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The unpolarized spin environment surrounding a central spin qubit is typically considered as an incoher-
ent source of dephasing, however, precise characterization and control of the spin bath can yield a resource
for storing and sensing with quantum states. In this work, we use nitrogen-vacancy (NV) centers in dia-
mond to measure the coherence of optically dark paramagnetic nitrogen defects (P1 centers) and detect
coherent interactions between the P1 centers and a local bath of '*C nuclear spins. The dipolar coupling
between the P1 centers and '*C nuclear spins is identified by signature periodic collapses and revivals
in the P1 spin coherence signal. We then demonstrate, using a range of dynamical decoupling protocols,
that the probing NV centers and the P1 spins are coupled to independent ensembles of '*C nuclear spins.
Our work illustrates how the optically dark P1 spins can be used to extract information from their local
environment and offers new insight into the interactions within a many-body system.
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I. INTRODUCTION

The study of how a central spin qubit interacts with a
bath of surrounding spins features prominently in quan-
tum sensing, where decoupling the sensing qubit from the
noisy environment is the principal concern [1-5]. In quan-
tum information processing (QIP), precise knowledge and
control of the spin environment facilitates a resource for
storing, entangling, and measuring quantum states [6-9].
Diamond is one of the most widely studied wide-band-gap
semiconductors hosting spin qubits with applications in
quantum sensing and information processing, and the opti-
cally active nitrogen-vacancy (NV) center [10] can be used
to measure and control the optically inactive, many-body
spin environment surrounding it. For natural abundance
diamond, the dominant spin environment is composed of
spin-1/2 3C nuclei and substitutional neutrally charged
nitrogen impurities (P1 centers) and much effort has been
invested in schemes to eliminate the influence of these
spins on the NV coherence for quantum sensing [11]. The
13C spins around individual NV centers, however, weakly
couple to magnetic fields, and as such possess intrinsi-
cally long spin coherence times that are highly amenable
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to schemes for storing, processing, and retrieving quantum
information [8,9,12—18].

Similarly, the ability to control, polarize, and entan-
gle P1 centers near NVs has positioned the P1 itself as
a potential platform for quantum information process-
ing [19-21]. Additionally, the tunable coupling of the P1
center to both control fields [22] and other spins in the
diamond can be utilized for enhanced sensing schemes,
in which the P1 electron spins act as useful ancillae or
reporter sensors [23—25]. While independent understand-
ing of the NV-13C interaction and NV-P1 interaction has
been the focus of much work, the full NV-13C-P1 interac-
tion, in particular, the coupling between the P1 spins and
their own '3C spin bath has been somewhat overlooked,
despite several works revealing nontrivial effects, such
as P1-1*C-mediated hyperpolarization and spin torques
[26-29].

In this work, we use an ensemble of NV centers in
diamond to probe the coherence of the optically dark P1
centers, and detect coherent interactions between the Pl
spins and '3C nuclei, despite having no initialization of
either spin ensemble. We observe periodic collapses and
revivals in the coherence of the P1 spins, and show that
these modulations are induced by coherent interactions
between the P1 centers and a local bath of '*C nuclear
spins [30]. Interestingly, the local '3C spins surrounding
the probing NV centers are independent from the P1-
coupled nuclear spin bath, which we show by varying
the degree to which dynamical decoupling protocols iso-
late the NV center from the combined spin bath. Our
observations are well explained by numerical simulations
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of the P1-13C spin bath. We observe clear '3C revivals
without initialization or controlled polarization of the P1
spins and despite the presence of room-temperature Jahn-
Teller reorientation, strong anistropic hyperfine broaden-
ing and the proximal NV center. These results reveal a
remarkably coherent interaction at play within a many-
body spin bath, and will be of interest to schemes that
employ P1 spins as reporter spins [31] or as probes of
many-body physics [32] or to serve as a remote electronic
spin node in an NV-13C quantum information processing
network [18]. Our results should also further stimulate the
renewed theoretical attention devoted to the spin physics
of P1 centers recently [33,34].

