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We experimentally demonstrate a method for measuring correlations of wideband magnetic signals
with spatial resolution below the optical diffraction limit. Our technique employs two nitrogen-
vacancy (NV) centers in diamond as nanoscale magnetometers, spectrally resolved by inhomogeneous
optical transitions. Using high-fidelity optical readout and long spin coherence time, we probe
correlated MHz-range noise with sensitivity of 15nT Hz Y4 In addition, we use this system for
correlated 77 relaxometry, enabling correlation measurements of GHz-range noise. Under such
externally applied noise, while individual NV centers exhibit featureless relaxation, their correlation
displays rich coherent and incoherent dynamics reminiscent of superradiance physics. This capability
to probe high-frequency correlations provides a powerful tool for investigating a variety of condensed-

matter phenomena characterized by nonlocal correlations.

Two-point spatio-temporal correlations play an im-
portant role in characterizing many physical systems,
including non-classical electromagnetic field [1], macro-
scopic quantum coherence in superconductors and Bose-
Einstein condensates [2-5], quantum fluctuations of spin
ensembles [6, 7], and magnetic orderings in quantum
simulators [8-12] and materials [13-29]. In particular,
the ability to quantify magnetic correlation could signifi-
cantly advance understanding of nonlocal collective phe-
nomena in two-dimensional (2D) systems, such as novel
magnetic order [30-32], hydrodynamic transport [33, 34],
and superconductivity [35]. However, accessing the prop-
erties of collective magnetic excitations in realistic ma-
terials typically requires probing spectrally broadband
correlations at nanometer length scales, which is chal-
lenging. Examples include kHz- to MHz-range longitu-
dinal and GHz-range transverse spin fluctuations in 2D
magnets [34, 36|, DC- to GHz-range noise from stimu-
lated phonon emission in graphene [37], current fluctua-
tions [38-40] and Berezinskii-Kosterlitz-Thouless vortex
unbinding in 2D superconductors [41].

Several approaches have been explored to probe spin-
spin correlations with nanoscale resolution. For exam-
ple, neutron [13-16] and X-ray scattering [17], mag-
netostriction measurements [18, 19], and nuclear mag-
netic/quadrupole resonance [20-22| can be used, albeit
only for macroscopic, homogeneous samples. Optical
techniques [23-29] are suitable for studying two dimen-
sional and thin-film materials, but diffraction typically
limits the resolution to a fraction of optical wavelength.
Moreover, with the exception of optical pump-probe
spectroscopy [28, 29], none of the techniques above are
suitable to probe broadband (DC to GHz) dynamics due
to various technical limitations [19, 20, 24, 26, 42].

Atom-like systems such as nitrogen-vacancy (NV) cen-
ters in diamond offer a promising approach to this chal-
lenging problem. Such solid-state spin defect magne-

tometers have been used in “single-point” modality (i.e.,
probing magnetic field at each point by a single defect
or averaging over multiple defects in one optical spot)
to study a wide range of static and dynamical phenom-
ena in materials [34, 43-49]. Recently, Rovny et al. [50]
demonstrated that this system can be used to measure
two-point spatio-temporal magnetic correlations. This
approach has been extended to parallel measurement of
multiple single NVs in different optical spots [51, 52],
or two NVs in the same spot [53, 54]. These meth-
ods have been used to probe the magnetic noise up to
MHz frequency range, but they can not be directly ex-
tended to GHz noise, which ubiquitously appears in vari-
ous condensed-matter systems [34, 36-40, 48, 49, 55-63].

In this Letter, we extend covariance magnetometry
to both new spatial and frequency scales by measur-
ing magnetic field correlations up to GHz frequencies
below the diffraction limit. Utilizing optical super-
resolution techniques to address individual NV centers
based on inhomogeneous optical transitions [64-67], to-
gether with resonantly-assisted spin-to-charge conver-
sion [68], we achieve low readout noise, resulting in large
detectable correlations. We use this system to probe a
correlated MHz-range magnetic noise by a Ramsey-based
protocol. In addition, we demonstrate that co-relaxation
of two N'Vs enables detailed studies of GHz-range signals.
In particular, by externally applying such magnetic noise
with correlated amplitudes, we observe superradiant-like
dynamics — both coherent and incoherent — arising from
local detuning and dephasing. This technique can be
integrated with other state-of-the-art NV sensing plat-
forms, such as scanning tips and nanopillar arrays [69],
while scaling favorably to few-NV clusters. It is there-
fore particularly suited for probing two-point and higher-
order magnetic correlations in condensed matter at dif-
ferent lengthscales (from nm to pm) and across a broad
spectrum (from DC to GHz).
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FIG. 1. Super-resolution and independent spin control. (a) Schematics of the experimental system, consisting of two NV
centers in a single optical spot experiencing a common magnetic field. The field is probed by measuring spin-spin correlation
of the two NVs. NV1 (blue) and NV2 (red—color code used throughout the paper) align differently to a static magnetic field.
Both the MW signals driving spin transitions and test signals producing correlated magnetic fields are delivered through a gold
stripline (yellow rectangle) fabricated on the diamond. (b) Calculated optical transitions of an NV as a function of transverse
strain/electric field. The annotations, used as names of each transition, are the destination orbital states in the excited-state
manifold. Vertical lines mark each NV’s transverse field obtained from (c). Solid (dashed) black curves in (b) and vertical
lines in (c) are ms = 0 (£1) transitions. (c) PLE spectroscopy, utilizing different initial spin state combinations of two N'Vs
(three spectra, offset for clarity), enables identifying each NV’s set of transitions. Arrows indicate transitions used for readout.
(d) Independent spin control confirmed by driving Rabi oscillations of one NV and reading both defects. (e) Confocal maps
taken by resonantly exciting NV1 (top) and NV2 (bottom). The location of the on-resonant NV (cross) is determined from a
fit to a 2D Gaussian (full width at half maximum denoted by a circle). The off-resonant NV is marked by a smaller dot. All

experiments in this work are done in a cryostat at 11 K.

Ezxperimental system.—QOur experiments make use of
two shallowly implanted NV centers in the same optical
spot addressed by a single-path scanning confocal mi-
croscope (Fig. 1(a)) (for sample details see Supplemen-
tal Material [70]). We choose a pair of NVs with differ-
ent crystallographic orientations, resulting in distinct mi-
crowave (MW) transitions that enable independent spin
control. Although the spin state of each NV and their
correlation can be obtained from global readout [53, 54|,
such techniques require more repetitions and may suf-
fer from spurious correlations. Instead, we indepen-
dently read each NV by a defect-selective, spin-selective
optical excitation [64-67]. This is possible because at
cryogenic temperatures, the spin-dependent ground-to-
excited state transitions are spectrally resolvable, and the
inhomogeneous local strain/electric field separates each
NV’s set of optical transitions [71] (Fig. 1(b)). By prepar-
ing the NVs in different spin state combinations and
performing photoluminescence excitation (PLE) spec-
troscopy, we identify the set of transitions for each NV
(Fig. 1(c)). We use the bright, high spin contrast mg = 0,
E, transition of both NVs for readout in all following ex-
periments.

