, C and D that we study
in this paper, the dipolar interaction terms o< A, are smaller than A.. Therefore the signs of A; and A are the same.

Note also that A; > 0. For the families A,B, C, and D, 6 € [0, /2] with our choice of coordinate system (see Fig. 1 in the main
text), therefore A,n; > 0 for these four families.

VII. Second-order perturbation theory of degenerate states

To explain the energy level repulsion observed between the states |0,,+1/2) and |0,,—1/2), we employ second-order pertur-
bation theory perturbation theory of degenerate states. This approach allows us to describe second-order couplings mediated by
virtual transitions through intermediate states outside the |0,) manifold. This approach allows to derive an effective Hamiltonian
projected onto the |0, ) subspace, accounting for the observed shifts. We write the total Hamiltonian as H = Hy +V, where :

Hy = DS? +%S:B; + Wml:B: + SzIZAH )
A Aqni , .
V= % (ST ST+ (ST L+ SAN)e ™ 4 (STL A4S )e™™) + . BySy + Bl
We set 7 to 1 here to simplify notations. Because of the small typical values of the hyperfine tensor and of B, compared to the
splittings between eigen-states of Hy coupled by V, we can consider V as a perturbation. Second order perturbation theory states

that the matrix elements of the effective Hamiltonian in the sub-space |0,) read :

1 rl0e) | . A1 . . 1 1
GIHL 1) = (0 H[00) @ 1d(2) + (00,11 V [0, /) + 5 {0,V 17,K) (1K V 100, ) ( + )
o 2 k,ye{;u,qg} Eoi—Eyr  Eoj—Eyk
This expression includes contributions from direct level repulsion between nearly degenerate states within the same subspace
|0.), as well as indirect energy shifts mediated by virtual transitions through higher-energy intermediate states. These are
depicted by arrows in the level scheme shown in Fig. 5-a).

The terms arising from first order perturbation are :

B
(00, —1/2|V[0.,+1/2) = 22

B
(00, +1/2|V |00, —1/2) = 7”2"




Neglecting A and ¥,B; compared to D + ¥, B;, the diagonal terms read :

2 1 Aanie
0,,1/2|V |1,,+1/2 ( ) _ i€ Ly B
[0, 1/2|V |16, +1/2) Evin—Eriis DT 1B = eBx|
2 1 Aanie
00, 1/2|V |—1,,41/2 2( )—— x| 2ai€ T B P
[{0e, 1721V |1, +1/2)] Eoipp—E 1412 D—7.B:; | 2 =
2 A?
[0, 1/21V 1, -1/2) P )= -5
Eo1pp—Ey 12 D +v.B,
2 A?
0,—12V—1,+122( ):— L
{0, —1/2|V |~1,,+1/2) | B aEoin D 1B,
2 1 —Ayie
0,—12V1,—122( ): x |2 4 B
[ {0, —1/2[V |1, —1/2) | T by — YeBx|
2 1 e
00, —1/2|V |=1,,-1/2 2( ): x| =i 4B
{0, —1/2|V =1, ~1/2) | Eyn—E 1 1s D 1B — eBy|
The off-diagonal terms are :

1 1 —A| Agie
0,—12V—1,+12—1,+12V0,+12( n )z +1.B
Qe 12V = e 41/2) (e 1721V 106, 41/2) Eo—1pp—E 112 Eonp—E_11p2 D*}’eBz( 2 eBx)

1 1 —A, | —Agie?

o,-12v1,-121,-12v0,+12( n ): B
O, 1721V [1e:=1/2) {le =1/21V 06, +1/2) Eo1p—Ei 12 Eonp—Ei-1p D+Ye3z( 2 eBs)

From this we can give the expression for each component of the effective Hamiltonian. Writing h;; = (i| H, f y | j), we find

B. A2y,B. DAcosdv.B D A2
YDy 1 Yeby ani O%Y.Bx (27/@23)%+ﬂ+A2L)

hy = — _
= 2N A2 22 2
and
}/nBz AQLYEBZ DAani cos ¢ '}/e X 2 2
hyp = — — 2y, B+ am A
2 2 202 A2 2A2 % A1)
where we have introduced the quantity A% = }/232 It can be rewritten as :
hy = E('YnBz + V+C)
1
hy = E(_YnBz -V +C)
where

_ 2DAui c0s 97.B, N %.B.A%
A2 A2

2]/2B2 am +A2 )

We find here the expression of v which is in the main text. The off—diagonal energy terms can be shifted by —C without loss of
e)

generality to get the same effective Hamiltonian H, /" 0 off A8 the one in the main text.