II. EXPERIMENT

We consider an ensemble of spin-1 NV centers
interacting with an ensemble of P1 centers and a bath

of 13C nuclear spins, represented by the schematic in
Fig. 1(a). We use a (111)-cut diamond sample with a
1.1% natural abundance of '3C and a nitrogen concentra-
tion of 1 ppm as reported by the manufacturer (Delaware
Diamond Knives). Our experimental setup is described in
greater detail in Ref. [22]. A magnetic field is applied
along the [111] crystallographic axis, which we denote as
the Z axis, spectrally selecting out a single NV orienta-
tion class. The magnetic field lifts the degeneracy of the
mg = £1) spin states of the NVs, allowing us to work
in the effective spin-% subspace {|mg = 0),|mg = —1)}.
Microwaves (MWs) for NV driving and rf for P1 con-
trol are synthesized using an arbitrary waveform generator
(AWG, Tabor Proteus P2584M). Microwave waveforms
are generated via single-sideband /Q modulation of a local
oscillator (f;o = 50 MHz), while rf waveforms are directly
generated on the AWG. The signals are then amplified
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FIG. 1. Measuring the dynamics of the P1 spin bath using an ensemble of NV centers. (a) Schematic of the system: an ensemble

of NV centers interacts with an ensemble of P1 centers. Both the NV centers and P1 centers are embedded within a bath of 3C
nuclear spins. An external magnetic field B is aligned with the NV symmetry axis along the [111] crystallographic direction. (b)
Pulse sequence of DEER measurement (upper) and the spectrum at B = 72 G. The calculated resonant frequencies for particular
transitions are displayed under the experimental signal, color coded by transition type: blue for electron spin transitions, orange for
double quantum transitions, and red for nuclear spin transitions. (c) Coherent Rabi oscillations of the P1 bath spins using rf pulses of
144 MHz (blue), which drives an electron transition, and 68 MHz (red), which drives a hybridized electron-nuclear spin transition. (d)
NV spin-echo signal at B = 72 G (gray) shows the characteristic periodic collapses and revivals of coherence associated with an NV
center coupled to a precessing '3C spin bath. Spin-echo measurement on the P1 spin bath at 72 G (blue) where an XY8 dynamical
decoupling sequence is applied to the NV ensemble during the coherence measurement (inset). The P1 spin-echo sequence is centered
around the central = pulse of the XY8 sequence. The sensing time, 7, and the interpulse delays in the XY8 sequence are both set to
26 ws. The total time of the XY8 dynamical decoupling sequence is 208 s and the P1 spin-echo sequence extends into the interpulse
spaces as t is increased. Solid lines denote Gaussian fits to the data (points). (¢) Color map of the P1 electron spin-echo signals for
increasing magnetic field strength. The dashed lines show the integer multiples of the '*C Larmor precession period for each magnetic
field, which are given by T = 7, = (y13¢B) .
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by two separate amplifiers and applied via wires with a
diameter of 20 wm, arranged in a cross and in contact with
the diamond surface. For the magnetic field strengths used
in this work, the NVs and Pls are highly detuned from
each other, which enables independent control of the spins
and ensures strong suppression of spin-exchange interac-
tions between the spin species present near the ground- and
excited-state-level anticrossings [26,27].

Three substitutional nitrogen charge states are known
[35], but only the neutral charge state (N°) exhibits mag-
netic resonance activity and is referred to as the P1 center
[36,37], consisting of an electron spin (S = 1/2) associated
with an unpaired electron coupled to a "*N nuclear spin
(I = 1). The P1 center exhibits a static Jahn-Teller (JT)
distortion [38—40], which results in four possible symme-
try axes due to an elongation of one of the N—C bonds.
At room temperature, a given P1 center will randomly
reorient between all possible JT axes at a rate of approx-
imately 0.3 kHz [40,41]. In our experiments, we probe a
large ensemble of P1s, and as a result observe a temporal
average of all JT orientation classes. P1 centers oriented
along the same crystallographic axis as the NV orienta-
tion class that we target with microwaves (i.e., along the z
axis) are parallel to the magnetic field and will be referred
to as “on axis,” and the other three degenerate P1 orienta-
tions make an angle of & = 109.5° to the z axis and will be
referred to as “off axis.” In this work, we use the off-axis
P1 centers due to the 3 times larger signal to noise, though
everything we discuss herein is equally applicable to the
on-axis classes.

For a single P1 center with the JT axis along z’, the
interaction Hamiltonian is given by

Hpi = yB-S+yyB-1 + A4S Ly
+ A, (Svly + Syly) + OI2, (1)

where y,/2m = —2.8 MHz/G and yy /27 = 307.7 Hz/G
are the gyromagnetic ratios of the electron and the '“N
nuclear spin. The hyperfine interactions between the elec-
tron (S) and nuclear spin (/) is defined in terms of an axial
coupling term, 4 /2w = 114 MHz, and a transverse com-
ponent, 4, /2 = 81.34 MHz [21]. The zero-field splitting
between the nuclear spin states is quantified by the nuclear
quadrupole coupling term, Q/2mr = —4.2 MHz.

