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We perform sensitive nuclear magnetic resonance (NMR) with spin ensembles that are polarized by nitrogen-
vacancy (NV) centers in diamond at room temperature. Using stabilized lasers, a balanced 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. Finally, 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.
DOI: 10.1103/g88t-fddb

I. INTRODUCTION

Harnessing ensembles of nuclear spins lies at the heart
of a vibrant interdisciplinary effort, driven by applications
in quantum information processing, secure communication,
and nanoscale sensing [1-3]. Among the most promising
platforms in this field of research is the negatively charged
nitrogen-vacancy (NV ™) center in diamond, whose electronic
spin state allows for efficient readout and polarization of prox-
imal nuclear spins via optical 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 [5-7], and nanoscale
nuclear magnetic resonance (NMR) spectroscopy in microflu-
idic environments [8,9] or nanoscale magnetic resonance
imaging [10]. Despite the unique ability of NV centers to de-
tect nuclear spins optically, ensemble-based detection of bulk
nuclear polarization—especially for '*C spins—still often
relies on conventional NMR setups that require strong (Tesla-
scale) magnetic fields and cryogenic temperatures [11-14].

A promising alternative leverages optical detection of nu-
clear 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
anticrossing (ESLAC), where the NV photoluminescence be-
comes sensitive to the nuclear spin state [15—-17]. While 4N
nuclei are commonly used in this context, the detection of
other spin ensembles, such as 3¢, remains more challeng-
ing due, notably, to reduced polarization efficiency caused
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by anisotropic hyperfine fields in the NV optically excited
state and the inhomogenous hyperfine coupling of the dis-
tant nuclear spins to the NV electronic spin. To date, most
high-resolution studies 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 ensem-
bles of 13C nuclear spins generally still requires conventional
NMR techniques. In the present work, we perform ODNMR
with NV ensembles using amplitude and beam direction-
stabilized, high-power green laser excitation in conjunction
with balanced photoluminescence detection and highly ho-
mogeneous magnetic field conditions. By operating near the
ESLAC, we achieve sensitive and high-resolution detection of
weak nuclear spin signals. Our results show that even in a dis-
ordered system where all coupled '*C-NV pairs are present,
discrete families can be resolved. In particular, we detect dis-
tinct 13C families (labeled A, B, C, and D) in the NV electronic
ground-state manifold as well as site degeneracy lifting using
a two-tone correlation spectroscopy method. We also report
the optical detection of nuclear spins of the '*N atom in the
neutral NV° charge state. Finally, 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 '3C
in good agreement with a numerical model, paving the way
for a rich low-field '*C NMR research landscape.

The measurements in this study are realized with a home-
made confocal microscope (see Sec. I of the Supplemental
Material [20]). Lasers delivering 200 mW in the green (either
from Ventus-GEM or from a DPSS Cobolt Samba) are em-
ployed to excite the NV centers. Of central importance to this
study is the noise reduction on the detected NV photolumines-
cence (PL), stemming mostly from the laser noise. Both lasers
were found to be prone to beam pointing and amplitude noise
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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 Sec. I of the Supplemental Material
[20]). Such stabilization is crucial for long wideband NMR
scans.

To minimize magnetic noise from paramagnetic impurities,
we use a chemical-vapor-deposition (CVD)-grown diamond
from the company element 6 (BNV14 diamond) containing
4.5 ppm of NV centers and a natural abundance of '3C
(i.e., 1.1%). With a laser spot size of about 5 pum? at the
diamond surface, we detect up to 40 uW of stable NV pho-
toluminescence. Under these power conditions, 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
atriplet state [22]. In the absence of an external magnetic field,
the |m; = £1) = | & 1,) states in the triplet manifold are at
a frequency D = 2.87 GHz above the |m; = 0) = |0,) state
at room temperature. The electronic spin of the NV centers
can be optically polarized to the |0,) state using green laser
light. Additionally, the Stokes-shifted photoluminescence 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 mag-
netic field generated by a pair of 2 in. permanent magnets
and mounted on a rotation stage is employed (see Sec. II of
the Supplemental Material [20]). 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 describes a single
coupled '*C-NV pair is given by

H
%:DSf+yeS-B+an-B+S~é~I, (1)

where D =2.87GHz, y,= 2.8025 MHz/G, and
yn = —1.07 kHz/G. A is the hyperfine tensor, whose
components characterize the anisotropic interaction between
the electronic and nuclear spins. In the NV center basis, it is
possible to rewrite this Hamiltonian as

