PHYSICAL REVIEW APPLIED 24, 064049 (2025)

All-optical photoluminescence response of nitrogen-vacancy ensembles in
diamond at low magnetic fields
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All-optical (AO) microwave-free magnetometry using nitrogen-vacancy (N-V)) centers in diamond is
attractive due to its broad applicability and reduced experimental complexity. In this work, we inves-
tigate room-temperature AO photoluminescence (PL) at low magnetic fields (< 2 mT) using diamonds
with N-JV ensembles at parts-per-million (ppm) concentrations. The measured AO-PL contrast features
as a function of the applied magnetic field magnitude and direction are correlated with near-degenerate
N-V electronic spin and hyperfine transitions from different N-J" orientations within the diamond host.
Reasonable agreement is found between low-field AO-PL measurements and model-based simulations of
the effects of resonant dipolar interactions between N-JV centers. The maximum observed AO-PL contrast
depends on both the N-V concentration and the laser-illumination intensity at 532 nm. These results imply
different optimal conditions for low-field AO N-V sensing compared to conventional optically detected
magnetic resonance (ODMR) techniques, suggesting new research and application opportunities using

AO measurements with lower system complexity, size, weight, and power.

DOI: 10.1103/1s1d-r771

I. INTRODUCTION

Nitrogen-vacancy (N-V) centers in diamonds are a
leading modality for magnetometry under wide-ranging
conditions, enabling diverse applications across the
physical and life sciences [1-7]. The predominant N-V
sensing protocols, such as optically detected magnetic
resonance (ODMR), require microwave fields to coher-
ently manipulate N-J electronic spin states, with mag-
netometry information read out via spin-state-dependent
N-V photoluminescence (PL). However, the use of exter-
nal microwave fields adds design complexity and can be
incompatible with the system or sample under study [8,9].
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Alternatively, all-optical (AO) microwave-free N-V
magnetometry protocols have been demonstrated. AO
magnetometry exploits effects that reduce PL spin-state
contrast, e.g., N-V spin-state mixing for off-axis magnetic
fields of approximately 10 mT [10—12], cross relaxation
between N-J electronic spins and substitutional nitrogen
(P1) centers at an applied bias magnetic field near 50
mT [13], cross relaxation with N-V centers not aligned
with the bias field near 60 mT [14], and N-V electronic
spin-state mixing near the ground-state level anticrossing
(GSLAC) at a bias field of approximately 100 mT [15].
These approaches to AO magnetometry employ substantial
applied fields that can increase system complexity and size,
weight, and power (SWaP); they also induce undesired
effects, such as perturbing magnetic materials of interest
[16] or being unsuitable for magnetically shielded envi-
ronments. Recent studies have, however, demonstrated AO
magnetometry at low applied fields (approximately 1 mT)
using N-J ensembles with concentrations 2 1 ppm (parts
per million) [17-20]. In this low-field regime, N-V—N-V
cross relaxation from dipolar interactions, as well as N-V/

Published by the American Physical Society
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spin-state mixing induced by local electric fields, can con-
tribute to a magnetic-field-dependent reduction in AO-PL
intensity, enabling sensitive AO magnetometry.

In this work, we investigate room-temperature AO PL
from dense N-JV ensembles (approximately ppm) in CVD-
grown diamond samples at low magnetic fields (< 2 mT).
We experimentally characterize and numerically simu-
late AO-PL behavior as a function of the magnitude and
direction of a weak applied magnetic field, finding rea-
sonable agreement between measurements and calcula-
tions (Sec. IIT A). The narrow linewidths of the observed
low-field AO-PL features also allow us to identify N-J
hyperfine splittings for both '*N and '"N-enriched dia-
mond samples. When N-V hyperfine states are degener-
ate, they introduce additional depolarization channels for
the spin populations, as observed in the relative AO-PL
contrast. We further correlate the measured AO-PL depen-
dence on the applied magnetic field with nearly degenerate
energy levels observed in microwave-based continuous-
wave optically detected magnetic resonance (cw-ODMR)
spectra. We then demonstrate AO dc magnetometry at
about 1 mT bias field, with comparable PL contrast and
feature linewidths for AO-PL and cw-ODMR measure-
ments (Sec. IIIB). As a function of the laser power,
we experimentally find a maximum of the AO-PL con-
trast. This effect is also captured by numerical simulations
of a phenomenological model that includes both N-J-
concentration and degenerate-level-dependent relaxation
rates between N-V spin sublevels, arising from N-V—N-}
dipolar interactions (Sec. III C).

II. BACKGROUND

The negatively charged N-V center is a Cs,-symmetric
point defect in diamond with ground and excited electronic
spin triplet states (S =1). The electronic ground-state
Hamiltonian Hg for a single N-V" can be written as [21]

Hy/hi=S-D-S+vyB-S+8-4-T+1-0-1. (1)

Here, S and I are the electronic and nuclear spin oper-
ators, respectively, with 7 = 1 for N and 7 = 1/2 for
I5N; D is the room-temperature zero-field splitting (ZFS);
Ye 1s the electronic spin gyromagnetic ratio; B is the
applied magnetic field (nuclear Zeeman shifts are ignored
due to negligible contribution at low magnetic fields); 4
is the hyperfine interaction tensor; and Q describes the
nuclear electric quadrupole coupling tensor for N (Q =
0 for 'N). For simplicity, we neglect the contributions
from strain and electric fields. The N-V electronic ground
(34,) and excited (*E) triplet states primarily follow spin-
conserving optical transitions under 532-nm laser irradia-
tion and emit broadband PL (approximately 637—800 nm).
An alternative intersystem crossing to the singlet manifold
preferentially allows excited N-Vs in the |m; = £1) spin
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FIG. 1. (a) The N-V energy levels and couplings allow optical

initialization of electronic spin states and emission of spin-
state-dependent photoluminescence (PL). (b) The AO-PL mea-
surements utilize three sets of Helmholtz coils to control bias
magnetic field magnitude and direction. N-V centers in a single-
crystal diamond plate are optically excited by 532-nm laser
light and emit PL (approximately 637-800 nm), collected by
a photodiode (not shown). A microwave antenna (not shown)
enables comparison cw-ODMR measurements. The inset shows
that dipolar interactions between different N-J” centers contribute
to AO-PL contrast at low magnetic fields. (c) An illustration
of an avoided crossing from two interacting near-resonant N-
electronic spins at low magnetic fields (< 2 mT). Resonant N-
V-N-V dipolar interactions at the avoided crossing increase the
N-V depolarization rate and reduce the total PL emission.

states to decay to the ground |m, = 0) state with reduced
PL emission. As a result, optical excitation both induces
spin-state-dependent PL and polarizes N-J electronic spins
to |m, = 0) [Fig. 1(a)] [22].

In an N-V ensemble, N-V—N-J dipolar interactions
increase the spin-relaxation (depolarization) rate between
the PL bright |m; = 0) and dark |m, = £1) states [23].
The interaction Hamiltonian Hjy between two N-V centers
with electronic spin operators S 2, and dipolar interaction
strength Dgyq along a unit vector 71,, is given by

Hint = Dga[3(S) - A12)(S, - ) — () Sl @)

The ground-state Hamiltonian for two interacting N-Vs is
then H = Hyy + Hgp + Hiy. The depolarization rate is
further enhanced when different N-V centers have equal
transition frequencies between electronic spin states. For
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TABLE I. The diamond samples used in this study. All sam-
ples are electronic grade plates (a few millimeters on each side
and about 0.5 mm thick), with a 10-um-thick surface layer
of enhanced nitrogen and N-J concentration ([N] = 16 ppm,
> 99.995% !2(), as reported by Element Six Ltd.

Sample number [N-7] (ppm) N isotope
S1-14N ~ 3.8 14N
S2-15N ~ 3.8 5N
S3-14N ~ 3.8 14N
S4-14N ~2 14N
S5-14N ~ 0.3 14N

such degenerate spin transitions, resonant N-V—N-V dipo-
lar interactions induce spin-state mixing, i.e., N-V=N-V
cross relaxation [23,24]. Consequently, a reduction in both
the N-J spin-polarization lifetime (77) and PL intensity
can be observed [Fig. 1(c)] [19]. Each N-V within an
ensemble in a single-crystal diamond sample is oriented
along one of the four crystallographic axes, with typically
an equal fraction (one fourth) of the N-J ensemble along
each axis. By adjusting the applied magnetic field direc-
tion and magnitude in the low-field regime (< 2 mT), one
can tune the spin-transition frequencies of the four N-V
orientation classes and spectrally overlap their resonances.
This magnetic field tuning enables careful measurement of
low-field AO-PL signals, i.e., without applied microwaves.

Table I summarizes the characteristics of the different
CVD-grown N-J-diamond samples employed in this work.
We observe N-V—N-V cross-relaxation features in low-
field AO-PL measurements for diamond samples with N-}
concentration = 0.3 ppm, corresponding to an average
distance between N-Vs < 26 nm.

(@) (b)
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FIG. 2.

II1. RESULTS

A. N-V—N-V cross-relaxation features for a dense
ensemble

In Fig. 1(b), we depict the experimental setup used
to study low-field AO-PL, including N-V—N-V cross-
relaxation features. An N-J diamond sample is exposed
to a controllable magnetic field, with the magnitude and
direction determined by three sets of Helmholtz coils
aligned along the diamond [110], [110], and [001] crys-
tallographic axes. The unit vectors parallel to the N-V/
symmetry axes are i;, Ay, ii,, and i, along [111], [111],
[111], and [111], respectively. As illustrated in Fig. 2(a),
the on-axis magnetic field B is defined as parallel to N-Vs
along axis ny; and the off-axis magnetic field B, is per-
pendicular to both axes 7, and 7145. The AO-PL contrast for
each on- or off-axis magnetic field value (B, B, ) is deter-
mined by the normalized difference in intensities between
a measured AO-PL signal /i, and an AO-PL reference /s
Ls 18 given by the maximum measured AO PL from a
given scan of (B, B, ) values in which the N-J orienta-
tion classes are spectrally separated. The AO-PL contrast
is then calculated as C =1 — Lig/Ier. Further details of
the experimental procedure and calibration are given in
Appendix A.