We use double electron-electron resonance (DEER)
spectroscopy to characterize the spin bath surrounding the
NV centers. The DEER sequence, depicted in Fig. 1(b)
consists of a spin-echo pulse sequence applied to the NV
and an rf 7 pulse, which selectively recouples resonant P1
spins. An exemplar spin-echo signal for the NV ensemble
at a magnetic field strength of 72 G is shown in Fig. 1(d).
The characteristic collapses and revivals of the NV spin-
echo signal indicate that the '3C nuclear spin bath is the
dominant environment of the NV ensemble [30], a typical

situation for electronic and low-nitrogen (approximately
ppm) standard-grade diamond samples [42]. The revivals
in the spin-echo signal arise from the dipolar coupling
between the NV center and the nearby '3C nuclear spins,
whereby the Larmor precession of the nuclear spins is
dependent on the spin state of the NV. When the NV is pre-
pared in a superposition state in the spin-echo sequence, it
becomes entangled with the nuclear spin bath and deco-
heres, leading to a collapse in the spin-echo signal. The
dipolar field contributions of the '*C nuclear spins will
cancel after each Larmor precession period, which leads
to revivals in the signal at the Larmor frequency. The sig-
nature of P1 effects on the NV coherence are apparent
in the damping of the revival amplitudes, which results
in 7, = 150 ps, even when the magnetic field is parallel
to the NV axis, just discernible in this sample over the
timescales we study yet much faster than homonuclear flip-
flop interactions between '3C spins [43,44]. On a practical
level, the interactions between the NVs and the *C spin
bath also restrict the spin-echo visibility to the '3C-induced
revivals. Accordingly, the free evolution time of the DEER
sequence is fixed at a 1*C-induced revival time in order to
ensure signal visibility.

Figure 1(b) shows the DEER signal at B =72 G as
a function of rf frequency, where the contrast is defined
as the difference between the NV spin-echo signal with
and without the rf pulse. The expected frequencies for all
possible P1 spin transitions, calculated from the eigen-
values of Eq. (1) are also shown. We observe the six
main P1 electron-spin transitions for the on-axis and off-
axis orientations. The larger amplitudes of the off-axis
P1s arises from the three degenerate orientations. We also
observe several additional spectral features, correspond-
ing to transitions between hybridized electron-nuclear spin
states [22].

Varying the length of the resonant rf pulse traces
out Rabi oscillations of the P1 spins, shown for
one of the off-axis electron transitions (144 MHz,
|ms =1/2,m;y = —1) < |—1/2,—1)) and one of the
hybridized electron-nuclear transitions (68 MHz,
|[—1/2,—1) < |—1/2,0)) in Fig. 1(c). The decreased
amplitude and Rabi frequency of the oscillation for the
hybridized transition is well explained by the augmentation
of the effective gyromagnetic ratio induced by the mixing
of the electron and nuclear spin states [22].

I11. P1 SPIN-ECHO COHERENCE
MEASUREMENT

To probe the coherence of the P1 spins, we alter the
DEER sequence so that the single rf pulse is replaced with
a m/2-t-m-t-1 /2 spin-echo pulse sequence applied to the
P1 spins and the spin-echo sequence applied to the NV
is replaced with a dynamical-decoupling (DD) sequence.
Dynamical decoupling schemes protect the coherence of
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a central spin from environmental noise by repeatedly
flipping the spin state such that the effect of the noise is
averaged out [1,45—47]. In our case, we use a dynami-
cal decoupling protocol on the NV ensemble to effectively
decouple the NV from any time-dependent P1 dynam-
ics occurring over the extended DEER sequence that now
coherently manipulates the P1 spins. We replace the sin-
gle  pulse from the spin-echo sequence previously used
on the NVs with a chain of dynamical decoupling pulses.
We also ensure that the net refocusing 7 rotation of the
NV spins is preserved so that the P1 state following
spin manipulation can still be measured. The measurement
sequence can be understood by considering the two periods
of free evolution for the NVs, #,, on either side of the DD
sequence as sensing periods, in which the NVs accumulate
a phase dependent on the P1 spin bath, before and after the
P1 spin-echo sequence. During the dynamical decoupling
time, the NV is prevented from coupling to the P1 spins
by rapidly flipping its spin state, allowing the P1 dynam-
ics to be probed in isolation. The amplitude of the NV
spin-echo signal will depend on the difference between the
dipolar field produced by the Pls before and after the rf
pulse sequence, and therefore, will serve as a measure of
the coherence of the spin bath. To ensure that the P1 spin-
echo dynamics are measured unambiguously, after readout
of the NV fluorescence we perform an identical measure-
ment sequence with the final /2 pulse of the P/ spin-echo
sequence set to —180° relative to the first measurement,
and take as our overall signal the difference between these
two signals. In this manner, only transverse spin dynamics
of the P1, which depend on the phase of the final rf pulse,
contribute to the signal.