To confirm independent spin control, we drive Rabi

oscillations of one NV and read both defects sequentially
in the same repetition. Fig. 1(d) shows high spin contrast
(75-80%) for the driven NV and virtually no change in
the undriven one. Super-resolution imaging of NVs is also
straightforward in this modality and is accomplished by
performing two confocal scans, each with the laser on-
resonant with one NV (Fig. 1(e)). The measured 125 nm
lateral distance and estimated ~ 20nm z-distance [70]
imply negligible magnetic dipolar interactions between
the two N'Vs.

High-fidelity readout and correlation measurements.—
Our goal is to measure the shot-to-shot spin-spin corre-
lation of two NVs, quantified by the Pearson correlation
coefficient [50]

. (S1(r1,t1)S2(r2, t2)) — (S1(r1,t1))(Sa2(r2, t2)) (1)

(0p10p2)(OR10R2)

where ¢ is the NV index, S;(r;,t;) € {0,1} represents
the spin state at time ¢;, op, is the quantum projection
noise, and og; is the single-shot readout noise. S = 0
(1) corresponds to the |mys =0) (|]—1)) state; (...) de-
notes averaging over all experimental repetitions. Since
r depends on 1/0%, it is imperative to have low og. De-
spite high spin contrast, the resonant readout here only



achieves og = 15 because spin mixing within the ex-
cited states limits the readout duration to a few microsec-
onds [70, 72]. To collect more photons per shot, we con-
vert the NV spin state to charge state (NV~/NV?), which
can be distinguished by the same resonant excitation as
before, but for millisecond periods [70]. To achieve good
spin selectivity for this conversion, we again utilize the
resonant excitation [68]: when the NV is simultaneously
illuminated with this laser and a high-power 660 nm light,
only the |0) population undergoes two-photon ionization
to NV? and yields low photon counts during later read-
out, while |£1) remain in NV~ thus is bright (Fig. 2(b),
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FIG. 2. High-fidelity readout and maximum detectable cor-
relation. (a) General protocol for correlation measurements:
after initialization to the (NV~, |0)) state by 532nm light,
an optional m-pulse prepares the spin state for sensing. High-
fidelity readout is achieved by RA-SCC (dashed box), con-
sisting of spin-dependent ionization by a two-photon process
shown in (b), followed by sequential readout of each NV
charge state by resonant excitation. During this spin-agnostic
readout, low-power MW continuously mixes the spin states to
counteract pumping into |£1) [68]. (b) The resonant 637 nm
laser selectively excites the |0) state, and a high-power 660 nm
laser ionizes this population. (c) Photon statistics after RA-
SCC for each NV, prepared in |0) or |-1). Readout with
lower (higher) photon counts than the threshold (bold ver-
tical lines) are assigned to |0) (|—1)). (d) Demonstration of
correlation measurement by direct NV spin driving, alternat-
ing between polar angle § or 6 + w. (e) Pearson correlation
coefficient r for both correlation (same initial states, green)
and anti-correlation (opposite initial states, orange) configu-
rations. Filled curves are theory predictions; the curve width
denotes uncertainty of measured og.

(c)). With this resonantly-assisted spin-to-charge conver-
sion (RA-SCC), we achieve or = 3-4 for both defects.
The overall protocol for all correlation measurements
is as follows (Fig. 2(a)): initialize each NV charge and
spin state to (NV~, |0)) by 532nm light, prepare them
in |0) or |—1) depending on the specific experiment, apply
a MW sensing sequence to each NV independently, and
do RA-SCC with sequential charge readout of each NV.
We benchmark our protocol by measuring correlations
arising from direct NV spin driving (Fig. 2(d), [51, 52]).
In the correlation configuration (green), both defects are
prepared in the same spin state, alternating between ei-
ther polar angle 6 or 8+ on the Bloch sphere in each iter-
ation. The measured correlation in Fig. 2(e) agrees well
with the theory prediction 7 = cos?(6)/(or10r2) [70].
Intuitively, although alternating between 6 and 6 +
cancels the single-NV quantum projection noise (QPN)
and makes (S;) = 4 regardless of 6, it does not cancel
the QPN of the product S1S2, thus (S1S2) remains 6-
dependent [70]. Therefore, r is maximized when 6 = nr
for integer n due to no QPN and r =~ 0 for § = (n+ %)w
because the maximum QPN destroys any existing corre-
lation. We also measure in the anti-correlation config-
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FIG. 3. Correlated T spectroscopy. (a) The sensing sequence
with phase-noisy AC test signal. (b) Equal-time (At = 0)
spectroscopy, sweeping 71 = T2 = T to probe f = 1/(27).
PSD of the correlated noise (right) as calculated from the
correlations (left). Filled curves represent theory fits, with
a global scaling as the sole fit parameter; the curve widths
indicate the uncertainty in the measured values of ogr, Bi,
and Bj [70]. (c¢) Two-time spectroscopy, sweeping At while
keeping 71 = 72 = 1/(2fo), showing correlations with sinu-
soidal fits (left) and the real part of the corresponding Fourier
transforms (right). Grey datapoints denote (S1)(S2); vertical
dashed line marks fo.
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FIG. 4. Correlated Ti spectroscopy. (a) The test signal is generated by combining two MW signals, each resonant with one
NV center and independently tuned to have similar powers. Their amplitudes are modulated by the same 10 MHz-bandwidth

Gaussian noise.

(b) Illustration of dynamics: With no detunings for both MW signals, the two NVs exhibit stochastic yet

identical dynamics (first two panels), resulting in high correlation. Three Bloch vectors represent the state of the NVs at
arbitrary times ¢1 < t2 < t3. When the test signal for NV1 is detuned (third panel), despite the noise profile being identical to
that of NV2 (second panel), NV1’s trajectory includes precession around the z-axis. As such, the correlation diminishes and
oscillates at the precession rate. The fading color indicates later times. (¢) Spin polarization relaxation of each NV under the

test noise overlaid with a simple exponential decay, where T1 nvi = 1.96(2) us and 71 nve = 1.77(3) ps

. (d) Pearson correlation

r for different detunings 1 (with d2 = 0 fixed), showing correlation build-up despite featureless single-NV relaxation observed
in (c). The inset zooms into the first 6 ps, highlighting oscillations of correlation at the largest detuning 61 = —0.5 MHz. Solid
curves are global fits of the entire dataset using a model based on the quantum master equation (Eq. (3)).

uration (orange), in which both defects are prepared in
opposite states, and observe the same results but with
opposite sign of r, as expected. All reported correla-
tion values hereafter are obtained after subtracting the
small background correlation common to both correla-
tion and anti-correlation configurations. Because the
NVs undergo no free evolution in this experiment, the
effects of spin decoherence are minimized, which en-
ables quantifying the maximum detectable correlation
Tmax = 1/(0r10r2). The measured rp.x = 0.083(3)
agrees well with 8¢ = 0.079(4) calculated from the

max
measured ogr1, ore in Fig. 2(c).