We experimentally determine the low-field AO-PL con-
trast as a function of B and B, starting with a 3.8-ppm
N-V-concentration diamond enriched with '*N (sample S1-
14N) [Fig. 2(b)]. We vary both B and B, over a range
of about 1.5 to —1.5 mT, with step size approximately
0.02 mT. The resulting two-dimensional plot of experi-
mental AO-PL contrast is in reasonable agreement with
a numerical simulation based on the simple two-N-V cou-
pled Hamiltonian described by Egs. (1) and (2) with a fixed

AO-PL Contrast (%)

0 1 00

0.5
B, |[[1T10] (mT)

(a) An illustration of the applied magnetic fields and four N-¥ orientations along unit vectors 7, i1, 71, and 7. The on-axis

magnetic field B is along the [111] crystallographic axis. The off-axis magnetic field B is along the [110] crystallographic axis. 6 is
the polar angle from By. (b) The experimentally determined AO-PL contrast as a function of the applied magnetic fields using sample
S1-14N with approximately 3.8-ppm N-J concentration. A large AO-PL contrast around zero applied field is observed, as well as line
features at specific 6 values. (¢) The simulated AO-PL contrast using a fixed dipolar interaction strength. (d) An expanded view of
the upper-right quadrant in Fig. 2(c), with labels at specific line features indicating the cross relaxation between N-V’s of orientations
along: (i) 7y, i, and i, at @ = 0°; (ii) i, at 6 = 22.2°; (iii) 1, and 7, ; Ny and i, at O = 39.3°; (iv) 7, and 7, at & = 58.5°; and (v) 1y,
and 714 at & = 90°. N-J hyperfine interactions contribute to parallel line structures within AO-PL contrast features.
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dipolar interaction strength [Fig. 2(c)] [25]. The differ-
ences between the experimental and simulated magnitudes
of the AO-PL contrast line features likely arise from the
simplicity of the model used. Details of the numerical sim-
ulation are included in Appendix B. When the applied
magnetic field is near zero (< 0.1 mT), spin transitions for
N-Vs along all four axes are spectrally overlapped, result-
ing in maximum N-V-N-J cross relaxation and AO-PL
contrast. The relatively large magnetic field linewidth mea-
sured in AO-PL contrast features at near-zero field may be
attributed to the influence of local electric fields [19,26]
and/or magnetic field and strain gradients. The experimen-
tal AO-PL contrast maximizes at B ~ —0.02 mT, likely
due to a background magnetic field (e.g., from the Earth
and other laboratory instrumentation). Additionally, signif-
icant AO-PL contrast is observed in both experiment and
simulation at specific polar angles 6 from By, consistent
with the effect of cross relaxation among different N-J ori-
entations resulting from near-degenerate spin transitions
[18-20]. For example, at 6 = 0° (B # 0 and B, = 0),
the magnetic field is aligned with 7, and the three non-
aligned N-J orientations (along 7, i1, and 71,.) experience
equal magnetic field projections. In the experiment, this
configuration produces a broad stripelike feature with large
AO-PL contrast [vertical around B; = 0 in Fig. 2(b)] due
to the enhanced cross relaxation between the three overlap-
ping N-V spin resonances. The simulation using the simple
two-N-JV model does not fully capture this broad stripe fea-
ture, as seen in Figs. 2(c) and 2(d). This discrepancy may
arise from ensemble averaging in the experiment, includ-
ing magnetic field and strain gradients, as well as variation
in N-V spacing.

At = 39.3°, two sets of N-V orientations (along 7; and
ny; g and n,) experience the same applied field magni-
tude, with resulting degeneracies in N-J spin transitions.
Here, cross relaxation from the two sets of degenerate
N-V orientations creates a line feature with moderate AO-
PL contrast, in both experiment and simulation, compared
to the results at & = 0° with three degenerate N-J ori-
entations. Additional line features of moderate AO-PL
contrast are observed in both experiment and simulation
for other specific polar angles that induce degeneracies
between pairs of N-J orientations, as seen in Figs. 2(b),
2(c), and 2(d). At 8 = 22.2°, where the total applied field
is transverse to N-Vs oriented along 7, there is a line
feature with very weak AO-PL contrast. A comprehen-
sive analysis of all AO-PL contrast features given by the
simulation is presented in Appendix C, including for dif-
ferent classes of interactions (Fig. 9) and for specifically
oriented interacting N-V-center pairs (Fig. 10). Additional
measurements on a '“N-enriched diamond sample with
0.3-ppm N-V concentration (sample S5-14N) are presented
in Appendix D, with Fig. 11 showing cross-relaxation fea-
tures at the same angles in the B-B, plane as for sample
S1-14N, but with much smaller AO-PL contrast due to

the weaker dipolar coupling between lower concentration
N-Vs in sample S5-14N.

B. Hyperfine interaction and N-F—N-V cross relaxation

The experimental and simulation results in Fig. 2
also display multiple parallel structures within each 6-
dependent AO-PL contrast feature. To investigate the role
of the N-V hyperfine interaction in this AO-PL substruc-
ture, we conduct comparative measurements on '*N and
SN samples with the same N-J concentration (samples
S1-14N and S2-15N). In Fig. 3(a), we show AO-PL exper-
imental results for positive-only values of B and B , taken
with a smaller magnetic field step size (approximately 0.01
mT) than the results in Fig. 2(b). (Similar results are found
for the other (B, B,) quadrants.) In addition, we mea-
sure AO-PL contrast at fixed By = 1.24 mT by scanning
B, with an even finer step size (approximately 0.002 mT)
to resolve the individual cross-relaxation line shapes more
clearly [solid lines in Fig. 3(b)]. As B, approaches 0 mT,
there are overlapping unresolved AO-PL contrast peaks
due to the increasing number of spin-transition degen-
eracies between different N-V orientations. At B, ~ 1.05
mT, equivalent to 8 ~ 40° in Fig. 3(a), two sets of N-
V' orientations (along 7, and 7,; 7y and 7,) are near-
degenerate. In this parameter regime, the N-J hyperfine
interaction provides additional depolarization channels and
splits the N-V—N-V cross-relaxation resonances, with asso-
ciated AO-PL contrast features. In particular, the number
of AO-PL contrast peaks varies between the two sam-
ples. The N spectrum in Fig. 3(b, top) shows five peaks
with a separation ABj4y &~ 0.09 mT between neighbor-
ing peaks. The ratio of individual peak amplitudes follows
1:2:3:2:1, as expected for the "“N nuclear spin quantum
number / = 1. Similarly, the '°N spectrum in Fig. 3(b, bot-
tom) displays three peaks with ABjsy = 0.13 mT and a
ratio of individual peak amplitude given by 1:2:1, consis-
tent with / = 1/2 for '>N. The magnetic field separation
between neighboring peaks can be calculated from the
nitrogen nuclear hyperfine splitting Ay and the projection
angles of the N-Vs as ABy = Ay/[y.cos(«)], where v, is
the gyromagnetic ratio of the N-J electronic spin and « is
the angle between B, and N-Vs along axis 71, or 71, (see
Appendix F).

These experimental results are in good agreement with
calculations using the same model from Sec. III A [dashed
lines in Fig. 3(b)]. However, the limited experimental
signal-to-noise ratio (SNR) hinders identification and anal-
ysis of AO-PL features with modest contrast (e.g., near
B, ~ 0.5 mT). To address this issue, we perform lock-in
measurements of AO PL from the >N sample (S2-15N),
with its simpler hyperfine structure, by amplitude modu-
lating B, . In Fig. 4(a), we show the normalized in-phase
output (X) of the lock-in amplifier (LIA) as a function
of B, for fixed By =1.24 mT. This LIA measurement
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FIG. 3. (a) The experimentally measured AO-PL contrast as a function of B and B using '*N-enriched sample S1-14N (top) and
15N-enriched sample S2-15N (bottom) with the same N-¥ concentration (approximately 3.8 ppm). The horizontal dashed lines (orange
for S1-14N and purple for S2-15N) indicate the line cut of data shown in Fig. 3(b) for B = 1.24 mT. (b) The experimentally measured
AO-PL contrast for samples S1-14N and S2-15N (solid lines) and numerical simulations (dashed lines) at fixed B = 1.24 mT. Vertical
offsets are applied to the simulation results for visual clarity. In each measurement as B, approaches 0 mT, there are overlapping
unresolved AO-PL contrast peaks from the increased number of near-degenerate spin transitions for all N-V orientations. At B; & 0.5
mT, the limited signal-to-noise ratio (SNR) in the experimental measurements hinders the identification of cross-relaxation features
predicted by numerical simulations. At B; ~ 1.05 mT, there are five (three) AO-PL contrast peaks with separation ABj4y &~ 0.09 mT
(ABisy ~ 0.13 mT) and amplitude ratios of 1:2:3:2:1 (1:2:1) in the top (bottom) data and simulations, respectively, consistent with

the effect of N-J hyperfine interactions in the two samples.

is effectively a higher-SNR derivative of the AO-PL sig-
nal of Fig. 3(b, bottom). We highlight two regions of the
LIA results that resolve distinct dispersive AO-PL fea-
tures from N-V—N-J cross relaxation: small “shoulders”
for B, near 0.46 mT and 0.6 mT in the wings of a
prominent feature at B; = 0.53 mT [Fig. 4(b, left)]; and
a triplet feature split by ABjsy ~ 0.13 mT around B, ~
1.05 mT [Fig. 4(b, right)], matching well with the results
in Fig. 3(b).

To further characterize the effects of N-J—N-J cross
relaxation and the N-J hyperfine interaction on PL fea-
tures, we perform microwave-based cw-ODMR measure-
ments on sample S2-15N as a function of B, and for fixed
B = 1.24 mT, with results summarized in Fig. 4(c). These
microwave-based measurements extract the spin-transition
frequencies for all N-V orientations and determine the
values of B, where these spin transitions become nearly
degenerate. In addition, the cw-ODMR measurements
clearly resolve small (few-megahertz) splittings from N-
V hyperfine interactions. In the range of B; = 0.4-0.65
mT, N-Vs of the same orientation (along 7,) exhibit sev-
eral nearly degenerate (avoided-crossing) spin transitions
in the cw-ODMR spectrum [Fig. 4(c, left)], which cor-
respond well with observed features in the AO-PL LIA

measurements [Fig. 4(b, left)]. For B, ~ 1.05 mT, the
cw-ODMR measurements show near-degeneracies in both
hyperfine resonances from two sets of N-J orientations
(along 7, and 71, , or 714 and 7, ); whereas for the two nearby
shoulder features (at B; ~ 0.92 mT and 1.18 mT), only
one hyperfine resonance has a near-degeneracy for each
set of N-JV orientations [Fig. 4(c, right)]. These cw-ODMR
spectroscopic measurements are consistent with the B
values and amplitude ratios for the observed AO-PL LIA
features (see the dashed vertical lines in Fig. 4) and also
with the ratio of AO-PL contrast peak amplitudes for sam-
ple S2-15N shown in Fig. 3(b, lower right). Comparing to
the AO-PL LIA measurements for B, ~ 0.4 mT and 0.65
mT, the increased number of N-Vs with near-degenerate
spin transitions at B, ~ 0.92 mT, 1.05 mT, and 1.18 mT
contributes to the larger AO-PL LIA output amplitudes at
the larger B, values [Fig. 4(a)].