H
+ = DSZ+v.S-B+y,1-B+S.IA)
A
+ TL(SJFI’ +5°1h

ani
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where double quantum terms are neglected (see Sec. VI of
the Supplemental Material [20]). The {e,, e,, e;} coordinate
system is shown in Figs. 1(a) and 1(b). ¢ is defined as the
angle that points to a '3C site as depicted in Fig. 1(b). A, and
A are linear combinations of the components of the A tensor
(see Sec. VI of the Supplemental Material [20]). A enables a
flip-flop process, while A,y; couples the electronic and nuclear
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FIG. 1. (a) Schematics showing the repartition of '3C atoms
around the NV centers projected on a plane perpendicular to the NV
axis. Families are defined according to their symmetries with respect
to the NV axis, following the notation introduced in Ref. [21]. ¢
defines the angle between B, and the axis '*C-NV. (b) Schematics
showing the '3C families projected on a plane containing the NV
axis. 0 defines the angle between the perpendicular plane passing
though the vacancy and '3C families location.

spins by inducing spin flips of one system conditional on the
z projection of the other.

At room temperature, the spin Hamiltonian has the same
form in both the NV ground and excited states; only the
parameters D and A differ [22]. In the optically excited state,
D™ ~ 1.4 GHz. A level crossing between [0%*) and | — 1°*)
takes place at a magnetic field of around 500 G. At such
excited-state level anticrossing (ESLAC), some families of
13C nuclear spins are polarized because of a joint flipping of
the electron and nuclear spins [0, —1/2) — | — 1%, +1/2)
induced by the perpendicular component AT of the hyperfine
tensor. After a few optical cycles, at relative angles between
NV and magnetic axes below 1°, the nuclear spins of atomic
species coupled to the NV center with A, larger than a few
megahertz can then be polarized in one of the | &= 1/2) states
through their hyperfine coupling to the NV electronic spins, at
room temperature [23]. 3 families A, B, C, D, up to O have
been observed using ODMR and partially polarized using
single NV centers in CVD grown samples [19,21]. Figure 1(a)
depicts a projected image of the position of 27 '3C atoms
around the NV centers on a plane perpendicular to the NV
axis. Figure 1(b) is a schematics showing the '3C 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 *C-NV axis (see Sec. VI of the Supplemental
Material [20]).

The previous discussion focused on '3C nuclear spins, but
ESLAC polarization also applies to other nuclear species,
such as the nuclear spin I = 1 of the '*N, provided that the
transverse component of the hyperfine tensor in the NV ex-
cited state exceeds a few megahertz.

II. ODMR AND SPIN ECHO AT THE ESLAC

Figure 2(a) shows an ODMR scan centered on the |0,) —
| — 1.) transition at a homogeneous magnetic field B = 487 G
aligned to one of the four NV center families [24]. This value
was chosen to maximize nuclear spin coupling to the NV
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FIG. 2. (a) ODMR spectrum around the |0,) — | — 1,) transition
at B= 487 G. Blue points are experimental data, and red line is a
Lorentzian fit to the resonance associated with the |0, 1y) — | —
1., 1y) transition. Electronic spin transitions associated with the NV
electron coupled to the A, B, C, and D *C nuclear spin families are
indicated by vertical lines. (b) ESEEM signal subtracted from the
slowly varying envelope (see main text). Insets: Spin echo sequence
and Fourier transform of the spin echo curve.

center at the ESLAC [23], while ensuring no cross relaxation
with P, centers [17]. Magnetic field alignment is achieved
using a pair of 2 in. permanent magnets to minimize field gra-
dients. 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 Secs. I and II of the Supplemental
Material [20]).

The main peak at 1506 MHz corresponds to the electronic
spin transition in the polarized |m; = +1) = | + 1y) nuclear
spin state of the '“N at the frequency v ~ D — y.B + |A|.
Here, Ay = —2.16 MHz is the longitudinal component of the
hyperfine tensor describing the NV electron and the '“N nu-
clear spin interaction. From the Lorentzian fit to this central
line, we extract a resonance linewidth of ~0.9 MHz, close
to what is measured at smaller (=50 G) magnetic fields,
highlighting the negligibly small inhomogeneities in the B
field (see Sec. II of the Supplemental Material [20] for more
technical details).