Correlated Ty spectroscopy.—Next, we demonstrate
sensing correlation of a fy = 2.5MHz magnetic field
phase-modulated by a Gaussian noise with 25 kHz band-
width. The XY8-N sensing sequence of each NV can be
tuned independently with interpulse spacing 7; to probe
frequency 1/(27;), number of repetitions N; € {5, 8}, and
relative delay At between each NV’s sequence (Fig. 3(a)).
We first detect the signal spectroscopically by equal-time
correlation measurement (At = 0), sweeping 71 = To.
Figure 3(b) (left) shows agreement between experimen-
tal data and calculated correlation lineshape based on
the measured ogr1, ore, and AC field amplitudes at each
NV By = 1.944(11) pT and By = 0.56B; (due to dif-
ferent orientations), as obtained from single-NV magne-
tometry [70]. The power spectral density (PSD) of the
correlated noise in Fig. 3(b) (right) shows that despite
sensing for only 8yus in each shot, much shorter than
T5 > 1ms, and 40 minutes in total for each datapoint,
we can detect noise strength of ~ 70nT?/Hz with un-
certainty of 4nT?/Hz, corresponding to magnetic sensi-
tivity of 15nT Hz~!/* [70]. Extending sensing to 1ms,

as allowed by the long T5, with negligible cost to total
experiment time (due to long readout) could enable de-
tection of correlated noise strength < 1nT?/Hz [70]. To
measure two-time correlation, we sweep the relative delay
At at fixed 1 = 1 = 1/(2fy), observing the oscillation
of r at fo as expected, while (S1)(S3) remains featureless
because the noise has zero mean (Fig. 3(c)).

Correlated Ty spectroscopy.—We now extend the tech-
nique to probing correlated few-GHz noise, which is be-
yond the scope of T, spectroscopy due to the imprac-
tically high Rabi frequencies required. To this end, we
apply a test noise such that each NV is subject to a mag-
netic field B;(t) o G(t) cos(w;t)Z, where w; is close to
the i-th NV’s |0)—|—1) transition A; with controllable
detuning §; = A; — w;, and G(t) describes a Gaussian
noise with zero mean and bandwidth v, ~ 10 MHz. Such
noise, common to both sensors and mimicking GHz mag-
netic field correlations, represents amplitude-modulated
but phase-locked fluctuations (Fig. 4(a)).

While this noise causes the mean spin polarizations
to experience simple exponential decays (Fig. 4(c)), the
correlation r undergoes richer dynamics (Fig. 4(d)): ini-
tially, it develops as the two NVs co-relax; next, applica-
tion of a finite local detuning §; # 0 on NV1 results in
oscillations of r at d7; finally, r decays to zero at longer
times. Notably, the observed build-up, oscillations, and
long-time decay of spin-spin correlation strikingly resem-
ble the dynamics of dipole-dipole correlations in atomic
ensembles undergoing superradiance [73-75].

We explain these experimental observations by the fol-
lowing theoretical model. The effective Hamiltonian in



co-rotating frames of each NV reads [70]:

H=>" 657 +2A4:G(t)S, (2)
i=1,2

where S;" %% are the spin-1/2 operators and A; encodes
the test signal amplitude. Provided that the bandwidth
V. is much larger than other relevant dynamical scales,
the noise is effectively Markovian and the time-evolution
of the two-NV density matrix p(t) is governed by the
quantum master equation (QME):

8tp:i25i[5iz,p] +2[L, [p. £]], (3)

where [A, B] = AB — BA denotes the commutator and
L= 2m)Y4/1/v.(A1SF + A25%) is the jump operator.

Equation (3) shows that (S;) = 1/2 — (S?) relaxes as
exp(—t/T1 nvi), in agreement with the data in Fig. 4(c).
The extracted relaxation times T nv; correspond to field
amplitudes By = 5.72(3) pT and By = 6.02(5) pT.

To explain the dynamics of the correlation r, we note
that when each MW signal is resonant with the respec-
tive NV, i.e., §1 = d2 = 0, as follows from Eq. (2), both
NVs are stochastically driven around the z-axis, albeit
with identical trajectories that remain in the yz-plane
(Fig. 4(b), first two panels). The correlation is thus ex-
pected to develop over time and remain high. When the
test signal is detuned for the first NV, ie., §; # 0 and
09 = 0, the correlation dynamics become more complex
as NV1 undergoes both stochastic rotations around the
x-axis and precession around the z-axis at §; (Fig. 4(b),
last two panels). In this case, Eq. (3) predicts oscillations
of the correlation at §;. The observed decay at longer
times originates from local and correlated dephasing ef-
fects, which we introduce phenomenologically [70]. With
five fitting parameters for the entire dataset, this QME
model closely matches the experimental data (Fig. 4(d)).

The analogy to superradiance can now be understood
by looking at the structure of the jump operator £ in
Eq. (3), which is a sum of two terms that describe a
common decay channel. In atomic superradiance, such
a common decay channel originates from different atoms
coupling to the same photonic modes, whose wavelengths
significantly exceed the atom-atom spacings. In our sys-
tem, this correlated decay is deliberately engineered via
the common noise and only evident in the rotating frames
of each NV center.

Conclusion and outlook.—We have demonstrated co-
variance magnetometry with spatial resolution below the
diffraction limit and probed correlated signals in both
the MHz and GHz frequency bands. The combined effect
of high-fidelity readout and long coherence time enables
detecting correlated noise with magnetic sensitivity of
15nT Hz /4, corresponding to detectable noise strength
of 4nT?/Hz in 40 minutes of total experimental time.

This noise strength is well below that of critical fluc-
tuations observed in several 2D magnets and supercon-
ductors [34, 40, 61, 62|, and is comparable to magnon
density fluctuations in CrCls [34]. With correlated T3
spectroscopy, we observe correlation of two detuned GHz
signals modulated by a common noise profile. Notably,
the engineered magnetic field amplitudes are comparable
to those reported for NV centers proximal to a magnon
bath [49, 76]. The observed superradiant-type dynam-
ics of this correlation capture the coherent effect of local
detuning and incoherent effect of dephasing. Combin-
ing our correlated 73 protocol with dynamical decoupling
schemes could be an interesting avenue for future work.

Our technique can be naturally extended in both the
spatial and spectral domains, such as applying to few-
NV clusters [65, 67] in scanning-NV platforms [53, 77],
or incorporating techniques well-developed for “single-
point” NV sensing such as frequency conversion [78| and
high-resolution spectroscopy [79, 80]. Sensitivity could
also be improved with various methods, from increas-
ing photon collection efficiency with diamond pattern-
ing [72, 77] to utilizing dipolar interactions in NV en-
sembles [81]. This work demonstrates that NV cen-
ters constitute a powerful nanoscale wideband probe of
two-point and higher-order magnetic correlations, par-
ticularly suited to studying condensed-matter systems
with intriguing correlated dynamics [82], such as su-
perconductors [38-41], critical fluctuations in 2D mag-
nets [34, 60-62|, non-equilibrium [37, 83] and correlated
transport phenomena [47, 84], and nonlinear magnonic
processes [34, 36, 49, 55-59, 85].