For the off-diagonal terms, we have contributions from both first- and second-order perturbations. We denote the latter as z, in

the main text. We have :

'}/n X AJ_
2 2A?

hiy = (ZDYe x+Aanle ’}/e )



From this we can deduce the expression of /2, :

A .
hi = —~5 (2DYBs+ Auie* 1B:)

Let us come back to the A’, < A approximation made earlier. A straightforward calculation shows that including the term

proportional to A’ in the Hamiltonian, implies making the replacement A2l — Ai —AE invand A; -A; —A inh,. The

contact term being dominant for all the strongly coupled spins of this study, A", < A so since A’ appears only next to A |,

neglecting A’ is justified for these families.

VIII. !“N transitions in the NV~ and NV states

Because of the large quadrupole moment of '*N, the NMR transition frequencies for the '*N nuclear spin in the NV~ and NV
states can be found using second order perturbation theory of non-degenerate states. We obtain the following expressions for the
NMR transition frequencies in the NV~ state, to lowest orderin A /(D £ v.B) :

F(*'No) ~ |0 - VB~ Al
D—7.B

2

A
“INp) ~ R Ep——
£ ~ 01+ VB 5T

FOINC) =~ [0 — 1Ay - »wB

SN (0] + A+ VB 4+ AL
I D—7.B

2
+1 ~ N Al
SN = |0+ A = B+D+%B

fC'Na) ~ 10— |AH|+%(£N)B

We obtain the same results as in [7], if one takes into account our different sign convention for the gyromagnetic factors.

A similar procedure yields

0

A
SNy j2) & [ Qol + 7“ A
A0 02
a1 - | g (AD)
f( N—1/2)~|Q0|—7+7’n B_Zyﬁ
A0 02
| - | g, (AD
SNy o) = |QO|*7*Yn BJFﬂ
0

O - Al oW
PN ~ o]+ 5+ B

for the transition frequencies in the S = 1/2 ground state of the neutral NV, to lowest order in A‘j_ /%.B. These expressions are
in agreement with numerical simulations. The transition frequencies we measure are consistent with the reported values of the
hyperfine coupling in a § = 1/2 state and not with for an S = 3/2 state where nine features should have been detected at higher
frequencies [8].

One can get an order of magnitude estimate of the hyperfine constants, including their signs, in the neutral state, using the ratio
between the gyromagnetic ratios for both isotopes. These are y,gN) = —0.3077 MHz/T and }/,(,N) = 0.4316 MHz/T for the isotope
14 and 15 respectively. The norm of "4 | ~ |6.06] MHz for the neutral NV, while |'5A | ~ [8.484| MHz [9]. The ratio of their

norm equal the ratio of the norm of the gyromagnetic ratios ~ 1.40 and their sign is different.
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FIGURE 5 — Level schemes showing the various second order couplings in the hyperfine coupling in three different scenarios :
a) Nuclear spin I = 1/2 and electronic spin S = 1/2. b) Nuclear spin / = 1 and electronic spin S = 1. ¢) Nuclear spin / = 1 and
electronic spin S = 1/2. Electronic spins states are indicated on the right of each circled nuclear spin manifold.

Hyperfine components have been reported to be negative in the N isotope in Felton et al [8]. The components of the '*N
diagonal components of the hyperfine tensor are then positive in the NV state. Note that the perpendicular components in the

S = 1/2 state of the NV state has not been reported so far.

The transverse second-order coupling of the nuclear spins to the electronic spins is mediated by the flip-flop term S™1~ + h.c.,
which leads to state repulsion between the coupled levels represented in the Fig. 5. The second order coupling to the electronic
states thus tends to lower/increase the nuclear transition frequency in the ground/excited electronic state as can be checked in

the equations above.

In order to extract experimentally the various hyperfine and quadrupolar tensor components shown in table I of the main text,

we make use of the following combinations of these four equations.