We also demonstrate dc magnetometry using AO-PL
LIA measurements near the center of the triplet feature
in sample S2-15N, with B, ~ 1.05 mT and fixed B =
1.24 mT. We determine a dc sensitivity of approximately
30nT/+/Hz (see Appendix H and Fig. 19). The measured
AO-PL feature contrast and linewidth are comparable
to those obtained with microwave-based cw-ODMR for
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FIG. 4. (a)Normalized AO-PL lock-in amplifier (LIA) measurements as a function of B, from '’N-enriched sample S2-15N at fixed
By = 1.24 mT. The focus is on LIA features around 0.5 mT (purple) and 1 mT (orange). (b) AO-PL LIA signals with a smaller B
step size (approximately 0.002 mT) from shaded areas in (a). Two weak features are observed in the shoulder of the dispersive signal
with central zero crossing at about 0.53 mT (left). Near 1 mT, three dispersive features are measured with splitting ABjsy ~ 0.13
mT (right). For both (left) and (right), the vertical dashed lines indicate near-degeneracy of hyperfine transitions. (¢) A summary
of measurements of the microwave-based cw-ODMR N-V spin-transition frequencies as a function of B, including different N-V°

orientations and hyperfine splitting, for the same sample (S2-15N) and at fixed B = 1.24 mT. Between B; ~ 0.4 mT and 0.65 mT
(left), N-Vs along orientation 7, experience near-zero total applied magnetic field, leading to multiple avoided crossings between the

hyperfine-split [m; = +1 <> 0) and |m; = —1 <> 0) spin transitions. Between B; ~ 0.8 mT and 1.3 mT (right), results are shown
for all N-V orientations, including only hyperfine-split |m, = +1 <> 0) transitions for better clarity. (Consistent cw-ODMR results
are found for |m; = —1 <> 0) transitions.) Two groups of N-J spin resonances are observed, each of which consists of two different

N-V orientations (along 7, and 7,; 7y and 7,). Within each spin-resonance group, a single hyperfine resonance overlaps at both
B, 2~ 0.93 mT and 1.19 mT, whereas two hyperfine resonances overlap at B, ~ 1.05 mT. B, values for near-degenerate spin-transition
frequencies align well with those of zero crossings in the AO-PL LIA signals in (b), indicated by vertical dashed lines.

similar N-J-diamond samples and experimental conditions
(see Appendices A, F, and H, and Figs. 6, 16, and 19).
These results suggest that the dc magnetic sensitivity of
low-field AO N-J measurements can approach that of
conventional cw-ODMR, but without the experimental
complexity of microwaves [21].

C. Dependence of AO-PL contrast on laser power

We next characterize AO-PL contrast as a function of
the laser power for two *N samples at fixed B = 1.24
mT and B, = 1.05 mT, i.e., near the maximum contrast
from the quintet of hyperfine peaks, as in Fig. 3(b, top).
The reference AO-PL contrast is measured at B, = 0.73
mT, where all N-J orientation classes are spectrally sepa-
rated. The two samples are from the same growth process,
with identical nitrogen concentration ([N] &~ 16 ppm) but

different electron irradiation doses, which allows varying
N-V concentration while keeping other material proper-
ties and experimental conditions (laser spot size, etc.)
constant: sample S3-14N ([N-V] ~ 3.8 ppm) and sample
S4-14N ([N-V] =~ 2 ppm), see Table I. In Fig. 5, we show
the measured change of AO-PL contrast for each sam-
ple, with laser power varied from 0.1 mW to 50 mW,
in reasonable agreement with numerical results from a
rate-equation model. In this model, we include relaxation
between |m, = £1) and |m, = 0) spin sublevels in both
the electronic ground and excited states. Details of the rate-
equation model, supporting measurements, and results for
hyperfine quintet peak widths as a function of the laser
power are given in Appendix E.

For both samples, the observed AO-PL contrast initially
increases with laser power, reaches a maximum value, and
then decreases at higher power. We attribute the initial
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FIG. 5. The AO-PL contrast at By = 1.24 mT and B, = 1.05

mT as a function of the laser power and intensity for sam-
ples S3-14N ([N-V] ~ 3.8 ppm) and S4-14N ([N-V] =~ 2 ppm).
The laser intensity is calculated by approximating a Gaussian-
excitation laser-beam profile of radius approximately 30 pum
(see Appendix A). The markers indicate values determined from
experimental measurements, with the standard deviation given
by error bars; the solid lines are from a rate-equation model
with N-V-concentration and spin-resonance-dependent relax-
ation rates between spin sublevels. For both samples, the contrast
exhibits a maximum determined by the trade-off between opti-
cal pumping and spin relaxation. Sample S3-14N has higher
overall AO-PL contrast, for all laser powers, because of its
larger [N-V] and hence stronger N-V-N-V dipolar interactions
and cross-relaxation features.

increase of AO-PL contrast to improved spin polarization
from optical pumping, consistent with the low-field AO-
PL measurements from Ref. [27]. At higher laser power,
optical pumping polarizes N-V centers to the |m; = 0) state
at a rate faster than relaxation between the bright |m; = 0)
and dark |m; = £1) states, decreasing the AO-PL con-
trast. Including the decay rates between spin sublevels to
be both N-V-concentration and spin-resonance-dependent
[23,24], our rate-equation model reproduces the experi-
mentally observed shift of the maximum AO-PL contrast
to higher laser power for sample S3-14N, with its larger
[N-V] and hence stronger N-V—N-J dipolar interactions
(see the solid lines in Fig. 5). Note that at high 532-
nm laser excitation intensities, N-/ ionization and charge
cycling may occur, decreasing the population of negatively
charged N-Vs via conversion to the neutral charge state
(N-7?), and thereby further reducing the AO-PL contrast
[28-301].

IV. CONCLUSIONS

In summary, we experimentally investigate all-optical
(AO) microwave-free photoluminescence (PL) in N-V
ensembles in diamond as a function of the magnitude
and direction of low magnetic fields (< 2 mT). We
observe increases in the AO-PL contrast arising from near-
degeneracies in N-V spin transitions, with contributions
from different N-J orientations and hyperfine splitting in
both N (I = 1) and "N (I = 1/2) diamonds. The mea-
surements are in reasonable agreement with results from
numerical simulations using a two-N-J" model of dipolar
interactions. Further substantiation of this physical pic-
ture is provided by consistency between the magnetic field
values of the measured AO-PL contrast peaks and those
for near-degenerate N-J spin and hyperfine transitions
observed in cw-ODMR spectra. Experimentally, we also
find a maximum of the AO-PL contrast as a function of
the applied laser power, using two '*N-diamond samples
of different N-J concentration. These measurements are
consistent with numerical results based on a model with N-
V-concentration and spin-resonance-dependent relaxation
rates between both ground- and excited-state |m; = £1)
and |my; = 0) spin sublevels.

Our results indicate that an N-J spin optical-pumping
rate comparable to the depolarization rate from N-J—N-
V cross relaxation yields the optimal low-field AO-PL
contrast. By using a diamond sample with higher N-V
concentration, which increases dipolar interactions and
associated spin relaxation, one may be able to use higher
laser excitation power to achieve improvements in both
the AO-PL contrast and the total photon emission, which
can be expected to provide improved AO N-J magnetic
field sensitivity. Future work in this direction may include
experimental study and modeling of the role of N-/ ion-
ization and charge-state dynamics at higher laser power.
Although the AO-PL contrast is largest at near-zero field,
as N-Vs from all four orientations in the diamond host can
resonantly interact, we find the magnetic field linewidth
of near-zero-field AO-PL features to be approximately 2.5
times broader than at finite fields of approximately 1 mT
(see Appendix G). The increased feature linewidth at near-
zero field may arise from N-J spin-state mixing induced by
local electric fields [19,26] and/or magnetic field and strain
gradients in the system. Therefore, the optimal conditions
for near-zero-field AO N-J magnetic sensing may rely on
both diamond engineering and technical optimization.

The AO microwave-free approach to ensemble N-V
magnetometry offers opportunities to reduce device com-
plexity and avoid introducing disturbances to sensing
targets [8,9,13]. In particular, given the robustness of
the diamond host and N-J properties [21], low-field AO
measurements may be performed in harsh environments
(extreme temperature, pressure, radiation, etc.), where effi-
cient microwave delivery and application of a substantial
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bias magnetic field are challenging or may adversely affect
the system under study [31]. With optimal AO-PL contrast
occurring at modest optical-pumping power (the milliwatt
scale), AO operation may allow sensitive N-J magnetom-
etry in a device of relatively low size, weight, and power
(low-SWaP), enabling diverse applications beyond a con-
trolled laboratory environment. Finally, our studies may
prove advantageous when extending AO measurements to
other defect-ensemble systems with spin-dependent opti-
cal properties, such as in silicon carbide (SiC) [32,33] and
hexagonal boron nitride (2-BN) [34,35].
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APPENDIX A: EXPERIMENTAL DETAILS

1. Experimental methods

The 532-nm cw laser light (Lighthouse Photonics
Sprout-H-10W) is focused into a diamond sample with
a microscope objective (Olympus 20X/NA 0.45) to opti-
cally excite the N-V centers, with a typical Gaussian-
excitation laser-beam profile of radius of approximately
30 pwm. The N-V-diamond sample properties are summa-
rized in Table I. A half-wave plate (Thorlabs WPHSMO05-
532) is mounted before the microscope objective to
control the optical polarization direction. N-J photolumi-
nescence (PL) is collected through the same objective,
directed with a dichroic mirror (Semrock FF552-DI02),
filtered with a long-pass filter (Semrock BLPO1-532R-
25), and imaged onto an avalanche photodiode (Thorlabs
APD410A) through a 50-mm lens (Thorlabs LA1131-B-
ML). A polarizing beam splitter (Thorlabs PBS12-532-
HP) and a half-wave plate (Thorlabs WPHSMO05-532) held
within a rotation mount (Thorlabs CRMO05) are used to
control the laser power delivered to the diamond sample.

