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ABSTRACT

Quantum emitters, such as the negatively charged nitrogen-vacancy center in diamond, are attractive for quantum technologies, such as nano-
sensing, quantum information processing, and as a non-classical light source. However, it is still challenging to position individual emitters in
photonic structures while preserving the spin coherence properties of the defect. In this paper, we investigate single and ensemble waveguide-
integrated nitrogen-vacancy centers in diamond fabricated by femtosecond laser writing followed by thermal annealing. Their spin coherence
properties are systematically investigated and are shown to be comparable to native nitrogen-vacancy centers in diamond. This method paves
the way for the fabrication of coherent spins integrated within photonic devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0209294
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I. INTRODUCTION

Optically addressable spins, including point defects in silicon
carbide (SiC)," hexagonal boron nitride (hBN), and diamond,” ™
are promising platforms for the realization of quantum sensing
and quantum network applications.”” In particular, negatively
charged nitrogen-vacancy centers (NVs) in diamond have been

APL Photon. 9, 076103 (2024); doi: 10.1063/5.0209294
© Author(s) 2024

extensively investigated and developed in various applications, such
as high-resolution magnetic field sensing”® and hybrid quantum
networks.”® Although the spin coherence properties of NVs can
reach up to microseconds at ambient temperature,” the relatively low
brightness and low Debye-Waller factor hinder its application for
quantum technologies.” Therefore, NVs are normally coupled into a
photonic structure, such as a solid immersion lens, "’ nanopillar,] 112
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optical waveguide,'* or cavity,'* to improve their efficiency. How-
ever, due to diamond’s extreme hardness and chemical resistance,
conventional methods such as plasma etching,'' ion implantation,'”
or focused-ion beam'” have inevitably degraded their coherence and
spectral properties.
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Recently, femtosecond laser writing has emerged as a versa-
tile approach for the creation of photonic circuits'® with integrated
quantum emitters. As femtosecond laser writing is a highly con-
trollable fabrication process,'® it is a promising method for scal-
ably preparing quantum emitters in wide bandgap semiconductors,
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FIG. 1. Photoluminescence (PL) studies of laser-written WGINVs. (a) PL map of WGINV A in type lla diamond, mapped from the z-direction (overhead) by scanning in
the x-y and x-z planes. The blue, red, and orange lines are slices along the dashed lines in (a), where wy,; is the full width at half maximum linewidth of x, y, z direction
Gaussian fitting curves for single WGINV A (see the high-resolution PL map in Appendix C). (b) The emission spectrum of single WGINV A and ensemble NVs. (c) The
photon emission correlation of single WGINV A, where the black line is raw data and the orange line represents the fitted curve (see Appendix D). (d) The power-dependent
PL rate for single WGINV A. The dashed line is the test laser power Py used for density estimation of ensemble WGINVs. (e) PL map of WGINVs in type Ib diamond, mapped
from the z-direction (overhead) by scanning in the x-y and x-z planes. (f) PL map of WGINVs in type Ib diamond mapped from the y-direction (along the waveguide).
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such as diamond,'”"" " hBN,”"** and SiC.”>** In particular, laser-
written NVs in diamond are of great interest due to the existence of
mature and precise electron spin control protocols.” Compared with
conventional approaches such as ion implantation,'” laser writing
can place NVs deterministically’**’ and within photonic struc-
tures inscribed in the bulk of diamond,”*” such as laser written
waveguide-integrated NVs (WGINVs).'***** However, there have
been few completed studies on their spin coherence,'”” for exam-
ple, Stephen et al. studied the spin transverse relaxation time T
and longitudinal relaxation times T of laser-written single NVs at
different depths,”’ and Fujiwara et al. reported the inhomogeneous
dephasing time T5 and spin transverse relaxation time T of laser
written ensemble NVs." In particular, even fewer rigorous stud-
ies of the spin coherence on the laser-written WGINVs have been
demonstrated. These studies are crucial if the system is to be used
for quantum applications such as quantum information processing
or remote sensing.