1
100l = Z [N )+ £ (TN )+ £ (N1 j2) (N 2)]
1
Af = 3 [f(le—uz) —fUN_i )+ (PN 2) —f(71N+1/2)}

A(i = \/’)/eB [f(lN_l/z) +f(71N_1/2) *f(+1N+1/2> 7f(71N+1/2)} :

Note that, quantifying a second order coupling term, A | is obtained by subtracting two very close values. The uncertainty is thus

much larger than that of the Q and A values.

IX. !3C NMR contrast

In this section we provide theoretical estimates of the expected NMR contrast and compare them to the experimental observa-

tions.
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A. Number of single and double '3C occupancies

Here, we estimate the probabilities of having a single and two '3C nuclei around an NV center.
To this end, let us consider a lattice of sites in which only some are occupied by a carbon-13 atom. Each site in the lattice

is occupied independently with probability p = 0.0107, i.e., with a random Bernoulli-type occupation reflection the isotopic
concentration of carbon 13 atoms.

A volume element V is placed randomly on the lattice. We assume that V contains exactly N = 6 +3 43 46 = 18 lattice sites
corresponding to the strongly coupled carbon 13 spins in this study.

Let X be the random variable describing the number of occupied sites within volume V. This number follows a binomial
distribution with parameters N and p with probability law :

N _
P(X = k) = (k)p"up)N ¢
Letk=1.Then:

18
P(X=1)= ( | > -0.01-(1-0.01)'7=0.15

P(X =2) = (128) -(0.01)%-(1-0.01)'* =0.013

P(X =3) = <138> 1(0.01)*-(1—0.0)5 =7x107*

From this calculation, we find that the probability of an NV being surrounded by a single '3C atom from the A, B, C, D family is
larger by a factor of 0.15/0.013 ~ 11.5 compared to the probability of being surrounded by two 13C spins from these families.

B. NMR contrast

Here, we provide an expression of the expected ratio between the NMR contrasts of the transitions corresponding to the '3C

families in the |0,) state of the NV~ center.

Let us first rewrite H!,(;f})» found in section VII as

HY) = (o0 + Q)0+ (Q+ 01)o,,

where oy ; are Pauli matrices and

|
o = 3 \B. (16)
2DA,;
Q = —#‘EOS‘P%B}( 17)
1
Q = Eynin (18)
AL,
w0, = _mAanie 'YeBza (19)
where
, A2
W= n(u%ﬁ) (20)
n
2D
o= w-%22a)), @1)
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Taking an RF field aligned with the x axis and neglecting static transverse magnetic fields, the Hamiltonian can thus be written
as

A1) = (@04 cos(@r))o, + (Qcos(wr) + o1 ), @)

Moving into a rotating frame at the RF drive frequency, and using a rotating wave approximation, it becomes,

A Q
H ! - 5 GZ + ? O-X
where A = ® — @y. The hyperfine enhanced Rabi frequency Q = ¥, B, then has the same form as that of the 4N coupled to NV
center [10].
Writing the amplitude S4 of the NMR signal from the family A, we define the ratio

i

Rl:SiA,

where S’ o p!| Q[N ..
Here p' is the nuclear spin polarizations for families i =A,B,C and D — which can be obtained from [11] —, Q' are the family-

dependent Rabi frequencies and N/

tites 1S the number of sites in each family. This calculation assumes that the spins are not

saturated by the microwave drive, which is the case of the low power spectrum shown in the main text (Fig. 6b).

We list the three theoretical values (Rih) and the experimentally measured values (Réxp) of this ratio in Table I, which shows a
good overall agreement. This adds weight to the hypothesis that the NMR peaks in the |0,) state correspond to the A,B, C and D
families, in ascending order of frequency.

Family|p' [%] [111|Ni,| Rby | RE,,
i=A | 5220 [ 6 [ 1 1
i=B | 53313) | 3 | 0.5(1) |0.503)

i=C | s6@® | 3 |0258)|0.214)

i=D | 6510) | 6 [0.11(10)[0.15(5)

TABLE I — Comparison between theoretical and experimental values for the NMR ratios between the signal S’ from families A,
B, C, and D, taking S as a reference, together with the measured polarization percentages.
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