The main text provides details of the diamonds used in
this study, including the N-V-ensemble properties in each
sample.

A bias magnetic field of controllable magnitude and
direction is provided by three-axis Helmholtz coils (Fer-
ronato BH300-3-A) connected to a three-channel power
supply (Rohde & Schwarz HMP4030). Relay boards
are used to alter the magnetic field directions. The
diamond plate under study is attached to a dielectric
mirror (Thorlabs BB1-E02) to boost optical collection
efficiency. The diamond-mirror system is then mounted
on a piezoelectric rotational stage (Thorlabs ELL14) to
align the longitudinal and transverse directions of the
[111] N-V axis to the applied magnetic field. An addi-
tional coil connected to a microwave signal generator (SRS
SG384) is used to perform microwave-based cw-ODMR
measurements.

The output of the photodiode used to collect N-J PL
is sent to a data-acquisition device (National Instruments
USB-6363) for direct measurements, or to a lock-in ampli-
fier (SRS SR865) for lock-in detection of all-optical (AO)
PL. To apply small magnetic field amplitude modulation
as part of the lock-in AO-PL measurements, the output
of an LIA local frequency generator is connected to the
Helmholtz coils through a Class-D audio amplifier (Sure
Electronics TDA7492).

2. Calibration of applied magnetic fields

We calibrate magnetic fields generated by the three-
axis Helmholtz coils by first rotating the diamond sample
so that the magnetic field in y produced by one set of
coils is along the diamond [100] crystallographic orien-
tation. As a result, the magnetic fields from coils along
the x, y, and z axes individually project with equal magni-
tude onto all four N-J orientations within a single-crystal
diamond sample, illustrated in Fig. 6(a). We then per-
form cw-ODMR measurements by using a microwave coil
connected to a microwave signal source to coherently
manipulate the N-V ground-state electronic spin states.
The central hyperfine resonance frequencies from both
the |m; = +1) to |m; = 0) transition and the |m; = —1)
to |my = 0) transition can be extracted through a multi-
Lorentzian fit to the cw-ODMR data, with good overlap
of the cw-ODMR spectra from all four N-J orientations.
Next, we calculate the applied magnetic field amplitude
B = Af /[2y. c0s(109.47°/2)], where Af is the frequency
difference between the |m; = £1) to |m; = 0) transitions,
¥, 1s the gyromagnetic ratio of the N-V electronic spin
and co0s(109.47°/2) is the angle factor due to the applied
magnetic field being aligned along the diamond [100]
orientation and not along the [111] symmetry axis. By
repeating this procedure for the fields produced from each
of the three Helmholtz coils, and performing linear fit-
ting of the calculated magnetic fields to the corresponding

064049-8



ALL-OPTICAL PHOTOLUMINESCENCE RESPONSE. ..

PHYS. REV. APPLIED 24, 064049 (2025)

(a)

T
S

1.6 —W-vav‘—
14} 1

1.2}

0.8}
1.8A ——2.7A]

cw-ODMR Contrast (arb. units)

F —— 0.9A

L L 1 L L 1 L L 1 L
2840 2855 2870 2885

Microwave Frequency (MHz)

FIG. 6.

2900

[111]

|| [111]

!""I""I'"‘I""I""é:
| ® Measurement ]
12p Fit o
I o
10
— [ ]
|_
£ osf P
>
@ i %
0.6_— P
r L/
0.4_— ?
T?...I... M IR

PR BT T
0.5 1.0 1.5 2.0 2.5 3.0
Current to y axis (A)

(a) A schematic of the unit vectors parallel to the four N-J symmetry axes within a diamond sample, relative to the bias

magnetic field Cartesian coordinates, with Z vertical in the laboratory frame. (b) cw-ODMR spectra measured from sample S2-15N
with 0.9 A, 1.8 A, and 2.7 A applied to the y-axis Helmholtz coil, with the diamond oriented such that the coil generates a magnetic
field only along the [100] crystallographic orientation. Vertical offsets are applied to the spectra for better clarity. The results from the
x- and z-axis coils behave similarly. (c) A Lorentzian fit to the measured cw-ODMR spectra yields a magnetic field along the y axis as
a function of the current applied to the y-axis Helmholtz coil. A linear fit (solid line) produces a current-to-magnetic-field calibration

constant k, = 0.4068 £ 0.0009 mT/A.

applied currents, we obtain the current-to-magnetic-field
calibration constants for each of the three directions. In
Figs. 6(b) and 6(c), we show example measured cw-
ODMR spectra for different applied currents to the y-axis
Helmbholtz coil and a linear fit to extract the calibration
constant in y. Using this method, we obtain the current-to-
magnetic-field calibration constants &, = 0.406 & 0.002
mT/A, k, = 0.4068 £ 0.0009 mT/A, and k. = 0.5119 £
0.0008 mT/A for the three directions in the laboratory
frame.

To apply magnetic fields in the configuration described
in the main text, with on-axis field By along [111] and off-
axis field B, along [110] crystallographic axes, we rotate
the diamond sample around the z axis by 45°. B is then
described by a linear combination of B, and B., with B, =
B,/ Vv2; and B, is given by B, = Lk, in the laboratory
frame. For example, setting /, =2 A for the y-axis coil
yields B, = I,k, = 0.814mT and hence B. = By/\/f =

0.575 mT, equivalent to applying I, = B, /k, = 1.12 A. In
this example, B = ,/B; + B2 = 0.997 mT. The alignment

of applied magnetic fields is further characterized by
comparing the polar angles 6 of different observed AO-
PL cross-relaxation features with the expected values
from symmetry considerations. Our findings indicate that
the experimental alignment is consistent with theoretical
expectations, with magnetic field misalignment limited to
less than 1°.

3. Dependence of lock-in output amplitude on
magnetic field modulation frequency

We observe a dependence of the LIA output amplitude
on the modulation frequency f,, as we amplitude modulate
B, . In Fig. 7, we present an example measured demod-
ulated AO-PL LIA spectrum around B; ~ 1.05 mT and
at fixed By = 1.24 mT for sample S3-14N. The phase
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FIG. 7. The experimental demodulated AO-PL LIA spectrum
from N-JV—N-V cross relaxation for sample S3-14N around B, =~
1.05 mT and at fixed B = 1.24 mT for modulation frequency f,,
of 100 Hz (blue) and 500 Hz (orange). The upper trace is mul-
tiplied by 5 and shifted upward for better clarity. A significant
phase difference can be seen between the two traces, along with
about 14 times lower peak amplitude for the higher modulation
frequency.

from the LIA is set to 0° so that the amplitude mea-
sured with f,, = 100 Hz is maximized. Although higher
fm 18 desired to avoid low-frequency noise and improve
the SNR, we find that the peak amplitude from the central
demodulated spectral feature decreases by a factor of about
14 as f,, increases from 100 Hz to 500 Hz. In addition,
there is a noticeable distortion (i.e., phase shift) of the dis-
persive line shapes at higher f,,. These observations are
similar to the results reported in Ref. [37], where adia-
batic exchange of N-J electronic spin population across the
avoided crossings at low f,, produces a larger demodulated
output amplitude. In order to resolve various AO-PL line
shapes from N-JV—N-V cross relaxation more clearly with-
out compromising the SNR from low-frequency noise, we
perform all LIA measurements reported in the main text
with f,, = 100 Hz. The larger demodulated peak ampli-
tude at this modulation frequency helps to resolve the two
shoulder signals from dipolar interactions between N-Vs
along 7, in Fig. 4(c, left).

4. Calibration of magnetic field amplitude modulation
strength

As described in the previous section, we perform AO-
PL LIA measurements by amplitude modulating B, at
a rate (modulation frequency f,,) of 100 Hz. The SRS
LIA outputs a sine wave with 0.1V,,, which is passed
through an audio amplifier to drive current through the
x-axis Helmholtz coil and generate the modulated field.

A 3.5-Q resistor is connected in series to the Helmholtz
coil to improve impedance matching and provide stronger
modulation amplitude. To calibrate the B, modulation
amplitude produced by the Helmholtz coil, we perform
lock-in cw-ODMR measurements. We apply an unmod-
ulated bias field in the [110] direction so that the mea-
surement can be optimally sensitive to B, modulation
in the same direction. The microwave signal generator
used for cw-ODMR outputs frequency-modulated sine-
wave signals with 1-MHz deviation and a 10-kHz rate; this
modulated microwave signal is then amplified and sent to a
custom microwave loop antenna to coherently manipulate
the N-J spin states.

In Fig. 8(a), we show an example demodulated cw-
ODMR spectrum from measurements on sample S3-14N.
A linear slope of 0.591 £ 0.007 V/MHz of LIA output to
microwave frequency is obtained from a linear fit applied
to the steepest part of the left N-J hyperfine resonance
[Fig. 8(b)]. Since the relevant N-J spin-transition fre-
quencies are sensitive to the projection of magnetic fields
along the symmetry axis in the [111] direction, and the
bias field used in these lock-in cw-ODMR measurements
is in the [110] direction, the N-¥ magnetic sensitivity to
the modulated B, field is reduced by an angle factor of
c0s(109.47°/2) = 0.577. The measured linear slope of the
LIA output as a function of the microwave frequency can
then be converted into a calibration constant of 9.56 +
0.12 mV/uT using the N-V electronic spin gyromagnetic
ratio y, = 28.024 kHz/\T and the angle factor. This cali-
bration process is similar to that described in Appendix A 2
for application of bias magnetic fields with the Helmholtz
coils.

To avoid the low-pass filter from the LIA affecting the
measured signal with f,, = 100 Hz, we set the LIA 3-
dB point at 1 kHz, with a first-order filter slope of 6 dB
per octave. For typical LIA measurements, we acquire
n = 30 consecutive 1-s time traces using a National Instru-
ments USB-6363 data I/O device at a sampling rate of 100
kHz. The averaged time-domain signal is then transformed
into a frequency-domain representation using fast-Fourier-
transform (FFT) analysis. The amplitude of the FFT spec-
trum is converted to the magnetic field unit of wT using
the calibration constant; and the standard deviation o of
the peak amplitudes at 100 Hz from » = 30 acquisitions
characterizes the measurement uncertainty. In Fig. 8(c), we
depict an example measured spectrum of the modulated B
field, with peak amplitude of 10.23 £0.12 nT at 100 Hz
determined using the above calibration procedure.