The other features correspond to the two other *N nu-
clear spin-conserving electronic transitions as well as the four
electronic transitions related to hyperfine coupling with the
nuclear spin of the A, B, C, and D '3C families [19,21].
Proximal '>C nuclei from family A have already been

observed in ODMR with a resolution of about 2 MHz (see,
e.g., Refs. [7,24]). The frequencies of the four '>C-NV transi-
tions we observe can be approximated by v & |A| & ¥, 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 expressions 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 spectra
is nevertheless limited by 1/7,", where T,* &~ 1us is the elec-
tron spin coherence time. Improving beyond this resolution is
inherently challenging with highly doped NV ensembles.

To enhance spectral resolution, a common approach is to
employ electron spin echo envelope modulation (ESEEM)
[25]. The sequence is illustrated in the inset of Fig. 2(b).
Figure 2(b) displays the 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 7, =~
7(3) us (see Sec. III of the Supplemental Material [20]). The
data reveal fast oscillations at a frequency of 521(5) kHz
(see the Fourier transform below), corresponding 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 magnetic field could, in principle, allow one to
distinguish the contributions from the different '*C families
in the Fourier spectrum and extract the complete hyperfine
tensors [18]. However, the achievable resolution would be
limited to 1/7, &~ 140 kHz. Moreover, inequivalent B sites
within the same family would precess at slightly different
frequencies, leading to a broadening of the Fourier peaks.

In the rest of the article, we will use another method that is
closer in spirit to NMR to measure nuclear spins and hyperfine
tensor components with higher spectral resolution, enabling
precise estimate of the full > C-NV hyperfine tensor. When a
green laser is continuously applied to the NV centers, the frac-
tion of the electronic spin population in a given electronic spin
state will flip depending on the nuclear spin state. Applying
an radio-frequency (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
nonradiative decay to the NV metastable state, thus lowering
the PL rate. In turn, the NV PL thus depends on the nu-
clear spin state [15,16]. The protocol will hereafter be called
ODNMR [17]. As we shall see, detecting '*C-NV couplings in
the | &= 1) states as well as in the |0,) electronic states enables
precise determination of the full hyperfine tensor.

III. “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 laser
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] (see Sec. IV of the
Supplemental Material [20] ).

Figure 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 y,B = 521kHz under a magnetic field of 487 G. Thus,
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FIG. 3. (a) ODNMR spectrum at B = 486.8 G. Evolution of the
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 |0,) state. The '3C down arrow
shows the expected peak at the '*C spin Larmor frequency. (b), (c)
Enlarged spectra corresponding to the two dashed boxes in panel (a),
showing resonances associated with the '*N nuclear spins coupled to
NV~ centers in the | &= 1,) manifolds.

this peak may be attributed to the '3C NMR transitions in
the |0,) state. This will be confirmed in the next section.
The other most pronounced peaks have already been reported
[17,26] and are associated to N spins in the three NV~ center
electronic states.

Figures 3(b) and 3(c) show a close-up of 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 +1N+1 transitions are both much lower than the
—IN_; transition and almost have the same contrast, although
| + 1y) state is better polarized. This phenomenon is likely to
be caused by the ODNMR readout protocol. At the ESLAC,
the flip-flop only involves the | — 1,) and |0,) states, so only
nuclear spins in the | — 1) are readout efficiently. This effect
boosts the readout efficiency on the ~'N_; NMR transition
and lowers it on the !N, transition [17].

Using this spectrum, full information about the "N -NV~
hyperfine tensor can be obtained (see Sec. VIII of the Supple-
mental Material [20]).

IV. “N NMR IN THE NV’ STATE

We now turn to observations of ODNMR in the neutral
charged state of the NV center, written as NV, Not visible in
Fig. 3(a) are pairs of peaks around 2 and 8 MHz. Figure 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 NV state. In the NV state, the electron spin of the defect
canbe S = 1/2 or § = 3/2[27,28].

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

0
HNY /= Qol? + vV B.L. + mA{L, 3)

“N RF driving "N read-out

(b)
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FIG. 4. (a) Suggested process enabling NMR in the NV charge
state : photoionization followed by radio frequency excitation of the
4N spin in the NV° charge state and readout in the NV~ state. (b)
ODNMR spectrum at B = 486.8 G showing resonances associated
with N nuclear spins coupled to the NV center in the | £ /1/2,)
manifolds.

where Qp &~ —4.655MHz [29,30] is the nuclear quadrupo-
lar interaction and Aﬁ ~ 6.06MHz is the hyperfine coupling
constant between the S = 1/2 electron spin and the nuclear
spin [30].