We gratefully acknowledge discussions with N. P. de
Leon, J. Rovny, A. Yacoby, N. Maksimovic, R. Xue, C.
Meriles, T. Delord, R. Monge, J. Marino, H. Hossein-
abadi, S. Gopalakrishnan, N. U. Koylioglu, N. Leitao,
H. Gao, M. Abobeih, and experimental support from B.
Dwyer, P-J. C. Stas, Y. Q. Huan, J. D. Schaefer, and T.
Madhavan. A.P. acknowledges support from DoD ND-
SEG Graduate Research Fellowship. This work was sup-
ported by Gordon and Betty Moore Foundation Grant
No. 7797-01, National Science Foundation (grant num-
ber PHY-2012023), and the Center for Ultracold Atoms
(an NSF Physics Frontiers Center). All fabrication was
performed at the Harvard Center for Nanoscale Systems
(CNS), a member of the National Nanotechnology Coor-
dinated Infrastructure Network (NNCI).

Note added: During the preparation of our manuscript
we became aware of related work demonstrating super-
resolution covariance magnetometry [86], which reports
correlation measurements of signals with frequency up
to a few MHz in two N'Vs within a single optical spot by
complementary detection methods, including utilizing an
entangled pair of NV centers.
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I. EXPERIMENTAL SETUP
A. Diamond sample

As a platform for correlation sensing, we use an electronic grade CVD-grown diamond (Element Six) with an
overgrown diamond layer isotopically enriched in '2C to minimize nitrogen-vacancy (NV) center coupling to spurious
nuclear spins. NV centers are created by “N ion implantation at 25keV with a dose of 10! cm™2, followed by a
two-step vacuum annealing process as in Ref. [1]: first, at 800°C for 8 hours to form NV centers, then at 1200°C
for 2 hours to remove divacancies and multi-vacancy centers that could result in magnetic noise and inhomogeneous
broadening of optical linewidths. The diamond is then cleaned in a refluxing mixture of 1:1:1 sulfuric:nitric:perchloric
acid (triacid cleaning) to remove graphitic carbon on the surface. This procedure results in NV centers roughly 50 nm
below the surface with a depth distribution across ~20nm, based on Stopping and Range of Tons in Matter (SRIM)
simulation with corrections [2-4|, with narrow, stable optical transitions (Sec. II) and long coherence times (Sec. IV).
The choice of implantation fluence as above yields single resolvable NV centers but also the NV cluster used in this
work.

To enable independent driving of the two sensors used for correlation measurements, we select two NV centers
oriented along different crystallographic axes and study them throughout this work. With the magnetic field aligned
along the crystallographic axis of NV1, the resulting optically detected magnetic resonance (ODMR) spectrum,
shown in Fig. S1, exhibits a clear frequency separation between the microwave transitions of NV1 and NV2, allowing
independent control (see main text). For all experiments in this work, we use |ms; = 0) and |ms = —1) as the quantum
states for both N'Vs.

B. Optical setup

We use a home-built single-path scanning confocal microscope setup integrated with an optical cryostat (Montana
Instruments Cryo-Optic X-Plane) that houses the diamond sample on the Agile Temperature Sample Mount (ATSM),
temperature-stabilized at ~ 11 K throughout the experiment by a LakeShore 335 Temperature Controller. An in-
vacuum, room-temperature microscope objective (Zeiss LD EC Epiplan-Neofluar 100x, NA = 0.75, WD = 4mm)
focuses laser light used for spin and charge initialization, ionization, and readout of the NV centers. The same
objective collects photoluminescence (PL), which is separated from all excitation laser beams via a dichroic mirror
(Semrock Di03-R660-t1-25%36), coupled to a single-mode fiber, and measured using a single-photon-counting module
(Excelitas SPCM-AQRH-14-FC). XY scanning for confocal imaging is implemented using a pair of galvo mirrors
(Thorlabs GVS012) combined with Z-focusing achieved by moving the sample mounted on a piezo element (Attocube
ANPz101).

The experiment utilizes 4 lasers. Spin and charge initialization is performed with an optically pumped solid-state
green laser (Laserglow Technologies, 532 nm, 540 pW) modulated by an acousto-optic modulator (AOM) (Gooch &
Housego AOMO 3080-125). The red resonant excitation, used for both readout and assisting ionization, is provided
by a dedicated external cavity diode laser (ECDL) (New Focus TLB-6304H-LN Velocity) for each NV. Each ECDL is
modulated by an AOM (Isomet 1250C-974), then coupled to optical fibers and combined by a 50:50 fiber beamsplitter
(Thorlabs TW630R5A2). Both ECDLs are actively frequency-stabilized to the NV transitions near 637.22 nm using

* Corresponding author: lukin@physics.harvard.edu



a wavemeter (HighFinesse WS7-30) to measure the frequency with 30 MHz precision and feedback on the piezo
controller of the ECDL’s cavity. NV ionization is accomplished using a high-power fiber-pigtailed diode laser at
660 nm (Thorlabs LP660-SF60, 72 mW), pulsed by a current driver board (Highland Technology D200). Since resonant
readout only needs low optical power (< 2uW, see Sec. II), the resonant and 660 nm excitations are combined by a
10:90 (respectively) fiber optic coupler (Thorlabs TN632R2F1), then launched to free space and combined with the
532 nm light by a dichroic mirror (Semrock Di02-R532-25x36).

C. Microwave control setup and test signals

Microwave (MW) drive is delivered to the NV centers via a photolithographically defined stripline (225 nm layer of
Au on 10nm adhesive layer of Ti) in the shape of omega-loop (96 nm inner radius, 50 nm width) fabricated directly
on the diamond and wirebonded to a copper PCB.

The control MW pulses are generated via IQ mixing, using a MW generator (Stanford Research Systems (SRS)
SG386) and analog control pulses produced by a high-sampling-rate arbitrary waveform generator (AWG) (Siglent
SDG6022X). Each NV is controlled by a dedicated signal generator and AWG combination. The aforementioned
generators are referred to as “main” generators to distinguish from two additional signal generators (SRS SG384 and
Rohde & Schwarz SMC100A), used to apply MW drive on the |ms = 0) — |m, = +1) transitions of each NV during
charge-state readout (see main text), and controlled by MW switches.

All four MW signals are combined with a power splitter, then split into a high-power path used for MW pulses
and a low-power path used for two purposes: continuous-wave MW drives during charge-state readout, and the test
signal for correlated T} experiments. The high-power path has no attenuation, while the low-power path has 16 dB
attenuation. Both paths are connected to a MW switch that toggles between them, then the signal is amplified by a
medium-gain (Mini-Circuits ZX60-6013E-S+) and a high-gain, high power amplifier (Mini-Circuits ZHL-25W-63+).

The MHz-range test signals for correlated T experiments are generated by another AWG with controllable noise
bandwidth (Keysight 33522A). These test signals undergo no further amplification before being combined with the
post-amplification MW drive signals, then sent to the stripline. In Fig. 3 of the main text, the test signal is a 2.5 MHz
signal, phase-randomized with 25kHz bandwidth Gaussian noise. In Fig. S8, the two test signals from each channel
of the AWG are at 2.5 MHz and 2.0833 MHz, both phase-randomized with 25kHz bandwidth Gaussian noise, then
combined before being sent to the stripline.