In this paper, we characterize the spectral and spin coherence
properties of single WGINVs in type Ila chemical vapor depo-
sition (CVD) diamond and ensemble WGINVs in type Ib high-
pressure high-temperature (HPHT) diamond, which are fabricated
by femtosecond laser writing and subsequent thermal annealing.
The home-built confocal optically detected magnetic resonance
(ODMR) setup described in Appendix A is used to coherently
manipulate WGINVs and characterize their spin coherence prop-
erties, including the inhomogeneous dephasing time T;, spin trans-
verse relaxation time T, and longitudinal relaxation times T}, via
standard measurement protocols.”* Single WGINVs in type Ila
diamond show excellent single-photon purity and spin coherence
properties comparable to native NVs. In addition, we demonstrate
coherent coupling with nuclear spins, which could be used as a reg-
ister for a hybrid quantum photonic circuit. In the type Ib diamond,
we demonstrate the creation of ensemble WGINVs with up to 900
times intensity enhancement compared to the pristine diamond, as
aresult of increased NV density. This all-optical fabrication process,
therefore, provides a cost-effective way to prepare ensemble NVs
and realize photonically integrated quantum sensing devices based
on economical type Ib diamond with sub-26 n'T Hz™ ' DC magnetic
field sensitivity.

Il. RESULTS AND DISCUSSION
A. Femtosecond laser written WGINVs in diamond

The WGINVs were created by femtosecond laser writing and
subsequent annealing (see details in Appendix B). Parallel modifi-
cation lines separated by 13 pm were written to define the optical
waveguides. These modification lines have dimensions of ~2 pum
in width and 15 pm in height and have previously been shown to
contain amorphous and graphitic carbon phases.”® In the case of
nitrogen-rich type Ib diamond samples, thermal annealing drives the
diffusion of vacancies that were generated within the laser-modified
sidewalls defining the optical waveguides. These vacancies are cap-
tured by substitutional nitrogen atoms to form ensemble WGINVs.
Conversely, for lower nitrogen content type Ila diamond, additional
low energy static exposures were used to form vacancies localized
near the center of within the approximately cubic micrometer-sized
laser focal volume and well aligned with the center of the previously
laser-formed waveguides. Due to the lower background nitrogen,

APL Photon. 9, 076103 (2024); doi: 10.1063/5.0209294
© Author(s) 2024

thermal annealing causes the diffusion of these vacancies, which can
yield single NVs near the center of the waveguide cross section. In
our case, we used two static exposures to produce single NVs at dif-
ferent longitudinal positions along the waveguide, which we labeled
single WGINV A and WGINV B.*

B. PL study on WGINVs

In Fig. 1(a), the two bright strips are the waveguide modifica-
tion lines, which host a high density of laser-written vacancies."”
Static single pulse exposures were observed to have formed iso-
lated single WGINVs in the center of the optical waveguide in
type Ila diamond, as shown in the top-down and cross-sectional
photoluminescence (PL) map in Fig. 1(a), where wy,,. are the full
width at half maximum linewidth of x, y, z direction Gaussian fitting
curves for single WGINV A and also represents our setup’s opti-
cal resolution. A high-resolution PL map of the single WGINV A is
shown in Appendix C. The creation of NVs was confirmed by their
PL emission spectrum with a 637 nm zero-phonon line (ZPL) in
Fig. 1(b). Meanwhile, the g (0) < 0.2 in Fig. 1(c) and laser power-
dependent PL saturation in Fig. 1(d) indicate the quantized nature
of its emission.

As explained above, high-density ensembles of WGINVs are
produced in type Ib diamond [Fig. 1(e)]. We observe up to 900
times enhanced NV intensity in the waveguide relative to the pristine
area in Fig. 1(e), revealing a corresponding NV density enhance-
ment. Furthermore, the ensemble WGINV density p is estimated
to be 14-22 ppb in the waveguide region by taking the Cepsemple Of
9.28-14.46 MHz in the y plot of Fig. 1(e) and Cgpge of 7.7 kHz
in Fig. 1(d) under Py of 0.3 mW. The detailed calculation for the
ensemble NV density estimation is in Appendix C. The z slice plot
of Fig. 1(e) displays a Gaussian variation of PL rate, at the same depth
as the modification lines. Furthermore, its width of 4.53 pm is just a
factor of 2 greater than the single WGINVs in Fig. 1(a), which is itself
limited by the Rayleigh range of the microscope. This indicates that
the laser-formed WGINV's are well-confined in the core of the wave-
guide region, where we investigate the spin coherence properties of
those ensemble WGINVs in Sec. I1 C.