A spin-echo measurement of the P1 electron spins as a
function of the free evolution time t is shown in Fig. 1(d),
where an XY-8 dynamical decoupling sequence has been
applied to the NV ensemble [48]. We observe a periodic
modulation in the spin-echo signal, which is consistent
with the collapses and revivals observed in a typical spin-
echo measurement for an NV center in the presence of
precessing '3C spin bath [Fig 1(d)]. To verify that the
modulation in the P1 spin-echo signal is indeed induced
by the precessing '3C nuclear spin bath, we repeat the
coherence measurement across a range of external mag-
netic field strengths [Fig. 1(e)]. For each magnetic field,
we adjust the sensing period, f;, of the NV sequence to
match a '3C-induced revival. In Fig. 1(e) we observe that
across a range of magnetic field strengths, the revivals in
the P1 spin-echo signal precisely match integer multiples
of the '3C Larmor precession period. Exponential fits to
the signals in Fig. 1(e) yield P1 coherence times between
T, = 3040 pws.

IV. VARIABLE DECOUPLING OF THE NV

We previously invoked dynamical decoupling of the
NV in order to disentangle any possible effect from the

P1 coherence evolution. Next, we measured the coher-
ence signal of the P1s while applying different dynamical
decoupling protocols to the NV ensemble in order to exam-
ine the effect of the NV evolution on the P1-'3C dynamics.
Figure 2(a) depicts three of the sequences used in order of
the total number of pulses: Hahn-echo, CPMG-2 [49,50]
and the XY 16 sequence, which is an extension of the DD
sequence outlined previously. Each sequence is applied
symmetrically about the central 7 pulse. The P1 spin-echo
signal for each DD sequence is shown in Fig. 2(b), at a
magnetic field of B =72 G. In each case, following the
initial collapse in the signal, we observe a revival cen-
tered at the Larmor period, 7, = 12.96 ps. The presence
of the revival in the P1 spin-echo signal is independent of
dynamical decoupling schemes, which further verifies that
the signal directly results from the interactions between
the P1 spin bath and the precessing '3C nuclear spins.
The signal-to-noise ratio of the measurements is the only
apparent difference between the DD schemes, which can
be easily understood in terms of the different duty cycles
of the experiments and compounding pulse-fidelity errors.
Notably, the revivals in the P1 spin echo persist in the
absence of dynamical decoupling on the NV, which is evi-
dent in the Hahn-echo signal shown in Fig. 2(b). The free
evolution of the NVs, therefore, does not significantly per-
turb the coherent interactions between the P1 centers and
their local *C nuclear spin bath, which induce the revivals
in the spin-echo signal.

To understand why it is not necessary to decouple
the NV entirely, we consider the average NV-P1 separa-
tion. The average separation between an NV and its kth
neighbour P1 center is given by

(4 \ TS TG+ Y

where 7 is the density of P1 centers and I" is the gamma
function, such that I"'(k) = (k — 1)! [51,52]. For our sam-
ple, we calculate an average separation distance between
an NV and its nearest P1 of (r;) = 16.9 &+ 0.6 nm, based
on the concentration range of N° in the sample (see
Appendix B). Approximating the NV and P1 electron spins
as point dipoles, the average dipole-dipole interaction
between the spins is given by

eVe(1 — 3 cos?(0
V) = HoYeV. (4n<r>3cos ( ))’ 3)

where o is the vacuum permittivity, (r) is the average
separation between the dipoles and 6 is the angle between
the two spins. From this equation, we calculate an average
coupling strength between the NV and its nearest P1 of
(Vaip) = 5.4 £ 0.6 kHz, which corresponds to a coupling
timescale of 185 &+ 20 s, which is significantly longer
than the P1 measurement time though commensurate with
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FIG. 2. PI1 spin-echo measurements under different dynamical
decoupling schemes applied to the NV. (a) Pulse sequences used
in the experiments to decouple the NV from its environment,
including Hahn-echo (top), CPMG-2 (middle) and XY16 (bot-
tom). The blue pulses denote rotations about the x axis and the
red pulses are orthogonal, representing rotations about the y axis.
In all sequences, the time #; is the period in which the NV is sen-
sitive to the dipolar field from the P1 spin bath. (b) Measurements
of the P1 electron spin-echo signal using each of the NV dynam-
ical decoupling sequences at a magnetic field of 72 G. All three
signals show a revival at the Larmor period originating from '3C
nuclear spins. The variation in the signal-to-noise ratio between
the signals is attributed to the change in the duty cycle for each
dynamical decoupling sequence and the accumulation of pulse
fidelity errors.