In contrast to the NV, the NV state lacks spin-selective
optical transitions, which restricts its applicability in coherent
spin-control schemes. As illustrated in Fig. 4(a), however,
photoionization (P.I.) may allow readout of the NV nuclear
spin states, provided that PI. 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 [31] converts NV~ into NV, where both the
hyperfine interaction 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 '*N nuclear spin.

The spectral positions of the four peaks in Fig. 4(b) are
reported in the Table I. There is good agreement between the

TABLE I. Measured ODNMR transition frequencies (left) and
14N nuclear spin parameters (right) in the NV state.

NV? ODNMR resonances 1N nuclear spin parameters

Label Frequency (MHz) Param. in NV° Value (MHz)
TN 2 7.828(3) |Qol 4.655(5)
“'N_ip 1.472(9) Aﬁ 6.057(3)
NG 2 1.782(3) AY 3.9(6)
N\ 7.540(8)
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FIG. 5. (Left) Energy levels of the '*C nuclear spins in the | & 1,) states. Panels (a)—(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 Table II. Resonances are labeled by the '*C family and using the NV

electronic spin in index.

predicted positions of the peaks and the expectations found
from Eq. (3). There is also good agreement with the reported
values [30]. 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 |1y) state. This shows that
a large '*N nuclear spin polarization is preserved after pho-
toionization. Also, the P.I. transfer enables unambiguous CW
readout of the spin polarization. This is to be compared with
the readout of the '“N nuclear spin in NV~ where ODNMR
biases the readout contrast, as discussed in Sec. I11.

We now seek to provide quantitative estimates of the NV
hyperfine and quadrupole tensors. To this end, we employ
the formulas in the Sec. VIII of the Supplemental Material
[20], which include nonsecular contributions. The values are
reported in the Table 1. We also extract the A component,
which has not been reported thus far to the best of our knowl-
edge. Note that our method involves a subtraction of two
frequencies that are very close to each other, so the uncertainty
in A9 is larger than in the estimation of Qy and Af.

V. 3C 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 frequen-
cies of these peaks, obtained by fitting Lorentzian functions,
are reported in Table II (left). The peaks labeled A, , B, and

TABLE II. '3C 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 obtained from Lorentzian
fits of each resonance.

|+ L) | — L) 10.)
Label Freq. (MHz) Label Freq.(MHz) Label Freq. (kHz)
Ay 13.2052(9) A 14.1907(4) Ao 469.793)
B, 12.292(1) B_, 13.2985(3) By 480.27(5)
C_, 8.4402(5) Co 499.29(9)
D, 6.0235(5) Dy 516.58(5)

D,,, are in excellent agreement with the expected transitions in
the | & 1,) NV electronic states for the three families of '3C
spins, as previously observed by Smeltzer et al. [21] using
pulsed ODMR with interleaved RF drive in the | &+ 1,) man-
ifolds. The position of each of the '3C atoms with respect to
the NV center is depicted in Fig. 1. The previously unreported
peak at 8.45 MHz observed here can be attributed to C_y,
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 experi-
ments [21], but here using many NV centers coupled to '3C
atoms at different sites, thus improving NMR sensitivity. 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 Ay from Refs. [19,21] 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, independently
on Ay, in the |0,) state.

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 nonmagnetic, the NMR peaks for all 13C
families are expected to lie at around y,,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 |0,) state theory

Figure 6(b) displays an ODNMR scan acquired with 30 dB
lower RF power than in the data shown in Fig. 3, revealing
four narrow peaks in the vicinity of v = y,,B now. To account
for the origin of these peaks, one must consider second-
order hyperfine interactions with the | == 1,) NV spin states.
Although the NV is nominally in a nonmagnetic state, the
transverse component of the hyperfine interaction can induce
an effective electronic magnetic moment, which in turn shifts
the nuclear energy quasidegenerate levels [18,32,33].
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FIG. 6. (a) Coupled '*C-NV spins and simplified level structure
(] + 1.) state not depicted) showing the mechanism by which the two
quasidegenerate '>C states are coupled in the |0,) state. (b) ODNMR
of 3C nuclei coupled to the NV center electronic spin in the |0,)
state. The magnetic field B is aligned along one NV axis. B =
488.15 G. Four resonances are fitted with Lorentzian profiles, the
parameters are reported in Table III. (c) Enlarged scan around the
peak D, showing an extra peak, possibility related to all other weakly
coupled *C families.