APPENDIX B: NUMERICAL-SIMULATION
MODEL FOR AO PL AS A FUNCTION OF THE
MAGNETIC FIELD

To simulate the PL of an ensemble of N-V centers with
a given N-V concentration, we assume that: (1) only spin

064049-10



ALL-OPTICAL PHOTOLUMINESCENCE RESPONSE. ..

PHYS. REV. APPLIED 24, 064049 (2025)

—
[<Y]
~

T
g

o4 ——T——T———" T 0.4 T T T T T T T T T T
< i < k = 0.591 V/MHz 1
> f > -]
::-S: i '. 45' i 4‘/ g
g— 0.0 - f §- 0.0k _~
< Sl —om
- | - ! ~ Fitting |
-04L R AR T N —0.4 |/“./ —
2880 2885 2890 2881.4 2881.9 2882.4
Microwave Frequency (MHz) Microwave Frequency (MHz)
()
[ T T
— i
5 10F
= 100
Iz,
£ -
5 1071 E
] 3
i s
10—2 L L L PR | il —
100 10! 102 103

Signal Frequency (Hz)

FIG. 8.

(a) The demodulated cw-ODMR spectrum from sample S3-14N using frequency-modulated microwave signals. A linear

fit is applied to the section indicated by the dash-dotted orange line. (b) An enlargement of the linear fit applied at the zero-crossing
point of the left resonance feature in the demodulated cw-ODMR spectrum, yielding a slope of 0.591 £ 0.007 V/MHz. (c¢) The fast-
Fourier-transform (FFT) spectrum of time-averaged lock-in cw-ODMR measurements, with amplitude-modulated B, applied with
0.1V, at 100 Hz. Calibration measurements allow expression of the FFT spectrum in magnetic field units, with a peak modulated

field amplitude of 10.23 £ 0.12 uT.

evolution in the electronic ground state needs to be con-
sidered, as the time during which the system stays in the
electronic excited state is much shorter than the time in
the ground state; (2) optical spin polarization defines the
initial condition for evolving the ground spin state; (3)
the evolution of the system is coherent [25]; (4) the total
PL is the average of the steady state PL from all possi-
ble pairs of interacting N-V centers, with each positioned
along four possible crystallographic orientations; and (5)
the dipolar interaction strength between N-Vs is fixed by
the concentration of the ensemble.

The Hamiltonian that describes the ground state of an
isolated N-V center Hy, is described by

[:\Igs ~ ~ ~ S S A M/B_’ A
£ =85D.8+5.A-1+1-Q-1+="B-g-§.
(BI)

Here, D, A, Q, and g correspond to the fine-structure ten-
sor, the hyperfine tensor, the nuclear electric quadrupole
coupling tensor, and the g-factor tensor, respectively. In
addition, S and 7 correspond to the N-J electronic and
nuclear spin operators. B, (g, and % are the bias magnetic
field applied uniformly to the system, the Bohr magneton
constant, and the Planck constant, respectively.

The magnetic dipolar interaction Hamiltonian H;,,
between two N-V centers due to the electronic spin opera-
tors S and S is given by

Hint = Dy [3(§1 ) (S, - ) — (S '§2)] . (B2

Dy; describes the dipolar interaction strength, which
depends on the relative separation between two N-Vs, 7.
For an N-V ensemble with approximately 3.8 ppm [N-
V], Daq ~ 35 kHz and scales as 1/[7|°. The unit vector
between the two N-Vs is defined as 711, = #/||. For sim-
plicity, we take D ; to be constant for all N-/ in a given
ensemble, as determined by the average N-J concentration
within the diamond host [assumption (5) above].

Assuming that the bias magnetic field is aligned along
the quantization axis of a single N-V orientation class, it is
then possible to rewrite Eq. (B1) as

) [S2 - 32/3]

+ MUBEe

<BN—Vx§x + BN—VySy + BN—VZSZ)

+ A8 + A8 + 8,01 + P [ij - 22/3] .
(B3)
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Here, D is the fine-structure term called the zero-field
splitting (ZFS), Al and A4' are the axial and trans-
verse hyperfine terms, and P is the nuclear electric
quadrupole component. Two important features of the
ground states are evident from this Hamiltonian. First,
the room-temperature energy difference between the elec-
tronic state A, sublevels |m; = £1) and |m; = 0) is
D(T) ~2.87 GHz and changes linearly with tempera-
ture dD/dT ~ —74.2 kHz/K [38]. Second, the A, elec-
tronic states have an additional hyperfine energy split-
ting due to the N-V nitrogen nucleus, where / = 1 and
I =1/2 correspond to nitrogen isotopes '“N and '°N,
respectively. The hyperfine parameters are A‘l| ay X —2.14
MHz, A7, ~ —2.70 MHz, P4y ~ —5.01 MHz, AQSN ~
3.03 MHz, and Af-SN ~ 3.65 MHz [25,38]. Also, y., =
g.up/h =~ 28.7GHz/T is the N-V gyromagnetic ratio.
The Zeeman interaction lifts the degeneracy between the
|my = £1) sublevels, i.e., when |By-y| is along an N-V/
quantization axis, the sublevel |m; = 1) energies split
linearly with |Bn-p|, while the |m; = 0) sublevel energy
is unchanged.
In general, Eq. (B2) can be written as

Hiy =Da(A+B+C+D+E+F), (B4)
A=S!S?(1—3cos?0), (BS)
1 3.
3. j
C= -3 sinf cos e~ (S1S3 + S1.57), (B7)
3 :
D= ) sin@ cos e (S1S% + S'.82), (B8)
3. —2i
E = -2 sin2fe 2¢51+Si, (B9)
3 :
F = =7 sin’0es! s (B10)

Here, 8 and ¢ correspond to the polar and azimuthal angles
for 7115, respectively. In the above expressions, the term
A acts as a local static field, while B leads to flip-flop
interactions that produce a change of the electronic spin
quantum number of each N-V"to the opposite value, which
conserves the overall system electronic spin quantum num-
ber. Both of these terms commute with Hgy + Hgyo, given
by Eq. (B3) for two N-Vs, since Am = 0. For this rea-
son, there terms are known as the secular part of the
dipole-dipole interaction. Finally, the full Hamiltonian of
two neighboring N-V’ centers in a ensemble is H = Hy +
H, gs2 + Hint-

We use the von Neumann equation to simulate the PL
emission based on the coherent evolution of ground-state
spins, which can be described as

p=—ilH,p]. (BI1)

The coupled spin states of the N-V electronic spin and
nuclear spin for two N-Vs can be expressed through the
following tensor product:

Po = Ps1 ® P52 ® P11 Q Pr2. (B12)

Additionally, the initial optical spin polarization can be
described by

00 0] , 1 0 0
pi=al0 1 0|l4+=-(0-a)|0 1 0|, BI3)
o0 of 3 0 0 1

where o corresponds to the degree of polarization of the
system to |m; = 0). We solve this von Neumann equation
in the frame of reference of the full Hamiltonian by
diagonalizing the density matrix:

o’ =V"poV. (B14)
Here, ¥ is the unitary matrix formed by the normalized
eigenvectors of the full ground-state spin Hamiltonian.

We calculate the density matrix in the rotating frame via
the following equations:

[H, p*) = 27 (E; = E;) o5 (B15)
dpg!
'Tt] =27 (B — E;) pi) — pl ()
= pi’(0)exp (—2mi (E; — E;)1).  (Bl6)

We then convert the density matrix back into the labora-

tory frame of reference as follows:
p(&)y = VpP i (B17)

Next, we calculate the population in the PL bright
|my, = 0) state by projecting the above density matrix onto
the |my = 0) spin state as

poo(?) = Tr (Pop (1)) .

We then calculate the average spin population pg in the
|my = 0) state using the following expressions:

(B18)

1 o
(poo) = Tr (Po; / (1) exp (—t/f)dt>, (B19)
0
l /00 p(t)exp (—t/T)dt
T Jo
= % / ” V=1t (8) exp (—t/7) Vdt, (B20)
0
%) pgbu
st __ eb _ _ N
o = | e coma =
(B21)
(ou) = Tr (PoPpP"). (B22)
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Finally, by using Eqgs. (B21) and (B22) we calculate
the AO-PL intensity from two interacting N-Vs through
the full Hamiltonian and a fixed value of the dipolar
interaction strength. As each N-J can be aligned along
four possible crystallographic orientations, we describe
the total AO-PL intensity from the N-J ensemble by
averaging the simulated PL from 16 possible configu-
rations of two interacting N-Vs. Numerical simulations
of low-field AO-PL intensity use fixed values for hyper-
fine and other relevant parameters taken as equal to the
approximate values given earlier in this section, with the
exception of the dipolar interaction strength D;;, which
is scaled based upon [N-V]. The simulated AO-PL con-
trast is calculated by the normalized difference in simulated
intensities C = 1 — Iy /Irer between a simulated AO-PL
signal I, and an AO-PL reference /..t determined from
the maximal simulated AO-PL intensity for a given scan
of Bj. This normalization process is similar to the cal-
culation of experimental AO-PL contrast as described in
Sec. IITA.

APPENDIX C: HAMILTONIAN ANALYSIS OF
AO-PL FEATURES

We now discuss the physical origin of the various AO-
PL contrast features at different magnetic fields given by
the numerical simulation using the model presented in the
previous section.

Taking advantage of the additivity of the von Neumann
equation, the model allows us to study the effect of each

—
(oY)
~

-
£
—
—
—
)

-1 0 1
B, | [110] (mT)

-1 0

B, [ [110] (mT)

component of the Hamiltonian by isolating the associated
terms. We decompose the simulated AO-PL spectrum to
understand the contributions from pairs of N-J centers
along various crystallographic orientations.

In Fig. 9(b), we show the numerically simulated low-
field AO-PL contrast spectrum for the full Hamiltonian,
averaged over all 16 pairs of N-V orientations and for val-
ues of B and B, similar to that used in the experiments
of this study. The simulation shows different clusters of
linear AO-PL contrast features; those in the first quadrant
are labeled as (), (II), (I1T), (IV), and (V). We start with
simulations that remove the hyperfine interaction (i.e., N-
V electronic interactions only), as shown in Fig. 9(a). The
number of lines (linear AO-PL contrast features) within
each cluster are reduced in this case, while the normalized
AO-PL contrast is higher. This result is consistent with
the N-J hyperfine interaction introducing additional cross-
relaxation channels for the N-V spin population, including
various shoulder AO-PL features as discussed in the main
text.