the 7, time of the diamond. This implies that the NV cen-
ters and Pls interact with distinct '3C nuclear spin baths.
The “frozen core radius” for the NV-13C system, a term
denoting the region in which the nuclear spin dynamics
are dominated by their hyperfine interactions with the elec-
tron spin, is estimated to be between 2.7-3.8 nm, which
supports our finding that the NVs and Pls in our sample
interact with distinct 1*C spin baths [34].

The isolation of the P1s from the NV centers enables
us to construct a concise and simplified model to simulate

the system. Since the NVs are effectively acting as weakly
perturbative observers of the P1 spin states, we are able
to reproduce the experimental results by directly simulat-
ing the P1 dynamics without explicit inclusion of the NV
measurement process in the presence of a '3C spin bath.
We compared our experimental results to numerical sim-
ulations of the P1 spin-echo signal generated by adapting
the disjoint-cluster methods of Ref. [43,53], which were
developed for the NV-13C case. A bath of *Cs is ran-
domly distributed around a central P1 spin and the *Cs
are grouped such that there are strong interactions between
spins within a group and negligible coupling between
groups. The maximum group size is set at g = 3 in order
to include spin correlations up to third order. The Hamil-
tonian for a single P1 center interacting with a group of up
to g 13C nuclear spins is given by

H = Hp| + yi3¢ ZiC,i B+ ZS A - ic,i, 4)
i=g i=g

where Hp; is shown in Eq. (1), y13¢/27 = 1071.5 Hz/G
is the carbon-13 gyromagnetic ratio and A, is the hyperfine
tensor describing the interaction between the P1 and the
ith 1*C nuclear spin (I¢;). Approximating the spins as point
dipoles, separated by a distance r;, the hyperfine interaction
tensor between the P1 and ith 13C is given by

_ HoYeyisch

3

A;
4mr;

(1 — 35K, Q)

where g is the vacuum permittivity and r; is a unit vector
along the axis connecting the P1 to the '3C spin. The simu-
lated signal is computed, using the Hamiltonian in Eq. (4),
as the coherence of the system and the total spin-echo sig-
nal for a given bath of *Cs is Sy = [ 16 Sc, where S is
the normalized spin-echo signal of the P1 for a particular
group G of nuclear spins. To match the experimental con-
ditions in which we use an ensemble of NVs to address
multiple P1 centers, we simulate ensemble averaging by
computing the average signal, S = 1/Np ZNB St, for Ng
distributions of '3C spin baths. Each bath contains 125 3C
nuclear spins and the simulation results are averaged over
Np = 20 spin baths.

The calculation results are shown in Fig. 3(a) and closely
reproduce our experimental results. A line out at 72 G
(indicated by the gray arrows) is shown in Fig. 3(b) along-
side the experimental signal at this magnetic field, also
shown in Fig. 1(d), to highlight the fidelity of the simulated
result. The concordance between the simulations and the
experimental results, which infer the state of the P1s from
the NV signal, confirms that the NVs are reliable sensors
of the evolution of the P1s. In both experiment and simula-
tion, the damping of the P1 spin-echo signal is significantly
faster than the NV signal in the presence of the '3C nuclear
spin bath. Additionally, we observe broader revivals in the
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FIG. 3. Numerical simulations of the P1 spin-echo signals in

the presence of a >C nuclear spin bath. (a) Simulated spin-echo
signals for the P1 electron spin as a function of magnetic field
strength. (b) The simulated spin-echo signal at B = 72 G [indi-
cated by the gray arrows in (a)] compared to the experimental
signal measured at the same magnetic field. (c) Distribution of
nuclear spin precession frequencies when coupled to a central
P1 electron spin in the m; = +1/2 state (blue) and m; = —1/2
state (yellow). The distribution of the Larmor frequencies for the
same bath of '3C spins when coupled to the spin-1 NV electron
spin (inset).

P1 signal, which in some instances feature split peaks as in
the second revival in Fig. 3(b). These features can also be
seen in the density plot in Fig. 3(a).