Here, we derive an effective two-level Hamiltonian for a
single '3C spin in the subspace |0,) taking into account the
hyperfine interaction in all NV states. Using a second-order
perturbation theory of degenerate states (see Secs. VI and VII

TABLE III. Values of the '3C-NV hyperfine interaction terms for
the families A, B, C, and D from the experiment and from the theory
developped in Ref. [37]. The A, components are evaluated using data
from Fig. 6(a). The A,, components are extracted from Fig. 8(a)
using a fit with Eq. (6). A} are extracted from the transitions listed
in Table II.

13C Family A, (MHz) Aui (MHz) Ay (MHz)

(No. of sites)  Exp. Theo. Exp. Theo. Exp. Theo.

A (6) 15.6(1) 1554 1.56(8) 1.62 13.7496(1) 13.38
B (3) 14.00(7) 13.88 1.8(1) 1.88 12.7952) 12.62
Cc@) —10.4(1) -10.17 0.92) 0.81 —8.9(2) —8.84
D (6) -52(2) -564 - 090 —6.51(2) —7.00

of the Supplemental Material [20]), we obtain

HY 1/ yvaB:+v  yuBe+hy
h B 2 Van + hj_ _ynBZ -V
in the basis | &= 1/2), with
A .
h = ~L55 (A B. +2DB,). @)
Ye
V= —E(ZD cos pA.iB, + A% B,). ®)

We wrote A?> = D> — (y,B.)?. The diagonal terms are due
to virtual transitions through states |1.) and | — 1,) by the
combined action of A; and Ag. This process is shown in
Fig. 6 (note that the state | + 1.) is not depicted, 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 Refs. [18,34] and Sec. IX of the Supplemental
Material [20]).

From this Hamiltonian, we can compute the shift in energy
between the two | £ 1/2) eigenstates. It is given by

AE = Ti/ (B, + v)* + |yuB + hi 2. (6)

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

2 2
VeAzl VeZAJ_Aani
AE = |y,B.|,[[ 1+ 2L ety (7
v I\/< +ynA2) +(yn A2 @)

We observe that the energy splittings, and consequently the
RF resonance frequencies, differ for each Be family, due to
variations in A | and Agp;.

2. Two-tone 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 families Ag, By, Cy, and Dy
in ascending order of transition frequencies, following the A
trend. The extra smaller peak that is seen at y,B =~ 520 G [a
close-up is shown in Fig. 6(c)] would then likely correspond
to the other weakly coupled '3C families, including possible
contributions from diffusive '*C 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 [35,36]. To resolve this
ambiguity, we perform two-tones correlation spectroscopy in-
volving the | — 1,) electronic states in which each '*C family
was previously unambiguously identified (see Sec. V A).
The idea is to record demodulated PL (DPL) lock-in signals
by scanning an RF tone close to resonances in the | — 1,)
manifold while a second modulated 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, By, Cp, and Dy peaks
with a frequency-modulated RF signal. Figure 7(a) shows the
corresponding DPL scan, where all peaks seen in Fig. 6(b)
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FIG. 7. (a) ODNMR recorded from 460 to 525 kHz, using a
lock-in detection. The FM modulation frequency of the RF field is
2 kHz. Frequencies shown with arrows are the one chosen to realize
the two-tone spectroscopy shown below. (b) DPL scans around *C
transitions in the | — 1,) states (indicated by the red circles on top)
with a second modulated RF near one of the four '*C families in the
|0, ) manifold (indicated by blue circles on the right). Red continuous
curves are Lorentzian fits to the data.

are clearly identified. Next, as indicated by 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 demodulated de-
tection scan around one of the four nuclear transitions—for
instance B_;—yields a signal only if a modulated pump is
applied on By, thereby depleting the |0,) state. Since the lock-
in detection is sensitive exclusively to resonances involving
13C nuclei from the same spin family, a DPL signal should
thus appear solely for the B_;-By combination.