In Figs. 9(c), 9(d), and 9(e), we show simulated
AO-PL contrast for only Hy + Hp, Hc + Hp, and Hg +
Hr in Eq. (B4), respectively. When the secular terms
H, + Hp are considered [Fig. 9(c)], there are no AO-
PL contrast features within cluster (III) and the num-
ber of lines in clusters (II) and (V) are reduced. Terms
H¢ + Hp describe magnetic-field-dependent spin mixing
and associated AO-PL contrast features [Fig. 9(d)], with
no N-V—N-JV cross-relaxation signals. Terms Hg + Hp
describe double spin-flip processes at specific magnetic

AO-PL Contrast (%)

o
D
AO-PL Contrast (%)

1 0.0

-1 o0 1
B, I [1T10] (mT)

FIG. 9. Numerical simulation of the low-field AO-PL contrast as a function of the applied magnetic fields, from: (a) dipole-dipole
electronic interactions only (i.e., no hyperfine interaction); (b) full Hamiltonian including hyperfine interactions, with clusters of linear
AO-PL contrast features labeled for the first quadrant; (c) only secular terms H, + Hpg; (d) only Hc + Hp; and (e) only Hg + Hp.
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field angles [Fig. 9(e)] that contribute to the remaining
AO-PL features.

We next consider the AO-PL contrast features from the
perspective of constraints placed by the interaction Hamil-
tonian [Eq. (B4)] on m and m’', the magnetic moment
quantum numbers for the electronic spins of the two inter-
acting N-V’s in our model system. These quantum numbers
are affected by each term of the interaction Hamiltonian
[Egs. (BS) to (B10)] in the following way:

A:Am=0, Am =0,
B:Am==1, Aw' =1,

C: Am= 0, Am' = 1
1, 0,

0 -1
D:Am:{ ’1 Am/={0 COAm+m) = —

Alm+m) =0,
Am+m) =0,

Am+m) =1,

E:Am=1,
F:Am=—1,

Am' =1, Am+m) =2,
Am’:—l, A(m-|—m’):_

Term A has the same form as two classical interacting
dipoles and describes the effect of a static local field. Term
B allows for a simultaneous flip of two neighboring N-V
electronic spins in opposite directions while keeping the
total electronic spin quantum number of the system (S1 +
S2) unchanged; this “flip-flop” term corresponds to the res-
onance effect of the local field from the N-J~N-J dipolar
interaction.

The contributions of terms C and D make the energies
of the two N-Vs not degenerate and hence do not introduce
any N-V=N-V spin cross relaxation and associated AO-PL
contrast.

0.4
03 =
—~ X
'_ ~
S 4
= <
— -
= -
= 5
@ o)
01 <
0.0

-101 -101
B [[I10] (mT)

Finally, terms E and F describe a simultaneous elec-
tronic spin flip from both N-Vs. This “double spin-flip”
process is the origin of cluster (III) in Fig. 9(b) and con-
tributes to additional shoulder features in clusters in (V)
and (II).

Further decomposition of the contributions from spe-
cific interaction terms can be performed by considering
pairs of interacting N-V classes separately, providing a
clearer understanding of the nature of each AO-PL contrast
feature, as shown in Fig. 10. For instance, this anal-
ysis indicates that vertical cross-relaxation lines (I) in
Fig. 9(b) arise from flip-flop interactions driven by off-axis
(ng, e, 11y ) N-V pairs belonging to different N-J classes.
Horizontal lines (V) in Fig. 9(b) result from contributions
of both flip-flop and double spin-flip interactions, involv-
ing same- and different-class N-V pairs from 7, and 7.
Additionally, a double spin-flip interaction occurs between
an N-J pair where one center belongs to the 7, class and
the other to the 7, class. This suggests that certain peaks
along these cross-relaxation lines are specifically linked
to flip-flop, double spin-flip, or a combination of both
interactions.

On the other hand, examination of Fig. 10 indicates that
cross-relaxation lines (II) in Fig. 9(b) originate from flip-
flop and double spin-flip contributions within the same N-
V class, specifically from 7, and 7, . Lines (IV) in Fig. 9(b)
appear when on-axis N-Vs 7, interact with off-axis N-Vs in
the n, and n, directions via flip-flop interactions. Finally,
lines (III) in Fig. 9(b) are due to the double spin-flip terms,
arising from pairs of interacting N-J centers oriented along
ny and 71, ; g and 7.

The insight that some AO-PL contrast features are
predominantly governed by either flip-flop or double
spin-flip transitions opens opportunities to further explore

(b) _ He+HE
2.0

By [[[111] (mT)
=
o
AO-PL Contrast (%)

—101

—l 01 -101
B, ||[110] (mT)

-10 1

FIG. 10. Decomposition of the simulated AO-PL contrast as a function of the applied magnetic fields, for specifically oriented
interacting N-V center pairs. (a),(b) The contributions from the secular terms (H4 + Hp) and nonsecular terms (Hg + Hp), respec-
tively. Each panel contains 16 subfigures, corresponding to decompositions for N-J pairs aligned along one of the four possible

crystallographic orientations, as defined in the main text.
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the underlying physics, e.g., the effect of applied electric
fields, which have been shown to enhance double spin-flip
transition rates in previous studies [39]. Additionally, the
ability to isolate different N-J-class contributions in the
AO-PL feature map can be further leveraged in combi-
nation with techniques such as Fourier imaging [40,41],
enabling targeted analysis of specific N-V classes.

APPENDIX D: AO-PL SPECTRA WITH
DIFFERENT N-V CONCENTRATIONS

In Figs. 11(a) and 11(b), we show the measured (top)
and simulated (bottom) AO-PL contrast as a function of
B and B, from sample S5-14N with approximately 0.3
ppm N-JV concentration and sample S1-14N with approx-
imately 3.8 ppm N-J concentration, respectively. Clusters
of linear AO-PL contrast features arising from N-J—N-
V' cross relaxation are experimentally observed near zero
field, & = 0, and 8 = 39.3° for both the low- and high-N-
V-concentration samples, which have relatively weak and
strong N-J—N-V dipolar interaction strength, respectively.
In addition, there is a non-negligible AO-PL contrast back-
ground, increasing with the bias field magnitude, due to
the mixing of N-J electronic spin states from magnetic
fields that are not aligned with the N-J” quantization axis
[12]. Future work may incorporate field-dependent tran-
sition rates between spin sublevels and thereby improve
simulations of AO-PL contrast from both spin mixing and
N-V—N-V cross relaxation.

(@) [N-V]=0.3ppm, N (b) (N-v1 = 3.8ppm, 1N
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FIG. 11. (a) Top: the experimentally measured AO-PL con-

trast as a function of the applied magnetic fields using sample
S5-14N with approximately 0.3 ppm [N-V]. Weak N-V—N-V
cross-relaxation features are observed in addition to the back-
ground contrast from magnetic-field-dependent spin mixing.
Bottom: the simulated AO-PL contrast using a fixed dipolar
interaction strength from 0.3 ppm [N-V]. Both spin mixing and
N-V—N-V cross-relaxation AO-PL contrast features are seen. (b)
(Top: the experimentally measured AO-PL contrast as a function
of the applied magnetic fields using sample S1-14N with approx-
imately 3.8 ppm [N-V]. Bottom: the simulated AO-PL contrast
using a fixed dipolar interaction strength from 3.8 ppm [N-V].

APPENDIX E: AO PL AS A FUNCTION OF THE
LASER POWER

1. AO-PL linewidth

As described in Sec. III B, the ratio of individual AO-
PL contrast peak amplitudes using a '#N-enriched sample
can be described as 1:2:3:2:1, at By = 1.24 mT and B, ~
1.05 mT [Fig. 3(b, top)]. We model the observed quintet
of peaks as a function of B, using the following multi-
Lorentzian function L(x):

A1 2141
Loy = (B1—B? + (BL—(B;+AB))2
[1 T ] [1 T ]
34, 24,
+ [1 4 <BL—<31+2AB))2] + [1 4 (BL—<31+3AB)>2]
/2 /2
A
‘ + kB, (E1)
[1 n (Bl—(B1+4AB))2:|
/2

Here, 41 and B, describe the AO-PL contrast and res-
onance location of the leftmost peak, respectively. We
restrict the fit model by assuming that all peaks have the
same linewidth y and separation AB. A change of base-
line is seen in the experimental data between B, ~ 0.8
and 1.4 mT due to magnetic-field-dependent spin mixing,
which we model as a linear shift kB . The fits are done
in MATLAB using the nonlinear curve-fitting toolbox with a
Levenberg-Marquardt algorithm.

In Fig. 12, we show the measured AO-PL contrast and
the corresponding model fit as a function of B, at fixed
By = 1.24 mT, for sample S3-14N at (a) 2-mW and (b) 50-
mW laser excitation power. At the higher laser power, we
observe a decrease of AO-PL contrast; also, the shift of
contrast baseline from spin-mixing becomes more promi-
nent. Note that the fit to experimental data is used to
determine the linewidth, peak separation, and linear base-
line shift (i.e., y, AB, and k are free fit parameters) from
this quintet AO-PL feature. The AO-PL contrast at the cen-
tral peak is calculated from the ratio of a measurement at
B, = 1.05 mT and a reference measurement at B = 0.73
mT, both at B = 1.24 mT, as described in Sec. III C.

In Fig. 13, we show the AO-PL contrast peak feature
linewidth y, determined from fits of Eq. (E1) to measure-
ments such as in Fig. 12, as a function of the laser power
using samples S3-14N and S4-14N with varying [N-V]
(approximately 3.8 and 2 ppm, respectively). Sample S3-
14N with higher [N-V], and hence stronger N-V—N-V dipo-
lar interaction, exhibits a roughly 50% greater linewidth
than sample S4-14N across all laser powers studied.