For correlated T experiments, a 10 MHz bandwidth Gaussian noise from the Keysight AWG amplitude-modulates
the two “main” generators via their Q-ports, while their I-ports remain controlled by the Siglent AWGs to apply a
m—pulse if needed. This scheme produces the correlated depolarization test signal shown in Fig. 4(a) of the main text.
During the sensing time, since no MW pulses are required and also to reduce the noise power, we use the low-power
MW path.

The single 4-way power splitter in use is a Mini-Circuits ZA4PD-4-S—+; all 2-way power splitters are Mini-Circuits
ZFRSC-42-S+. Microwave circulators (Pasternack PE8301 and DiTom D312060) are used right after each “main”
generator’s output to avoid spurious effects when driving the 2 NVs at the same time with different-frequency drives.
Timing of all optical pulses, MW switch toggling, and triggers for Siglent AWGs and data acquisition, is orchestrated
by a high speed programmable pulse generator (SpinCore PulseBlasterESR-PRO-USB-RM2).
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FIG. S1. ODMR spectrum taken with conventional green readout, showing distinct MW transitions for each NV. As in the
main text, blue (red) denotes NV1 (NV2) throughout the Supplemental Material unless noted otherwise.



II. READOUT CHARACTERIZATION

Except for the ODMR experiment shown in Fig. S1, all other measurements in this work utilize resonant laser
light for readout, which enables independent readout of NV centers within the same confocal spot (Fig. 1 of the main
text). Experiments that do not involve correlation measurements are typically done with resonant readout (RR) of
the NV spin state directly, which is faster than with spin-to-charge conversion. On the other hand, for correlation
measurements, achieving low-noise spin readout is crucial. To this end, we employ a resonantly-assisted spin-to-charge
conversion (RA-SCC) protocol, followed by charge-state readout with the same resonant laser (see main text) [5].

The PL count rate for RR as a function of optical power is shown in Fig. S2(a) for both NV centers. The solid lines
represent fits to saturation function I = Iy 51— Py P , yielding saturation powers Pg; = 148+13nW and Pgy = 389+42nW
for NV1 and NV2, respectively. The linewidth of the optical transition used for RR as a function of optical power is
shown in Fig. SQ(b), highlighting the linewidth broadening at both high and low optical power levels.
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FIG. S2. Effects of optical power on resonant readout. (a) Saturation curves with fits (solid lines). (b) Power broadening of
the linewidths. Dashed lines are guides to the eye.

The time dynamics of PL under resonant excitation are shown in Fig. S3, along with the corresponding fit to
a stretched exponential function Ae~(/7rr)" 4 C. For both NV centers, we observe that applying a low-power
(fRabi & 2MHz) microwave drive during readout continuously mixes the spin states, counteracting optical pumping
into the |+1) states due to spin mixing in the excited states manifold [5]. This approach allows collection of more
photons over extended time windows (see insets in Fig. S3). The stable PL counts over 3ms windows indicate the
charge stability of NV~ under continuous resonant laser illumination at optical powers above saturation.
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FIG. S3. Resonant readout duration for NV1 (a) and NV2 (b). Without MW excitations during readout, the available collection
window is very short (< 5ps) for both high and low optical power (circle datapoints, fitted with dashed curves). With low-
power (frabi & 2MHz) MW excitations during readout to mix the spin states (triangles, solid curves), the NVs can be read for
milliseconds (insets).

To minimize the spin readout noise o, (defined for thresholded readout in [6]) in RA-SCC protocol, we optimize the
ionization time (Fig. S4(a)) and the green-laser-based charge and spin initialization time (Fig. S4(b)). We attribute
the increased readout noise of NV1 associated with simultaneous ionization of both NV centers (dashed vs. solid lines
in Fig. S4(a)) to partial overlap of optical transitions of NV1 and NV2 (see Fig. 1(c) of the main text). Specifically,
the in-use my = 0, E, transition of NV2 overlaps with the very dim m, = +1, A, transition of NV1, causing some
accidental ionization of ms; = —1 population of NV1 when intentionally ionizing ms = 0 population of NV2. We note



that the typical choice of resonant laser powers, 1.0 and 1.7 pW for NV1 and NV2, respectively, is to ensure both
good readout and good ionization fidelity.
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FIG. S4. RA-SCC readout noise versus ionization time (a) and initialization time (b). The NVs can be ionized at the same
time (“co-izn.”) or independently (“indep.”). All curves are guides to the eye. Grey area denotes the parameter range used for
correlation measurements.

Achieving simultaneously low o, for both N'Vs allows sensitive detection of magnetic correlations. In Fig. S5, we plot
the minimum detectable correlated magnetic field op min as a function of total experimental time for different readout
schemes. The dashed vertical line indicates the measurement time of 40 minutes for each data point in Fig. 3(b)
of the main text. We observe agreement between the error bars of that measurement (4nT?/Hz when detecting
f = 2.5MHz) and the calculated op pin for this measurement time (2nT, intersection of the vertical line and the
thin purple line in Fig. S5), assuming that the spectrum is locally flat near f = 2.5 MHz. Additionally, we plot the
projected curve with RA-SCC and a sensing time of 1ms (thick purple line in Fig. S5), which is feasible due to the
long coherence time shown in Fig. S7(a). This could enable the detection of 1nT correlated field with signal-to-noise
ratio of 2.5 with the same 40 minutes total experiment time.
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FIG. S5. Minimum detectable correlated magnetic field as calculated for different readout methods. For conventional readout
(“conv.”, dashed green), we assume the initialization time ¢inix = 5ps, phase integration time ¢ = 10 ps, similar to Fig. 3 of the
main text, and readout time tg = 300 ns. For resonant readout (“RR”, dashed orange), tinit = 301s, t = 10 s, and tr = 2 X 2 ps
due to sequential reading of each NV. For RA-SCC, we show both cases corresponding to ¢ = 10ps (thin solid purple) and
t = T»/2 (thick solid purple) respectively, with 7> = 2 ms based on Fig. S7(a). For both cases, tinit = 1.5ms and tg = 2 X 3ms.
The annotations adjacent to each curve indicate magnetic sensitivity of the corresponding readout method. The vertical dashed
line denotes the experiment time per datapoint in each curve in Fig. 3(b) of the main text.