Figure 7(a) presents the results of sixteen measurements
obtained with the two-tones correlation spectroscopy tech-
nique. 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 unambiguously 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
Sec. VB 1 is that the central positions of the Ay, By, Cy, and
Dy peaks depend solely on |A | | to lowest order. The third term
under the square root in Eq. (7) is indeed negligibly small as
we shall see. This fact greatly facilitates the reconstruction of
the hyperfine tensor. From the central position of these peaks,
we can thus extract the absolute value of A; independent on
Ay. This is reported in Table III, setting the sign of A to be
the same as the sign of A} (see Sec. VIII of the Supplemental
Material [20]).

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 x Q% x Ny, where p
is the polarization of the '3C spin, Q the RF Rabi frequency,
and N, the number of sites. One can use the formulas in
Ref. [33] to estimate Q = y, Brp, Where y, is the hyperfine
enhanced gyromagnetic ratio-related to A —and Bgp is the
RF magnetic field amplitude. Using the polarization p mea-
sured in Ref. [19], we find that the amplitude ratios between
each peak match very well this prediction (see Sec. IX B of
the Supplemental Material [20]).

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. (6), when both ¢, namely, the azimuthal angle that iden-
tifies 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 degenerate in a
transverse B field. A,,; then contributes at leading 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 sketched 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 mag-
netic field is observed in 8(b) as it is stepped up to 0.085 mT.
Figure 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 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 univalued measurement of A,,;. The hyperfine
components, including the A components obtained from the
transitions frequencies in the Table II, are recorded in the
Table III and are compared to the theory performed in Ref.
[37]. A good agreement between the theory and the experi-
ment is obtained, highlighting the accuracy of the ODNMR
and of the theoretical methods used in Ref.[37].

4. Coherent control of '3C nuclear spins

To use the '3C nuclear spins for applications, achieving
quantum coherent control of their spin states is essential. Here,
we show coherent control of '3C nuclear spin ensembles in the
|0.) manifold.
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FIG. 8. (a) Schematic representing the '*C repartition, of fam-
ilies A and B around an NV center (not shown). The direction of
B, shown here is the one employed in the measurements shown in
panels (b)—(d). (b) ODNMR spectra for families A and B for the three
values of B, shown on the top right (here ¢ =0, so B, = B,e,).
Dashed lines indicate the evolution of the peaks’ maxima obtained
using Lorentzian fits. (c) Two-dimensional plot showing the photo-
luminescence 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. (6), where ¢ is set to
0 for traces (i) and (iii) and 27 /3 for traces (ii) and (iv). A,y is used
as a free parameter in these fits. Each trace is associated to a '*C as
labeled in panel (a).

As a preliminary step, we demonstrate Ramsey oscillations
onthe | + 1y) — |Oy) transition of the '*N nuclear spin in the
|0.) electronic state. The duration of a 7 /2 pulse is first cal-
ibrated via Rabi oscillation measurements. 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. Figure 9(a) displays the resulting
decaying Ramsey oscillations. A fit with an exponentially
decaying sinusoid yields a detuning of 8 kHz and a de-
phasing time 7,* of approximately 864(7) ps. This value is
close to the 77 time of the NV electronic spins (see Sec.
V of the Supplemental Material [20]). It is also close to
the decay time estimate that one can derive from the elec-
tronic 7," and ratio of the nuclear to electronic gyromagnetic
ratios.

We now move on to performing coherent control of the *C
ensemble in the |0,) state. One difference with the nitrogen
nucleus is the nondegeneracy of the A, B, C, and D peaks,
even in the |0,) state (see Fig. 6). Figure 9(b) shows a Ramsey
measurement with an RF tone set at 460 kHz. We fit these data
by a sum of two sinusoids with frequencies ws = 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 '3C nuclear spins
coherence time T,* ~ 203(9) ps. The ratio of the decoherence
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w
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FIG. 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. (c) Fourier transform of the Ramsey
oscillation signal. Three resonances corresponding to families A, B,
and C in the |0,) state are visible.

time of 13C and '*N nuclear spins is of the same order of mag-
nitude as the ratio of their gyromagnetic ratios indicating 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 '3C nuclear spins can be performed
in a similar manner to that of the NV center’s >N nucleus, as
demonstrated in Ref. [38] (both having a spin 1/2), albeit with
a smaller contrast and with multiple frequency components
instead of just one.