Our results for the linewidth as a function of the laser
power deviate from the reported linewidth narrowing with
increased laser power using nanodiamonds in Ref. [20].
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FIG. 12. The experimentally measured AO-PL contrast as a function of B, and at fixed By = 1.24 mT (dotted markers) with multi-
Lorentzian fits (solid lines) for sample S3-14N at (a) 2-mW and (b) 50-mW laser excitation power. Fit values for the AO-PL contrast
peak linewidth y are shown. A linear shift of baseline due to magnetic-field-dependent spin mixing becomes more prominent at higher

laser powers, accompanied by a reduction of AO-PL contrast.

2. Modeling AO-PL contrast changes from optical
pumping and resonant N-V-N-V interaction

Appendix B describes the use of a density-matrix
approach to calculating the AO-PL contrast from an N-V/
ensemble, with two N-J centers at fixed dipolar interac-
tion strength that are then averaged over all possible pairs

Laser Intensity (mW/um?)
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FIG. 13. Extracted AO-PL contrast feature linewidths y from

fits to measurements around B; =~ 1 mT using samples S3-14N
(blue) and S4-14N (orange) as a function of the laser power and
intensity. The laser intensity is calculated by the same proce-
dure described in Fig. 5. Each sample exhibits broader linewidth
at higher laser power. Sample S3-14N has higher [N-V] and
significantly larger linewidth than sample S4-14N.

of crystallographic orientations. This method provides rea-
sonable agreement with low-field AO-PL experimental
results [Figs. 2(b), 2(c), and 11]. However, the model only
considers the initial spin polarization, without accounting
for details of the optical-pumping process. To understand
the dependence on laser power of the maximum AO-PL
contrast from the quintet peaks, as discussed in Sec. III C,
we now describe an alternative numerical model using rate
equations for a single N-V in one of the four orientations
in the diamond host. We find that the results from this
rate-equation model are in reasonable agreement with the
measurements, including AO-PL contrast line features as
a function of the applied magnetic field and the AO-PL
contrast as a function of the laser power.

For the diamond samples in the present study, the
average nearest-neighbor N-V—N-J dipole interaction of
approximately 30 kHz, which is much smaller than the
energy separation between N-Js of different orienta-
tions when their electronic spin transitions (with typical
linewidth approximately 1 MHz) are spectrally separated.
Therefore, we first proceed by diagonalizing the ground-
state Hamiltonian described in Eq. (B1), without adding
the dipole-dipole interaction terms [Eq. (B2), and then cal-
culate the steady-state AO PL by solving the resulting
rate equations. The total AO PL is determined by sum-
ming over all possible N-J orientations, similar to the
procedure described in Appendix B. In the presence of
near-degenerate transition frequencies, e.g., induced for
particular on (B)) and off (B, ) axis bias magnetic fields or
by hyperfine interactions, the decay rates between various
spin states increase.

We simplify a five-level spin-population model [21,42]
of a single N-V—which includes ground and excited
electronic states, as well as a single metastable state
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(a) The simplified four-level system used in the rate-equation model by integrating out the intersystem crossing singlet-

state manifold shown in Fig. 1(a). Relaxation rates are included between ground (I") and excited (D) spin sublevels. (b) The simulated
AO-PL contrast as a function of B at fixed B = 1.24 mT using the four-level population model provides results comparable to those

of the density-matrix method described in Appendix B.

representing the singlet-state manifold, as shown in
Fig. 1(a)—to a four-level system by integrating out
the intersystem crossing singlet state, as diagrammed in
Fig. 14(a). Given that we perform steady-state operations
in the experiment, and that the singlet state is a short-lived
intermediate state with a lifetime of approximately 300 ns,
we model the transitions through this state via an effective
radiative decay from electronic excited states to the ground
states. In addition, we introduce relaxation rates between
the |£1) and |0) spin sublevels in both the electronic
ground (I') and excited states (D). Therefore, the model
four-level system can be described with the following rate
equations:

de0 = B(ng — eg) — yeo + D(B'e; — (1 — B')en),

de1 = B(ny —e1) — y'er — D(B'e; — (1 — B')en),

dmo = —B(ng — o) + Yaeo + vpe1
+ I'(Bn — (1 — B)ny),

oy = —B(n —e)) + y,e1 + ypeo
=T (Bn — (1 = B)nog).

Here, no,; (and ey ) refer to the population in the elec-
tronic |0) and |+1) ground states (excited states, respec-
tively). The parameter B is proportional to the optical-
pumping intensity. ' = 8 = % sets the equilibrium pop-
ulation distribution across the |0) and |+1) states without
optical excitation. y + y' = y, + v» + v, + v, are the net
excited-state decay rates into the ground states that arise
from integrating out the singlet state, where y (y’) is
the effective decay rate from the excited |0) (respectively
|£1)) states; y, and y, (y, and y;) are the decay rates
toward the ground |0) (respectively, ground |£1)) states.
We follow the summary of experimental N-V results given
in Ref. [21] and use the approximate expressions y =
s+5'/7, vy =s+s, where s is the direct radiative decay

(E2)

rate from the excited-state manifold and s" is the decay
rate from the excited state to the singlet state, with s =
s’ = 6.7 x 107 s~!. Integrating out the singlet intermedi-
ate state yields y, = s +25/21, y, = 25'/3, v, =5+ 5'/3
and y, = s'/21. The AO-PL intensity is finally calculated
as being proportional to the excited-state populations in
each electronic spin state. An example of simulated AO-
PL contrast as a function of B, at fixed B = 1.24 mT is
shown in Fig. 14(b).

Reference [23] indicates that the N-J spin depolar-
ization rate increases when subensemble spin transitions
become degenerate, and samples with larger [N-V] have
a shorter N-V ground-state spin-polarization lifetime (77).
Thus, we associate the ground-state spin-relaxation rate
" and the excited-state spin-relaxation rate D introduced
in the four-level model [Fig. 14(a)] to depend on both
spin-transition degeneracy and N-J concentration. Spin-
transition degeneracy can lead to maximal state mixing
between different N-V classes, with enhanced N-V-N-J
cross relaxation and hence reduction in AO PL. We model
I' to include a term that is proportional to [N-V]?, as
expected from Fermi’s golden rule and associated squaring
of the matrix element for the dipolar interaction strength
(see Eq. (2) and also Ref. [23]). The resulting ground-state
spin-relaxation rate I" is parametrized as

[ =T+ «[N-VI*(1 + d). (E3)

Here I'y is the single N-J ground-state spin-relaxation rate,
Kk 1s a parameter calibrated by comparing simulation with
experiment, and d is a scaled dipolar interaction strength
characterizing N-V—N-V cross relaxation. We use an anal-
ogous expression for D, the excited-state spin-relaxation
rate.

Appendix E3 describes the procedures to experimen-
tally extract the ground-state 7; lifetime at different mag-
netic field configurations. The coefficient I'|;—o is given
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TABLE II.

Relaxation rates between the N-¥ spin sublevels, both with (I" and D) and without (I"| ;=9 and D|,—) spin-state degenera-

cies, as used in the four-level rate-equation simulation model. Values with an asterisk (*) are determined experimentally. Other values

are inferred from measurements as described in Appendix E 2.

Sample number I' (ms™!) [y (ms™h) D (ms™!) Dl (ms™h)
S3-14N 0.21 4+ 0.005* 0.18 +0.005* 249 7.1
S4-14N 0.13 0.12 119 2.1

by the inverse of this measured 7 lifetime when there are
no spin-state degeneracies. ¥ and d are indirectly deter-
mined from the measured ground-state 77 lifetime as a
function of the magnetic field configuration (B and B ).
For example, for sample S3-14N (approximately 3.8 ppm
[N-V]), we measure the ground-state spin-relaxation rate
(T") of approximately 0.21 4= 0.005 ms~! at magnetic field
configurations where N-J—N-V cross relaxation occurs
(i.e., at linear AO-PL contrast features). When all N-V/
ground-state spin resonances are spectrally well separated,
we measure the spin-relaxation rate (I'|,—) of approxi-
mately 0.18 & 0.005 ms~!. By incorporating a Gaussian-
excitation laser-beam profile of radius 33 pwm, we then
determine the associated parameters for D, the excited-
state spin-relaxation rate, by numerical fit of the four-level
model to the measured AO-PL contrast as a function of the
laser power for this sample, as shown by the blue solid line
in Fig. 5.

Taking these results and scaling [N-/] down by a factor
of 1.35, we find the simulated AO-PL contrast as a func-
tion of the laser power to be in reasonable agreement with
the measured results from sample S4-14N (approximately
2 ppm [N-V], solid orange line in Fig. 5). This scaling fac-
tor is roughly consistent with the approximately 2 times
[N-V] ratio between sample S3-14N and S4-14N inferred
from the variations of irradiation dose during electron
implantation [28].

Table II summarizes the measured and inferred relax-
ation rates between ground-state sublevels I" and excited-
state sublevels D used to generate the model-based curves
for samples S3-14N and S4-14N shown in Fig. 5. I" and D
apply to magnetic field configurations where AO-PL con-
trast features are maximally degenerate; I'|;—¢ and D|,—
refers to configurations where all electronic spin states are
spectrally well separated.

We associate the observed initial increase of AO-PL
contrast at laser power < 1 mW (Fig. 5) with improved
N-V electronic spin polarization from optical pump-
ing; and attribute the subsequent decrease of contrast
at higher laser powers to competition between increased
net optical pumping and depolarization from N-V—N-V
cross relaxation. By taking I' and D to be both [N-V]
and spectral-degeneracy dependent, our model reproduces
the experimentally observed behavior that the maximum
AO-PL contrast for sample S3-14N with larger [N-V]
occurs at a higher laser power (approximately 0.95 mW)
than for sample S4-14N (approximately 0.55 mW). Further

study will be necessary to fully delineate the physical
processes most relevant for the observed AO-PL contrast
behavior.

3. Polarization lifetime (77) measurements on sample
S3-14N

In Fig. 15(a), we show the experimental sequence
employed to measure the N-V ground-state spin-
polarization lifetime (7)) of sample S3-14N as a
basis for the four-level population model described in
Appendix E 2. N-V electronic spins are first optically polar-
ized by an initial laser pulse to (mostly) ground spin state
|0), and are then optically read out after a variable dark
time 7. In the second half of the sequence, as a reference
measurement, a microwave 7 pulse (orange) prepares the
N-V electronic spin to |[+1) or |—1). By dividing the two
results, the N-J spin polarization P(¢) can be expressed as
P(t) = e /M,

In Fig. 15(b), we present an example cw-ODMR mea-
surement where all N-V orientation classes are spectrally
well separated (with By ~ 2.4 mT and B, ~ 1.1 mT).
Employing the measurement sequence in Fig. 15(a), a fit
of P(?) to the peak amplitude of the leftmost ODMR reso-
nance feature as a function of t yields 73 = 5.46 £ 0.05
ms [Fig. 15(c)]. We repeat these measurements and the
fitting procedure for the peak amplitudes of all ODMR
resonances in Fig. 15(b); and then average the fit 7} val-
ues for all resonances and obtain 7; = 5.51 £ 0.15 ms,
equivalent to an N-J spin-relaxation rate with no spin-state
degeneracies I'|;—o = 0.18 £ 0.005ms ™.