III. DRIVEN CORRELATION

In this section, we derive the expected correlation for the driven correlation experiment in Fig. 2(e) of the main
text. The Pearson correlation r is defined as
S159) — (S1)(S
r = (5182) = (51){S) (S1)

0510832

where S; € {0, 1} represents the projected quantum state of the i-th NV in each measurement, (---) denotes averaging

over all 2M experimental iterations, and os; = /(S2) — (S;)? is the standard deviation of S; across all iterations.
For simplicity, we start by assuming no readout noise and only consider the “correlation” configuration, i.e., both NVs

are always driven to the same state. By alternatively driving to |0) = (Z?ﬁég;g;) and |0 + 7) state, the mean value
(S;) is
M(S)g + M(S)6sr

2M ’

(Si) = (52)

where (S)y denotes the expectation of the pseudospin operator S = (8 ?) over the state |0). It can be easily shown
that (S)g = (52)g = sin?(#/2), thus Eq. (S2) becomes

(Si) = (S7) = (53)

1

2 )

with all -dependence being canceled out. It follows that og; = 1/2.
What is left is to evaluate the cross term (S1.52) = Wi (M(S)g.0 + M(S)94r 0+r), where the pseudospin operator

S and its expectation value are with respect to the two-NV Hilbert space. Since the dipolar interaction between NV1
and NV2 is vanishingly small and the experimental protocol does not induce any quantum correlation, the two NVs
are always in a product state. Therefore, (S)g 9 = ({(S)g)” = sin®(6/2), and the cross term becomes

sin (4) + sin® (447) 1+ cos*(0)

<5152> = 9 4 9

(54)

which causes r to depend on 6. Plugging Eq. (S4) and Eq. (S3) into Eq. (S1), and including the effect of readout
noise og; as derived in [7], we obtain the simple expression for the theory curves in Fig. 2(e) of the main text:
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FIG. S6. Ramsey experiment for each NV with a fit to three hyperfine oscillations. Data taken using resonant readout and
without test noise signals.
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FIG. S7. (a) Hahn-echo experiment for each NV with no test signals, showing 7% well exceeding 1 ms for both NVs. Dashed
curves are guides to the eye. (b) Calibration of the magnetic field amplitude from the voltage amplitude of the AC test signal,
measured by XY8-5 sequence for NV1 and XY8-8 for NV2. Solid curves are fits from Eq. (S6). Vertical dashed line denotes
the amplitude used for Fig. 3(b) of the main text. Data in both panels are measured with the use of resonant readout.

IV. SINGLE-NV T; SPECTROSCOPY

In addition to correlation measurements, we also performed single-NV Ty characterization. Figure S6 shows the
Ramsey measurements for both NVs, revealing hyperfine oscillations due to coupling to the N nuclear spins within
each NV center. Figure S7(a) presents the spin-echo measurements for both NVs, highlighting long coherence times
(Tz > 1ms).

For the sensing experiments, we apply a continuous-wave, constant-amplitude, phase-noisy AC magnetic field
B; cos(2nft + a(t)) as a test signal, where B; is the field amplitude at the location of NV 4, «(t) denotes a slowly-
varying random phase. B; is calibrated by measuring the spin contrast as a function of the AWG’s output voltage
amplitude V with an XY8-NN; sensing sequence. The calibration for the f = 2.5 MHz test signal used in Fig. 3 of the

main text is shown in Fig. S7(b), fitted to
1 ’ylﬁiVNi
-1+ Jo | — S6
o[ (577 0

where Jy is the Bessel function of the first kind resulting from averaging over the random phase « (which varies
slowly, so the averaging can be approximated as uniform over the interval [0,27)), v/27 = 28.025 GHz/T is the
electron gyromagnetic ratio, and k; = B;/V is the fit parameter that relates the voltage amplitude to the magnetic
field amplitude that the i-th NV experiences [8]. From the fit, the 0.2V amplitude used for Fig. 3 of the main text
corresponds to By = 1.944(11) nT, and By = 0.56Bj, consistent with the fact that the two NVs sense different field
strength due to different spatial orientations.

V. CORRELATED 7> SPECTROSCOPY
A. Expected correlation

In this section, we derive an analytical expression for the measured Pearson correlation r between NV1 and NV2,
when each NV accumulates a different phase, ¢c1(t1) # ¢dco2(t2), due to the correlated field. This is relevant when
each NV experiences a different field strength and/or undergoes a different sensing sequence.

As derived in Ref. [7], for a sine magnetometry protocol, we have:

e~ [X1(t1)+X2(t2)]
r=——————(sin[pc1(t1)] sin[pca(t2)]), (S7)
OR10R2
where ¢ is the NV index, t; = N;7; is the total sensing time, N; is the number of 7-pulses in the sensing sequence,
7; is the interpulse spacing, x;(t;) is the decoherence function at time ¢; due to uncorrelated mechanisms (typically
probed by variance magnetometry), and og; is the readout noise.
Given the test signal described in Sec. IV, and assuming that the random phase «(t) fluctuates on a timescale
appreciably slower than t;, we can write the accumulated phase in one experimental repetition as

¢ci(ti) = yBit;Wi(f, a), (S8)



where W;(f, @) is the filter function defined by the MW sensing sequence of the i-th NV and the properties of the AC
field. For an XY8-N; sequence,:

Wi(f, ) = w; cos(a+ ¢;) = Sing(;pi) [1 — sec(gpi/Ni)} cos(a + ¢;), (S9)

K2

slpci(t) — dca(ta)] — cos[per (t1) + dea(t2)]),

where ¢; = 7fN;7; [8]. By rewriting sin[¢c (t1)] sin[pca(t2)] = 3 (co
o Eq. (S7), and regrouping the terms appropriately,

substituting ¢c;(¢;) from Eq. (S8) and W;(f, «) from Eq. (S9) int
we arrive at:
e~a(t)+x2(82)] (cos [ cos(a+ B-)]) — (cos [ cos(a + B4)])

r= , S10
OR10R2 2 (510)

- : : B (o)L <
with dimensionless variables &4 = /07 + 73 + 21712 cos(¢1 — p2), 7 = YBit;w;, and B4 = tan™! (;711 ::;Egi;izz ii)z((iz)))

Averaging over the random phase « gives

—[X1(t1)+xX2(t2)] _
r= € ! ! 2302 JO(&‘*) J0(€+). (Sl].)
OR10R2 2

When both NVs detect the same field amplitude with the same sensing sequence, we have ¢1 = w2 = @, w1 = we = w,
m=mn=mn,& = 2n, and &_ = 0. In this case, the first term in Eq. (S11) therefore becomes 1, and the second
term becomes Jy(2yBtw), recovering the results in Ref. [7]. With calibrated single-NV decoherence, readout noise,
magnetic field amplitude at each NV, and an overall free scaling factor of 0.37 to account for other experimental
imperfections (such as imperfect initialization and ionization, or mechanical noise during long sensing experiments),
we can use Eq. (S11) to predict the expected correlation as shown in Fig. 3(b) of the main text.

B. Power spectral density of correlated noise

Given a correlated magnetic noise detected by NV1 and NV2, its power spectral density (PSD) has different
components

o0
Sij(w) = / e~ 2 (B, (t + ') B, (t))dt, (S12)
—00

where i and j are the NV indices [7-9]. The matrix elements S11(w) and Sao(w) contribute to the single-NV decoherence

of NV1 and NV2, respectively, while Si2(w) = S21(w) (due to the classical, commutative nature of the test noise)

only affect the correlation r. Therefore, measuring r provides a unique probe of this cross-correlation component.
Our goal is to derive an expression for Sja(w) based on the measured r and single-NV coherence functions. First,

we note that Sy3(w) relates to the accumulated phases ¢c1, ¢ce via

(bordos) = 2 / " S12() W () P, (S13)

™

where |W (w)|? is the filter function in frequency domain defined by the sensing sequence. For an XY8-N sequence
with many pulses and pulse spacing 7, |[W (w)|* ~ 2t6(w — m/7) [8], which simplifies Eq. (513) to

(Ppc19c2) = %512(2)- (S14)

Next, for a Gaussian noise source, or assuming that the noise is weak and the accumulated phase is small, Eq. (S7)
can be rewritten as

—[X1(t1)+xX=2(t2)] (¢c1—-dc2)? (sc1+oca)?