To test the coupling between the ensemble WGINV's and wave-
guide in type Ib diamond, we scan the waveguide with excitation and
collection along the waveguide direction, as shown in Fig. 1(f). Inter-
estingly, we observe a stronger PL intensity in the waveguide region
than in any other region, which is different from the cross section PL
map in Fig. 1(e). This suggests that the pump laser and PL intensity
in the waveguide core are guided, being efficiently coupled into the
optics enhancing the collected PL intensity.

C. Coherence characterization of WGINVs

In this part, we systematically study the spin coherence proper-
ties of WGINVss in the frequency and time domains. A single NV’s
ground state is governed by the Hamiltonian’

H:HO +HS|E +Hy1, (1)
where Hy consists of zero-field splitting parameter, D ~ 2.87 GHz,
from the spin-spin interaction and Zeeman splitting yB - S arising

from the interaction between electron spin and external magnetic
field, Hg)p describes the electron spin interaction with local strain

9, 076103-3
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and electric fields,” and H, = A - S - I'is the interaction arising from
electron spin and nuclear spin, in which § and I are electron and
nuclear spin operators, y is the gyromagnetic ratio, and A is the
nuclear hyperfine tensor. The diagonalization of the NV ground
state Hamiltonian yields an approximation of the spin resonance
(ms = £1) frequencies,

ve=D+Ex2A, (2)

where £ describes the shift component, which may be affected by
temperature, transverse magnetic field, axial or hydrostatic strain,
and axial electric fields. Meanwhile, A describes the splitting compo-
nent, which could originate from axial magnetic fields, non-axial or
anisotropic strain, non-axial electric fields, and the nuclear hyperfine
interaction. For ensembles of NV centers, the effect of these external
fields must be considered for each of the four possible orientations
of NV center.

1. Frequency domain ODMR spectrum

Overall, single WGINV A and single WGINV B in the type ITa
diamond and ensemble WGINVs in the type Ib diamond display a
similar shape of zero-field continuous wave (CW) ODMR with three
consistent features (first column of ). First, they all show a pos-
itive shift & of a few MHz compared to D = 2.87 GHz. We attribute
this to the compressive strain arising from laser-written modifica-
tion lines providing a component of strain along the axis of the NV

higher ODMR contrast due to the excitation with a linearly polar-
ized microwave (MW) magnetic field on a mixed sublevel m; = +1
state split by non-axial or anisotropic strain. Third, two peaks
are observed with splitting A of a few MHz. Using a pulsed ODMR
sequence, the resolution of the experiment is greatly improved, lead-
ing to more structures being resolved for both single WGINVs. For
single WGINV A, the splitting A of 2.26 MHz in CW ODMR and
four resolvable resonance peaks in pulsed ODMR indicate the pres-
ence of nuclear N interaction and non-axial or anisotropic strain
in the waveguide region. For single WGINV B, the splitting A
of 3.87 MHz in CW ODMR and eight resolvable resonance peaks in
pulsed ODMR imply that a complex combination of the non-axial
or anisotropic strain and strong coupled nuclear "N and *C leads
to splitting.

For the ensemble WGINVs in type Ib diamond, we observe a
positive shift & of 2.5 MHz and a zero-field splitting A of 4.1 MHz.
We note that in this regime, the contributions from each of the
four orientations of the NV center ensemble cannot be individ-
ually resolved. However, the splitting and shift of the combined
signal are consistent with the expected compressive strain arising
from the laser-written modification lines,””" as well as some addi-
tional effects from the local electric field from over 200 ppm charge
impurities.

To further lift the degeneracy of m, = +1 and quantify the
hyperfine interaction strength between NV electron spin and nearby
strong coupling nuclear spins, a 4.6 mT magnetic field is applied for

center. Second, the lower resonance frequency exhibits slightly the single WGINV in type IIa diamond. The typical 2.16 MHz "N
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FIG. 2. ODMR spectra of single WGINVs (first and second rows) and ensemble WGINVs (third row). (a), (c), and (e) are the zero-field ODMR and (b), (d), and (f) are the
ODMR spectrum with the applied magnetic field. The black (gray) scatter points and orange (blue) lines are the raw data and corresponding fitted curves in the CW (pulsed)
model ODMR. The insets of (b) and (d) are the hyperfine structure of the gray regions in (b) and (d), respectively. The blue arrows represent the target frequencies used for

the time domain ODMR measurements.