The differences between the NV and P1 spin-echo sig-
nals can be attributed to the differences in the coupling of
the spins to the precessing nuclear spin bath. The Larmor
precession frequency of the ith nuclear spin depends on the
spin state of the proximal electronic spin S, i.e.,

wp = |Epgr — Epg 1, (6)
where mg = 0,+1 for the NV and £1/2 for the P1 (see
Appendix C). We can then compute the distribution of Lar-
mor frequencies of the '3C spins for an NV central spin
or a P1 central spin. Figure 3(c) shows the distribution of
Larmor precession frequencies in a '*C spin bath depen-
dent on the P1 electron spin state and the NV electron
spin state (inset). Unlike the NV, which during a spin-
echo experiment is in a superposition of magnetic (|£1))
and nonmagnetic (]0)) states, the P1 electron spin does
not possess a nonmagnetic state. The free precession of
the 13C nuclear spins, therefore, is always influenced by
the P1 spin state, which leads to the faster damping in
revival amplitude. The broadening of the revivals in the

P1 signal can be attributed to the spread of '*C preces-
sion frequencies when coupled to both the P1 spin states
[Fig. 3(c)]. Additionally, the splittings in the peaks of the
revivals at increasing t times may be explained by the sep-
aration between the peaks in the frequency distribution for
the |my; = +1/2) and |my, = —1/2) P1 states. Figure 3(c)
shows that the mean Larmor frequency and, therefore, the
revival period depend on the spin state of the P1 elec-
tron spin. At shorter times, the difference in the means of
the frequency distributions is too small to resolve and the
revivals associated with each P1 spin state will overlap.

V. SPIN ECHO OF P1 NUCLEAR SPIN STATES

We also examined the spin-echo signal of the P1 nuclear
spins using our dynamical decoupling techniques. At suf-
ficiently low magnetic fields, where yzB ~ 4, the mix-
ing between the P1 electron and nuclear spins enables
detection and coherent control of the nuclear spin state
[21,22]. This same hybridization also results in a tuneable
gyromagnetic ratio, and consequently hybridized electron-
nuclear transitions should exhibit longer coherence times
than predominantly electronic transitions we have exam-
ined to this point. Figure 4(a) shows the DEER spectrum
at a magnetic field of B =32 G, where we highlight
the resonance at 90 MHz that corresponds to the nuclear
spin transition |mg = +1/2,m; = —1) <> |+1/2,0). The
spin-echo signal for the hybridized electron-nuclear spin
transitions shows a revival at the 1*C Larmor period and is
consistent with the modulation in the NV spin-echo sig-
nal at the same magnetic field strength [Fig. 4(b)]. The
observed spin-echo signal bares many similarities to what
we have presented earlier for the purely electronic transi-
tions of the P1, with subtle differences: for the hybridized-
nuclear spin transitions, the gyromagnetic ratio is set by
the magnetic field strength, and while many times greater
than the bare '*N gyromagnetic ratio yy is less than that of
the predominantly electronlike transition (yy = 158 kHz).
Thus, the P1 spin echo damps slower, with a longer 75
as a result (70 &= 3 ws). The second feature, which is also
a direct consequence of the reduced gyromagnetic ratio
is the lack of sharp, split revivals prevalent in electronic
transition experimental data and simulations.

VI. DISCUSSION AND OUTLOOK

The presence of P1 spins in diamond is essentially
unavoidable. Materials processing steps can eliminate to
a large degree the effects of '3C spins on NV center qubits,
but the necessity of nitrogen incorporation during growth
or implantation for NV generation—and the low N to
NV conversion ratios—makes the presence of P1 centers
ubiquitous. While many schemes have been developed to
suppress the deleterious effects of P1 centers on NV spins,
an alternative may be to employ the local environment of
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FIG. 4. Hybridized electron-nuclear spins. (a) DEER spectrum
at B = 32 G, where we target the highlighted nuclear transition
(red line) at 90 MHz. (b) The spin-echo signal for the P1 nuclear
spin (red) compared to the standard NV spin-echo signal (gray).
The agreement between the two signals shows that at low mag-
netic fields hybridized P1 electron-nuclear spins can also detect
13C dynamics.

P1 spins as reporters [31], which typically outnumber the
NVs by an order of magnitude or more and occupy a larger
sensing volume. A full understanding of how P1s behave
is thus a necessary prerequisite in advancing them as a
potential platform for quantum sensing. Our observations
of 13C revivals in the P1 spin-echo signal reveals coher-
ent interactions between the P1s and surrounding nuclear
spins. We measure clear signatures of P1-C13 interactions
without controlled initialization of either species, typi-
cally a prerequisite in any quantum sensing protocol to
probe coherent spin-spin interactions. We demonstrate the
P1 centers can be utilized as quantum sensors of their
local environment, specifically, for the detection of pre-
cessing nuclear spins, one of the earliest such landmark
demonstrations of the NV center [30]. Extensions to more
sophisticated pulse sequences, such as correlation spec-
troscopy [54] capable of probing phase transitions in the
13C-P1 spin system, can be readily implemented.