C. Coupled pairs of 3C spins

Individual NV centers can act as efficient mediators for
coupling nearby nuclear spins, offering a more effective
mechanism than direct nuclear-nuclear interactions, as the
electronic spin of the NV provides both a stronger magnetic
interaction and a controllable interface that enables coherent,
long-range coupling between otherwise weakly interacting
nuclear degrees of freedom. 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 complex multispin interactions
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FIG. 10. (a) Left: Schematics showing '*C 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. The double arrow shows the transition that is detected
experimentally. The transition to the singlet state is forbidden by
selection rules. (b) Trace (i): ODNMR spectrum in the 340—460 kHz
range, showing the coupled homo- and heteronuclear couplings be-
tween the '3C spins. The bottom curve (ii) was obtained by lowering
the RF signal by 10 dB. Trace (i) and (ii) have been offset for clarity.

with potential applications in quantum information processing
and quantum metrology [4,39-41]. Such coupled spins are
expected to exhibit eigenfrequencies distinct from those of un-
coupled nuclei [4,39] and allow access to first-order magnetic
field insensitive transitions [42].

Predictions about the frequencies of the transition of cou-
pled pairs can be performed by diagonalizing numerically the
Hamiltonian

H 2
E=DSZ+)/€S‘B+)/n(I]+IZ)'B
+Sé]11+5é212 (8)

Here, I, ; denote the nuclear spin operators, and é1 , are
the hyperfine tensors describing the interaction of nuclear
spins 1 and 2 with the electronic spin S of the same NV center.
The values of Al , are taken from Table III. The frequency

difference between the transitions of two coupled '3C and
uncoupled 13Cin the | £ 1,) states was found to be too small
to be detectable are thus not listed.

In the case of two '*C nuclei that are coupled identically
to the NV centers with a positive A,, component, the four

TABLE IV. Theoretical predictions and experimental observa-
tions for transitions between the ground and triplet states in the *C
spin pairs (in kHz) for homo- and heteronuclear pairs in the |0,) state
of the NV center.

Intrafamily transitions frequencies (kHz)

Pair Theory Experiment
A-A 359.2(1) 360.1(3)
B-B 391.2(1) 392.0(6)
C-C 455.5(1) 452.2(4)
D-D 504.7(1)
Interfamily transitions frequencies (kHz)
A-B 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-D 460.4(1) 462.1(7)
eigenstates in the coupled basis are given by

) = +1 :

g 25 2 )

|T) = ! +] ! + : +1

2\ 2 2 2" 2f)
1) = = (|45, Ll
2\ 2 2 2" 2f)
le) = L ©))
e) = 275

For pairs of inequivalent '3C nuclei, however, the states |T')
and |S) are no longer perfectly symmetric and antisymmetric,
due to their different hyperfine couplings to the NV center.

Importantly, the transition |g) — |T) is allowed whereas
transitions to the singlet state are RF forbidden by selec-
tion rules as shown in Fig. 10(a). Numerical simulations of
the |g) — |T) transition frequencies for all possible pairs of
strongly coupled '*C spins in the |0,) states are listed in the
Table IV.

The number of clusters of spins around each NV under the
laser focal spot is calculated in Sec. IX of the Supplemental
Material [20]. 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. Figure 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 indeed observed, and reported in Table IV.
showing good agreement with theoretical modeling. Further
experiments are planned to investigate the coherence of these
coupled spin pairs. At present, our sensitivity is insufficient to
perform spin-echo measurements on such weak signals.

VI. CONCLUSION

In conclusion, we perform high-sensitivity detection of
nuclear spins in a CVD-grown diamond crystal under modest
magnetic fields at room temperature. The identification of
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nuclear spin environments around ensembles 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 !C spins that are currently only accessible using high-
field NMR, even at the single-spin level. This includes
coherent population trapping [43-46], pulse-pol [12], and
adiabatic sweeps techniques [11,13], which are central for
improving spin initialization and readout in diamond-based
quantum sensors. Another promising avenue arises from the
temperature-dependent variations observed in all spectral fea-
tures [47-49], which provide a means to investigate the
spin-phonon interactions of the newly detected clusters with
high precision.

Importantly, our results are relevant in the context of
gyroscopy. Nuclear spins have been proposed as promising
candidates for the next generation of compact and precise gy-
roscopes [5,6,50]. While the gyroscopic signal associated with
13C nuclear spin precession could in principle be enhanced

using '*C-enriched samples, our findings suggest that addi-
tional experimental and theoretical efforts will be required to
fully assess the feasibility and ultimate performance of such
implementations, particularly in comparison with established
14N-based approaches [7,51].
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