APL Photon. 9, 076103 (2024); doi: 10.1063/5.0209294
© Author(s) 2024

9,076103-4

90:95:9} ¥20Z 1snbny /2


https://pubs.aip.org/aip/app

hyperfine splitting observed in pulsed ODMR’ of single WGINV
A is shown in gray data points in Fig. 2(b). For single WGINV B,
we observed six anti-peaks in the inset of Fig. 2(d), revealing the
6.43 MHz “C coupling strength’® in combination with 2.16 MHz
"N hyperfine splitting. The fact that the nuclear hyperfine split-
ting is resolvable in both zero field and non-zero magnetic field
ODMR highlights the excellent coherence properties of NVs and
their potential as quantum registers. For ensemble WGINVs in Ib,
in Fig. 2(f), a ~5.17 mT magnetic field is applied to lift the degener-
acy of the m; = +1 transitions along the four NV orientations. The
central frequencies marked with blue arrows in Figs. 2(b), 2(d), and
2(f) are now used for time domain measurements in Sec. I1 C 2

Overall, we conclude that these WGINVs are sensitive enough
to probe the microscopic strain,"” the electric field, and the nuclear
spin environment.””’

2. Time domain ODMR spectrum

To get a deeper understanding of the coherence properties, we
have measured T5, T, and T; of WGINVs with standard proto-

j_l_l[l_(

cols, shown at the top of Fig. 3. Due to the existence of strongly
coupled nuclear spins, the dynamics of the electron in single NV A
and NV B are dominated by these hyperfine coupling frequencies.
This results in beats being observed in Figs. 3(a) and 3(e) for single
WGINV A and single WGINV B with Rab1 frequency fRabi around
5.7 MHz and Rabi dephasing time T rapi around 4 ps. The Rabi
dephasing time T, rapi could be extended to over 10 us by reducing
the MW power broadening with a Rabi frequency under 1 MHz (see
Appendix E). In comparison, a Rabi frequency of 2.9 MHz coher-
ently drives ensemble WGINVs in type Ib diamond with T rapi of
0.81 ps in Fig. 3(i). These Rabi frequencies are used for the followmg
multi-pulse experlments

The T; of single WGINV A and WGINV B is around
1.5 ps from free induction decay (FID) measurements as shown in
Figs. 3(b) and 3(f), which is limited by the naturally abundant iso-
topic 13C bath.”" Moreover, there is one dominant oscillation of
2.16 MHz for single WGINV A in Fig. 3(b) and three frequencies of
oscillation (1.07, 3.23, and 5.4 MHz) for single WGINV B in Fig. 3(f),
which are clearly resolved in FID curves. This is consistent with the
hyperfine structure of **N and strong coupling *C in Figs. 2(b) and
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FIG. 3. Time domain ODMR spectrum of single WGINVs in type Ila diamond [from (a)

to (h), first and second rows] and ensemble WGINVs in type Ib diamond [from (i) to

(1), third row]. The first, second, third, and fourth columns are Rabi, free induced decay (FID), Hahn echo, and relaxometry measurements, respectively. Meanwhile, their
quantum control protocol is placed on the top of each column, where the green, blue, and orange boxes represent laser and MW pulses and the single photon detector gating

n
t

window. The red curves are the fits to the raw data (black points). The envelopes of Rabi oscillation, FID, and Hahn data are fitted by the equation ef( Ti ) , to extract T, rapi

90:95:9} ¥20Z 1snbny /2

T3, and T,, where T; is the corresponding coherence time and n is the stretched exponent.”*'9 The Ty is obtained by fitting the single exponent decay equation.
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TABLE I. Comparison of native NVs from Rondin et al.# and our work.

Diamond type ITa native ITa WGINV A Ib native Ib WGINVs
Synthesis CVD CVD HPHT HPHT

N <5 ppb <5 ppb 200 ppm 200 ppm
NV Single Single Single 14-22 ppb
TS (ps) 3 1.76 0.1 0.1

T, (ps) 300 494 1 1.63
ﬂdc(nT : Hz*l/z) 300 174.9 1500 25.7
fac(nT - Hz /%) 30 10.4 500 6.6