Further study could focus on samples with lower or
higher densities of N, in particular the threshold between
P1- and '*C-dominated coherence for either species [42],
to examine the effects of overlapping the '3C spin baths
coupled to an NV and P1 center. Another future avenue
for measurements could be where the angle the magnetic
field makes to the P1 axis is varied. Here, the coherence
time of the NV center was observed to drop significantly
when the magnetic field was misaligned from the NV axis

[44], inducing spin mixing of the NV and consequently
anisotropic variation of the hyperfine coupling with the
nearby '3C spins. For the P1, such effects will be reduced
as the electron and nuclear spins will align more closely
to the magnetic field direction. Indeed, the typical 75 p; ~
1030 s we observe in this work is for P1 spins with
JT axes 109° to the applied magnetic field. Such a system
may be amenable to magic-angle spinning schemes [55] to
decouple the electron and nuclear interactions, which are
difficult to realize with the NV due to the large zero-field
splitting [53].

The presence of '*C revivals also confers sensitivity
to physical rotation of the diamond, as the nuclear Lar-
mor precession frequency changes based on the speed and
direction of rotation [56]. When combined with the addi-
tional spin of the P1 coupling, such sensitivity could be
used to probe frame- and spin-dependent inertial forces in
rapidly rotating diamonds [57].

Coherent interactions between the P1 and nearby '*C
spins may also provide the basis for expanded spin-
based quantum networks. Quantum registers comprised of
nuclear spins coupled to a central electron spin, such as
the NV-13C system in diamond, are prospective platforms
for quantum storage and quantum information processing
given the weak coupling of the nuclear spins to their envi-
ronment. The size of these nuclear spin networks, however,
is limited by the magnetic dipolar coupling between the
nuclear spins and the central electron spin. Recent experi-
ments have proposed utilizing networks of coupled nuclear
spins [18] and chains of electron spin defects [58] to engi-
neer larger quantum registers. The results in this work
could be utilized to combine these approaches to construct
chains of NV and P1 electron spins that can in turn access
local independent baths of '*C nuclear spins. This would
enable distant '3C spins to be connected to the optically
active N'Vs through the P1 electron spin, in order to expand
the volume of current NV-'3C-based quantum registers.
The methods described in this paper can be readily adapted
to dilute samples composed of individually resolvable NVs
coupled to P1 centers in natural abundance diamond to
demonstrate such extended nodes.
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APPENDIX A: P1 ENERGY LEVELS

The energies of the six P1 spin states for both the on-
axis and off-axis orientation classes are calculated from
the Hamiltonian in Eq. (1) and plotted as a function of
magnetic field strength in Fig. 5. The P1 energy eigen-
states are labeled by the electron (mg) and nuclear (my)
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FIG. 5. P1 energy-level diagram. The calculated energy lev-

els for the coupled P1 electron spin and '“N nuclear spin as
a function of magnetic field. The solid (dashed) lines rep-
resent the energy levels for the off-axis (on-axis) orientation
classes. The blue arrow depicts the electron spin transition that
is probed throughout this and the energy levels of the spin states
are highlighted in blue. The red arrow denotes the hybridized
electron-nuclear spin transition discussed in Sec. V.

spin quantum numbers in the high magnetic field limit. The
primary resonances in the DEER spectrum correspond to
the electron spin transitions, which occur between energy
levels with Amg = £1 and Am; = 0. Additional features
correspond to nuclear spin transitions (Am; = £1) and
dipole-forbidden transitions, which occur between energy
levels with different electron and nuclear spin projections
(Amg = £1 and Am; = £1). In Fig. 5, the electron spin
and nuclear spin transitions focused on in this work have
been highlighted.