L [ei< c1-bez >—ef< c1técs >} (s15)

20R10R2

Combining this with Eq. (S14), we obtain
2
7T m™ . -1 TOR10R2

Si2(—) = — sinh — S16
12(7) st o (Cl(t)cg(t))’ (516)

where C;(t) = e X (O=(98:)/2 Jescribes a single-NV decoherence due to both uncorrelated and correlated noise.
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FIG. S8. Correlated T spectroscopy with each NV probing a different frequency, sweeping 72 = 1/(2f2) while fixing 1 =
1/(2-2.5 MHz). N; = N2 = 10. The two test signals at fa = 2.5 MHz and fz = 2.0833 MHz are not phase-locked. PSD of
the correlated noise (b) are calculated from the correlations (a). Filled curves in (a) and (b) are theory predictions based on
Eq. (S11) and Eq. (S16), respectively; the curve widths denote uncertainty of measured or, B1, and Ba. Vertical solid (dashed)
line in (a) and main panel of (b) indicates fa (fg). The inset of (b) shows calibration of magnetic field amplitude Bi,a of
the fa test signal while fg is also applied, using XY8-10 for both NVs. This recalibration (compared to the calibration in
Fig. S7(b) for the main text data) is necessary because, with both channels of the AWG now outputting test signals that are
subsequently combined, spurious RF reflections reduce the effective signal strength. The fit function (solid curves) is similar
to Fig. S7(b), yielding B1,a = 1.010(6) pT at 0.15V amplitude (dashed line). The voltage amplitude of fg is 0.3V, implying
Bip = 2.020(12) pT.

C. Correlation measurements with different sensing sequences for each NV

We perform an additional correlated T3 spectroscopy experiment, in which each NV probes a different frequency by
having different pulse spacings 71 # 75 in the sensing sequence. In this experiment, we apply two phase-random test
signals at fo = 2.5 MHz and fg = 2.0833 MHz that are not phase-locked, use NV1 to detect fa by fixing 71 = 1/(2fa),
and sweep the probing frequency of NV2 in a range that covers both fa and fg.

Although the naive expectation is that meaningful correlation only occurs when both NVs probe fa, Fig. S8 shows
that both theory and experimental data indicate a small feature in correlation when NV2 probes fg. This is due to
NVT1’s filter function being not perfectly zero at fg. Overall, this experiment confirms the robustness of Eq. (S11)
(filled curves in Fig. S8(a)) in describing the expected spectrum of correlation, capturing well the correlation shape
arising from asymmetries between each NV’s effective field strengths and sensing sequences. The theory curves are
obtained with the same scaling factor of 0.37 as in Fig. 3(b) of the main text, suggesting that this factor originates
from the same systematics that are present in both experiments.

VI. CORRELATED 7; SPECTROSCOPY
A. Theoretical analysis

The dynamics of the pair of NV centers, effectively two two-level systems, are governed by the Hamiltonian (through-

out the theoretical analysis that follows, we set i = 1 and use the Pauli matrices 0;2%5):

H= ‘;2 {%n o+ %B(ri,t) -a}, (S17)

where A; is the energy difference between |0) and |—1) states, 7; represents the quantization axis, B(r;,t) denotes
the noisy magnetic field at the location 7; of the i-th NV center, and v is the electron gyromagnetic ratio. In our
experiment, we generate this MW magnetic field via the stripline:

B(r;,t) = f(t)B;, f(t) = [Bisin(wit + ¢1) + Ba sin(wat + ¢2)] G(t). (518)



Note that the magnetic field B(r;,t) oscillates in time but has a fixed direction. The frequencies w; and wy are close
to but not necessarily equal to A; and As, respectively. Here, G(t) is a random Gaussian noise characterized by:

ETAV
Gy =0,  (GOGE) =exp (- L0, (19)

2
27¢

where the correlation time 7. encodes the noise bandwidth o 1/7.. Within the rotating frame of each NV center, and
under the rotating wave approximation, by appropriately selecting local coordinate systems for each NV, the effective
Hamiltonian can be written as:

je i

H; = %af + [AiG(t)Ui+ + h.c.}, A; = 1 B, sind;, (S20)

where ¥; is the angle between B; and f; and &; = A; — w; is the detuning.

Stochastic evolution—Equation (S20) implies that the two N'Vs are decoupled from each other and each evolves
under its own noisy magnetic field (but the two magnetic fields are correlated by design). This allows us to simulate the
dynamics of the two NV centers by stochastically sampling the random magnetic fields and evolving the spin dynamics
accordingly. Specifically, by writing a spin-1/2 Hamiltonian as H(t) = $h(t) - o, its density matrix p = £ + 3s(t) - o,

where s,(t) = (04) = tr(p(t)os), evolves as:
Bs(t) = h(t) x s(t). (S21)
Equation (S20) implies that:
he = (A; + ADG(t),  hy = i(A;i — ADG(L), h. = d.. (S22)

In modeling such spin-1/2 time evolution, we note that if the magnetic field were instead static, the corresponding
time evolution could be computed analytically [10]:

s(t) = A(t)so + B(t)h + C(t)h x so, (523)

where

A(t) = cos(ht), B(t) = x(1 —cos(ht)), C(t) =sin(ht), X =h- sp. (S24)

It is worth noting that the vectors in Eq. (S23) are generally not orthogonal to each other. In simulating the stochastic
dynamics in Eq. (S21) numerically, we discretize time into steps of size §t and update s;;1 by evolving it for a time dt
under the static field h; starting from s; — this scheme ensures preservation of the norm |s(¢)| during the stochastic
dynamics.

Such stochastic simulations have been instrumental in studying the effects of noise bandwidth and in benchmarking
the effective Markovian dynamics discussed next, which prevail when the inverse of the correlation time, 1/7., is large
compared to other relevant dynamical scales.

Markovian limit and Lindblad master equation—We now assume that the relevant NV processes occur
on time scales significantly longer than 7.. In this case, one can approximate the noise autocorrelation function
(G(t)G(t')) as Markovian:

(G)G(t)) — V2r7(t —t). (S25)

In this Markovian limit, the NV dynamics can be described using the quantum master equation:

ouplt) =iy Dot + S (Lot — S{Litin}) = =i Y Dot + S [Lalptl  (520)

K2

where 4, j are the NV indices, £; = (2m)Y/*\/7o(Aiof + Afo; ) = h z0F + h; yo!, with h; , = (2m)1/%,/7. Re[A;] and
hiy = —(2m)Y/ */7c Im[A;], is the jump operator arising from the amplitude-noisy drive.