Next, we change the bias magnetic field so that the pair
of N-Vs along 7, and 71, and the pair of N-V’s along 714 and
n, have degenerate spin resonances, with By = 1.24 mT
and B; ~ 1.05 mT. An example cw-ODMR measurement
for this bias-field configuration is shown in Fig. 15(d).
Again employing the measurement sequence in Fig. 15(a),
we find 7| =4.74 £0.1 ms [Fig. 15(e)], equivalent to
an N-V spin-relaxation rate with spin-state degeneracies
I =0.2140.005ms™".

APPENDIX F: CONTRIBUTION OF HYPERFINE
SPLITTING TO SEPARATION OF AO-PL
CONTRAST PEAKS

To determine the splitting ABjsy from the measured
triple AO-PL contrast peaks using sample S2-15N (see
Figs. 3 and 4), we perform a multi-Lorentzian fit to the
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FIG. 15.

Measurement of the sample S3-14N polarization lifetime (7) under different magnetic field configurations. (a) The exper-

imental sequence used to measure 7. (b) The cw-ODMR measurement with spectrally well-separated spin resonances for all N-J
orientations (B ~ 2.4 mT and B, ~ 1.1 mT). (c) The measured peak amplitude of the leftmost ODMR resonance in (b) as a function
of the delay time T shown in the experimental sequence in (a). A fit of the decay yields 7} = 5.46 &+ 0.05 ms. The 7| measurements
and fits are repeated for all ODMR resonances in (b), giving averaged 7} = 5.51 & 0.15 ms. (d) The cw-ODMR measurement with
degenerate spin resonance for N-V orientations 7, and 7, ; i, and 7. (¢) The measured peak amplitude of the leftmost ODMR reso-
nance in (d) as a function of t; the fit yields 73 = 4.72 4+ 0.04 ms. 7} measurements and fits are repeated for all ODMR resonances

(d), giving averaged T) = 4.74 & 0.1 ms.

data that is similar to L(x) in Eq. (E1), except that there
are only three peak amplitudes, following a 1:2:1 ratio. As
shown in Fig. 16(a), the fit yields ABisy a0-pr = 0.1289 £
0.0002 mT.

Since B, is transverse to both 7, and 7, for these mea-
surements, the spin-transition frequencies from the N-Vs
along either orientation should remain the same as B is
varied, separated by the associated nitrogen nuclear spin
hyperfine splitting. In contrast, B, has nonzero projection
along N-V orientations 71,, and 7. Thus, the magnetic field
separation between neighboring AO-PL peaks and cw-
ODMR spin-transition frequencies for these orientations
can be calculated through consideration of the hyperfine
splitting Ay, the N-JV electronic spin gyromagnetic ratio
v., and the angle factor cos(«) from the projection of B
along each N-J orientation, as described in Sec. III B,
yielding ABy = An/[y.cos(a)]. The linear slope of the

measured cw-ODMR transition frequencies from N-Vs
along 7, and n,, shown in Fig. 4(c, right), can then be
associated with y, cos(a). In Fig. 16(b), we show the fit
slope from these cw-ODMR transition frequencies as a
function of B, giving m = 23.568 %+ 0.034 MHz/mT. For
SN, the hyperfine splitting 4,5y is approximately 3.03
MHz. Therefore, we calculate the cw-ODMR triple fea-
ture splitting ABjsy cw-opmr = 0.1286 = 0.0002 mT. The
good agreement between ABjsy ao-pL and AB|sy cw-0DMR
confirms that N-J hyperfine interactions contribute to the
observed AO-PL signals, including the separation between
AO-PL contrast peaks. In addition, we can extract the
AO-PL contrast feature linewidth y = 58.34 £ 0.66 uT
through the same fit, shown in Fig. 16(a). By using the fit
slope value m from Fig. 16(b), this linewidth in magnetic
field units can be converted to ' = 1.375 + 0.016 MHz in
frequency units.
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FIG. 16. (a) The measured AO-PL contrast as a function of B, (dotted markers) with a multi-Lorentzian fit (solid line) for sample
S2-15N and fixed By = 1.24 mT. The extracted separation between AO-PL contrast peaks ABisy a0-p. = 0.1289 £ 0.0002 mT. (b)
The linear fit applied to cw-ODMR transition frequencies as a function of B, for N-J orientations 7, and 7,, from measurements
shown in Fig. 4(c, right), with fixed B = 1.24 mT. The linear slope m = 23.568 &= 0.034 MHz/mT can be treated as the effective

gyromagnetic ratio of the N-¥ electronic spin for B, along [110].

APPENDIX G: AO-PL LINE-SHAPE which differ by [N-V] (see Table I). At B = 1.24 mT and
COMPARISONS BETWEEN NEAR-ZERO FIELD  pear B) = 1.05 mT [Figs. 17(b) and 17(d)], the AO-PL
AND LOW FIELD contrast-feature linewidth y is extracted using the same

In Fig. 17, we depict the measured AO-PL contrast  Lorentzian fit function as described in Appendix E 1 by
as a function of B, using samples S3-14N and S4-14N,  constraining the peak contrast to follow 1:2:3:2:1. For the
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FIG. 17. The measured AO-PL contrast as a function of B, (dotted markers) with multi-Lorentzian fits (solid lines) using samples
(a),(b) S4-14N and (c),(d) S3-14N. Left: results near zero field (B = 0.05 mT). Right: results near By = 1.24 mT and B, = 1.05 mT.
Both samples exhibit AO-PL contrast-feature linewidths approximately 2.5 times broader than values at low field. Sample S4-14N
has an approximately 2 times lower [N-V] and also narrower AO-PL contrast-feature linewidths than sample S3-14N. B, values for
maximum AO-PL contrast in (a) and (c) are shifted from 0 due to the presence of a background field.
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Demodulated AO-PL LIA spectra for sample S3-14N around (a) near-zero field with fixed B = 0.05 mT and (b) B, ~ 1.06

mT with fixed B = 1.24 mT. Linear fits are applied around the zero-crossing point. The slope k from low-field measurements is larger

than the near-zero-field slope by a factor of approximately 3.

fit of data near zero field (Bj = 0.05 mT) [Figs. 17(a)
and 17(c)], due to the increased number of spectral degen-
eracies, we set the amplitudes of the left three AO-PL
contrast peaks as free parameters, while the amplitudes of
the remaining two peaks on the right are constrained to
mirror those on the left. For these fits, we find that the
linewidth y decreases by a factor of approximately 2.3
(from 119.3 uT to 50.9 uT) and by a factor of approx-
imately 2.5 (from 83.5 wT to 33.5 wT) when comparing
near-zero field to low field, using samples S3-14N and S4-
14N, respectively. The increased linewidth near zero field
could be due to N-J spin-state mixing induced by local
electric fields [19] and/or inhomogeneities in the system.
We note that the misalignment of magnetic fields near zero
field can easily broaden the linewidth by enhancing over-
lap of N-JV spin spectral features and making hyperfine
structures harder to resolve.

To compare the AO-PL magnetic sensitivity between
near-zero field and low field, we determine the linear slope
extracted from the zero-crossing point of the central dis-
persive feature acquired with AO-PL lock-in detection
for sample S3-14N at a fixed laser excitation power. In
Fig. 18, we show measurements and fits indicating that the
slope k at low field [Fig. 18(b)] is approximately 3 times
larger than that at near-zero field [Fig. 18(a)], despite lower
overall AO-PL contrast at low field.

APPENDIX H: AO SENSITIVITY
CHARACTERIZATION

In this appendix, we detail the characterization of dc
magnetic field sensitivity from our experimental setup

using AO-PL LIA measurements. The PL signal collected
by the photodiode is demodulated using an LIA with a
sensitivity of 1 mV, a modulation frequency of 100 Hz,
and a modulation depth of approximately 10 nT (see
Appendix A4). The LIA time constant () is set to 300
ms, with a filter order of 24 dB per octave. In Fig. 19,

Lock-in Output X (V)

Magnetically ]
—6F Magnetically Insensitive
[ Sensitive i
-8 P T T S S SR
0.8 0.9 1.0 1.1 1.2 1.3

B |[[T10] (mT)

FIG. 19. The demodulated AO-PL LIA spectrum for sample
S2-15N around B, ~ 1.05 mT with fixed B = 1.24 mT. A lin-
ear fit is applied around the zero-crossing point to convert the
LIA output voltage to the magnetic field strength along the [110]
direction. The sensitivity for magnetically sensitive (insensitive)
regions of the spectrum is calculated using the standard deviation
o from nine LIA output voltage measurements at B, ~ 1.05 mT
(B, ~ 1.35 mT), respectively.
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we present the demodulated AO-PL LIA spectrum around
B ~ 1.05 mT with fixed Bj = 1.24 mT using sample S2-
15N, averaged over nine measurements. The linear slope
k = 1228.685 £ 18.973 V/mT, extracted from the zero-
crossing point of the central dispersive feature, relates
the LIA output voltage to the magnetic field strength
along the [110] direction. The dc magnetic field sensitiv-
ity is calculated using the formula %or /T, where o is the
standard deviation of the nine AO-PL LIA voltage mea-
surements at a specific magnetic field region of the spec-
trum, with results for magnetically sensitive (insensitive)
regions (see Fig. 19): 37.8 + 0.6 (5.3 £ 0.1)nT/+/Hz, at
B, ~ 1.05mT (B. ~ 1.35 mT), respectively. For the cen-
tral dispersive feature, the measured AO-PL contrast C ~
1.5% and magnetic field linewidth Ay ~ 58 uT (equiv-
alent to 1.37 MHz; see Appendix E 1) are comparable to
those obtained with cw-ODMR for the N-V-diamond sam-
ples and experimental conditions used in this study (see
Appendices A, E 1).
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