APPENDIX B: P1 CONCENTRATION

The approximate concentration of nitrogen in the dia-
mond sample can be determined using the DEER sequence
shown in Fig. 6, where the timing of the P1 7 pulse relative
to the final 7 /2 pulse is varied. When the time between the
pulses is small, i.e., as t — 0, the NV ensemble is insensi-
tive to the change in the magnetic field induced by the reso-
nant 77 pulse and the NV spin-echo signal is at a maximum.
As the time, ¢, increases, the measured signal will vary
according to the coupling between the NV spin and the
P1 spins in its environment. The measured signal is shown
in Fig. 6, where the single-exponential response indicates
that each NV center is coupled to multiple P1 centers
[59]. We extract a time constant of Tp = 70 4= 8 s from
an exponential decay fit and use this value to derive an
approximate P1 concentration of [N°] = 0.2 + 0.02 ppm
[60,61]. In similar diamond samples, the concentration of
N* is typically 1-10 times the concentration of N° [62].
Therefore, the P1 concentration that we have calculated is
consistent with the manufacturer’s specification of a total
nitrogen concentration of [N] = 1 ppm.

t
. nis

1.000
T,=70%8us

0.995 [N] =0.20 + 0.02 ppm
2099
c
o
© 0.985

0.980

0 20 40 60 80 100 120
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FIG. 6. Determining the P1 concentration of the diamond sam-
ple. DEER signal as a function of the delay time ¢ using 70-ns rf
pulses of 144 MHz, for gz = 125 ws. The solid line indicates
an exponential decay fit with a time constant 7p = 70 &+ 8 ps,
which corresponds to a P1 density [N°] = 0.2 4 0.02 ppm.

APPENDIX C: LARMOR FREQUENCY
CALCULATIONS

In the presence of an external magnetic field, B, the *C
spins precess at a frequency given by w; = yj3¢B. The
precession of a '*C spin in diamond will be influenced
by its coupling to proximal electron spins, as the electron
spin produces a large local magnetic field. Therefore, the
3C precession frequency will be conditional on the state
of the electron spin and its relative position. The differ-
ences in the NV and P1 spin-echo signals, outlined in the
main text, can be explained by the differences in the cou-
pling of the spins to the '*C spin bath. In the main text,
we calculate the distribution of Larmor frequencies for a
bath of 13C spins surrounding an NV center and a P1 cen-
ter using the eigenenergies of the Hamiltonians describing
those respective systems.

The Hamiltonian describing the interaction between an
NV (assumed to lie along the z axis) and a single 13C is

Hyv.isc = DS? + )/e§ B+ yiscle - B+ S-A-Ig,
(C1)

where D = 2.87 GHz is the zero-field splitting of the NV
electron spin (S), y./2m = —2.8 MHz/G is the electron
gyromagnetic ratio and A is the hyperfine tensor describing
the interaction between the NV and the '*C nuclear spin
(I¢), which has the same form as Eq. (5).
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The Hamiltonian describing the P1-'*C system is equiv-
alent to Eq. (4) with g set to 1:
Hpisc = Hpy + yiscle -B+S-A - Ic. (C2)
APPENDIX D: DISJOINT CLUSTER
SIMULATIONS

We use the disjoint cluster model [43] to simulate the
evolution of the P1 spins in the presence of a '3C spin
bath. In this method, a bath of N '3Cs is randomly dis-
tributed around a central P1 spin. The ensemble of N
interacting spins is sorted into n groups {Gy, G, ..., G}
containing up to g individual spins. The spins are grouped
such that there are strong interactions between the elements
of'each group and negligible interactions between elements
in different groups.

The density matrix of this system is p = p, ® py, where
Pe 18 the density matrix of the P1 electron spin and py =
1/2818 is the density matrix for the '3C spin bath, which is
assumed to be thermally populated. Following a spin-echo
sequence, the density matrix of the system is

pr = Usexpi Ul (D1)

where Use; = Uy 2U(7)Ur U(t) Uy, is a unitary operator
denoting a spin-echo sequence applied to the P1 electron
spin with a free evolution time t and p; is the den-
sity matrix describing the initial state of the system. The
operators, Uy/» and U, represent 7/2 and 7 rf pulses.
For convenience, the P1 electron spin is initialized in the
|ms = +1/2) state and, therefore, the initial density matrix
is set as

pi = |+1/2) (+1/2[ ® pn. (D2)

The normalized spin-echo signal for a single group, G, cor-
responds to the population of the |m; = +1/2) state, which
is calculated as

S = 2Tr[Pypr] — 1, (D3)

where P, is the projection operator onto the |m; = +1/2)
P1 electron spin state. The total spin-echo signal, Sy for a
single P1 center interacting with a bath of nuclear spins is

then
Sy = ]_[ S.
G

We simulate ensemble averaging, to match the conditions
in the experiment, by computing the average signal:

(D4

Save = 1/]vB ZST

N

(D5)

for N distributions of 13C spin baths. The average spin-
echo signal obtained from Eq. (D5) is calculated for a

range of free evolution times, t, to simulate the time-
dependent P1 spin-echo signal.
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