Dephasing effects—For future reference and pivotal to capturing the long-time decay of correlation observed in
the experiment, we also (phenomenologically) include a dephasing channel:

Dalpl = Y (Ufpaj - %{ajafm}), (S27)
ij
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FIC. S9. Simulated effects of dephasing on correlated 71 measurements. (a) The presence of local dephasing, with v{, = 0

and v§, = 7%, suppresses the build-up of the correlation r, an effect that becomes particularly evident at long times where
r decays rather than plateaus. (b) As dephasing becomes progressively more global, i.e., as ~¢%, approaches v{; = v, (here,
we fixed the latter to be I'1), its effects become less detrimental. The arrow in the left (right) panel indicates the direction of
increasing v = 7% (7). The solid line in panel (a) represents the analytical result in Eq. (S35).

where 'yzdj is a real symmetric matrix. The matrix elements 7§, and v, represent dephasing of each NV due to its
local noise (including both correlated and uncorrelated mechanisms), while 7%, = 7, encode correlated effects only.

Figure S9 shows the effects of this dephasing channel on correlated T; measurements. Local dephasing (we consider
v = 74, and set v{, = 74, = 0) suppresses the correlated-T; signal r, particularly at long times, where r decays
to zero instead of plateauing — see Fig. S9(a). This decay occurs because the two NV centers experience distinct
random rotations around the z-axis during their evolution under a given realization of the random magnetic field.
As dephasing becomes more global, i.e., as v{, approaches 7§, = 7%,, the random z-axis rotations become highly
correlated, mitigating the detrimental effects of dephasing on r — see Fig. S9(b). Global dephasing is thus unimportant
in this limit, reminiscent of single-qubit dephasing being unimportant for single-qubit 77 -processes.

Single-qubit observables—Equation (S26) predicts that s (t) = tr(p(t)o®) and tr(p(t)crf“af) exhibit simple

relaxation dynamics («, 5 denote axes x,y, z in each NV’s Bloch sphere):

1 ie~Tit 0
sE(t) = g2 thi )t = =Tt st(t)y=s/(t)=0, tr(p(t)o} U;B) = |—ie Tt 1 0], (S528)
0 0 1

where T'; = 2(vB;)?V/277, is the Tj-relaxation rate. This result agrees with our measurements in Fig. 4(c) and allows
extracting the field amplitudes as discussed in the main text.

Cross-correlations—While numerically simulating the QME (S26) is straightforward, our goal is to fit the
experimental data, in which case it is highly desirable to have more analytical insight. To this end, we introduce

000
000],
001

(S29)

D,5(t) = tr(p(t)alaag), G5t =0) =

which is a real 3 x 3-matrix that represents the correlation tensor. Equation (S26) yields:

01 Pap = 01802y Pyp — 02®Payeyzp — (I +T2)Pap + 2Payha yho g + 2010l 5 Pys + 4{(h1 X 01)a(hy X 02)5)

+ 20715 + 15){(2 X 01)a (2 X 02)5) — 2(111 (1 = Gaz) + V52 (1 — 052)) Pas, (S30)
where
0 -10 00 O
E,=cqp=1|1 0 0], Er=cazp=100 —1 (S31)
0 00 01 0

Since we are primarily interested in the z-correlation, i.e., « = f = z, we are allowed to choose a local coordinate
system for each NV such that h; = #1/I'1/2 and hy = /I3 /2:

O1®ap = 01802 Pyp — 02Parerzp — YapPas + 2/ T1T2((& X 01)a(® X 02)p) +2(vo +751)((2 X 01)a(2 X 02)p),
=6 E,® — 620FE, — YapPas — 2V T112E,PE, — 4yL,E,OE,, (S32)
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where Yo = '1(1 — 0az) + T2(1 — 082) + 298 (1 — 6z + 2955 (1 — d5z). It follows that ®,, = ®,, = ®,, = ®,, =0,
and the remaining variables evolve according to:

0., = —(1+9)®,, +2¢T1 2Py,

0 Pyy = —(T1 + T+ 29{; +275) Py + 2VT1T2®ss + 41580y + 018y + 02 Py

NPz = —2(v) +7%) Paw + 47y Pyy — 01Pye — 62Dy : (S33)
0 Pyy = —(Ta+ 2,},111 + 2’}/%2)<I>Iy —01Pyy + 00Prs — 47‘112@111

0 Pye = —(T1 + 291 +275) Py + 61Puz — 52Pyy — 4715 Pary

The set of equations (S33) implies that ®..(¢) is generally expressed as a sum of five exponentials:

5
O..(t) =) Cre™, (S34)
A=1

where the eigenvalues vy and coefficients C are determined by numerically diagonalizing the linear matrix on the
right-hand-side of Eq. (S33). This insight enables us to efficiently fit the experimental data.
Let us also note that in the absence of both dephasing and detuning, Eq. (S33) simplifies to:

D, =—(T1 +T2)®.. +2yT1T20 -
0; .. ( 1+ 2) zz T 11 2%yy = <Uf0§> _ <Jf><U§> _ {COSh (2t 1—\11—\2) _ l}e (F1+F2)t' (835)
875(1)?/?/ = _(Fl + F2)q>1}1/ + 2\/ FIFQ(I)ZZ

This analytic form is depicted as a solid line in Fig. S9(a).

B. Fitting the experimental data

To fit the experimental dataset in Fig. 4(d) of the main text, which has d; = 0 and é; € {0, —250, =500} kHz, we
use the set of equations (S33) with 5 free parameters: a prefactor ro and correlated dephasing rate 7§, kept the same
for all three detunings &;, and three local dephasing rates y&, = 7§, + 74, for each sub-dataset for a given §; (note
that Eq. (S33) only gives access to v, as opposed to individual rates 7§, 74,). Detunings &; and dy are known
parameters, while single-NV relaxation rates I'1, I'y are obtained from the fits in Fig. 4(c) of the main text.

vd
< 600 12
T -®-
= _-9 - vy
- S
© —’—’ \\
> 4004 &--=" “
- ~
S s
~
4 N
S 200 A ~
@ AN
< N
% ~
[}
[m] 0

0 100 200 300 400 500
Detuning 81 (kHz)

FIG. S10. Fitted dephasing rates from correlated T experiments. Black denotes the local dephasing rate of NV1 ~{;, assuming
7‘212 = 4 | 51=0" Olive green represents the correlated dephasing rate ~{, for all detunings and its uncertainty (shaded region).

Since finite 7{, # 0 indicates a common dephasing channel to both NV centers, we hypothesize that ~{, could
arise from correlated fluctuations of the MW frequency of each NV due to sample drift or thermal fluctuations of the
rare-earth magnet’s magnetization.

Meanwhile, 7§, and v, result from the interaction of each NV with its local magnetic environment, including
both the correlated mechanisms such as the noisy drives, and the uncorrelated mechanisms such as coupling to *N
nuclear spin, similar to the Ramsey experiment. For different detunings 1, in the rotating frame, the interaction
rates of NV1 and its neighboring spins are different, resulting in different dephasing rates [11]. Therefore, we expect
different values of 7§, for each constant-detuning sub-dataset, but the same value of v4,. We thus assume that v,
= ’thi1|51:0 = % '7tdot|51:0 for simplicity, and extract 7(111‘51#0 = Pygot|§1¢0 - '732' The fitted values of ’7{112 and ’Y(1117
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shown in Fig. S10, are comparable to the beating frequency observed in the noise-free Ramsey experiment in Fig. S6,
suggesting that uncorrelated NV-nuclear dynamics is indeed a plausible source of local dephasing.
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