2(d). This indicates their excellent spin dephasing time and strong
interaction between these spins. Regarding spin transverse relax-
ation time, both single WGINV A and single WGINV B exhibit T
over 268 us, which is comparable with native single NV in type IIa
diamond. The collapse and revival behavior in both single WGINV
A and WGINYV B match the spin bath Larmor precession frequency
(50 kHz) in the Hahn echo curve, which indicates that the *C spin
bath is the dominant decoherence source. Moreover, we highlight
that for single WGINV A, T, of 494 s is longer than most of NVs
integrated into photonics structures.” *' Although single WGINV
B has a slightly shorter T of 268 ps, the interaction of electron and
strong coupling **C nuclear spin could be used as a quantum mem-
ory register.””" Finally, in Figs. 3(d) and 3(h), both single WGINV
A and WGINV B display T over 4.5 ms as the native single NV in
type Ila diamond.*

Although the 0.1 ps T} of ensemble WGINVs is nearly ten
times shorter than single WGINVs due to its inhomogeneous elec-
tron spin environment [Fig. 2(j)], the value of its coherence time is
still consistent with those of native NVs in type Ib diamond.” The
transverse magnetic field has an impact on the ensemble NVs;*
a T, of 1.63 ps is obtained, which is comparable with singe NV’s
coherence properties in type Ib diamond, and mainly limited by the
nitrogen electronic spin bath (P1 centers).” Moreover, the T curves
of ensemble NVs do not show any obvious decay within 1 ms, which
is comparable with the relaxometry performance of native NVs.""’
Therefore, it, indeed, proves that the laser writing process produces
ensemble WGINVs in the waveguide region without compromising
their spin coherence properties.

3. Sensitivity

By taking the PL rate C ~ 30 kHz, ODMR contrast A ~ 20%,
readout duration time #; ~ 0.5 ps, T5 of 1.76 pus, and T, of 494 ps
for single WGINV A, its photon-shot-noise-limited DC (#4c) and
AC (#ac) magnetic field sensitivities are estimated around 174.9 and
10.4 nT Hz ', in the pulsed mode measurement by the following
equations:

h 1 1

de ™~ — X >
1 gus ANCtr T}

/T3
ac = c > 4
e = fdc\[ °p; 4)

3)
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respectively. The g~ 2.0 is the Landé g-factor, y, is the Bohr
magneton, and 7 is the reduced Planck constant.

For ensemble WGINVs in type Ib diamond, 74. and #,c are
estimated around 25.7 and 6.6 nT Hz~ "2, by taking readout dura-
tion time t; ~ 0.5 ps, T5 of 0.1 ps, T, of 1.53 ps, the PL rate
Censemble ~ 0.9 GHz, and ODMR contrast A ~ 3.3% for the external
peak (marked by the blue arrow) in Fig. 2(f). We note that the PL rate
of the ensemble WGINVSs used here was not at saturation. Therefore,
the sensitivity could be improved by increased laser power excita-
tion, or by increasing the number of NV centers probed through
excitation and collection via the waveguide mode.

lll. CONCLUSION AND OUTLOOK

We fabricated and characterized laser-written coherent single
WGINVs in type ITa diamond and ensemble WGINVs in type Ib
diamond. The density of ensemble WGINVs in the type Ib dia-
mond sample was estimated to be 14-22 ppb. The spin coherence
properties of WGINVs were similar to that of the native NVs as
evidenced by the summary in Table I, further demonstrating the
promise of laser writing to realize an integrated photonics platform
incorporating quantum emitters.

These highly coherent single WGINVs couple to nearby
nuclear spins with excellent coherence, which could be used as
a quantum register within photonic integrated circuits. In terms
of ensemble WGINVs, this all-optical fabrication technique paves
the way for a cost-effective waveguide-integrated quantum sensing
device based on the more economical type Ib diamond. Future work
will focus on the optimization of the NV creation process, including
the annealing and laser writing processes, to further increase the NV
density and reduce the non-NV spin noise.
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APPENDIX A: ODMR SETUP

A CW 532 nm laser (Crystal Laser) was modulated by an
acousto-optic modulator (ISOMET 553F-2) with <10 ns rise and
fall time. A two-axis galvo mirror (GVS002) and NA = 0.9 objective
were integrated into a 4f imaging system for 2D x-y scanning. Depth
scanning (z) was implemented by a motorized sample stage. The PL
was optically filtered by the dichroic mirror, 532 nm long-pass fil-
ter, and 650 nm long-pass filter, before detection on SPCM-AQRH
silicon avalanche photodiodes (Excelitas) or a spectrometer with a
silicon CCD. The optional ND filter is also used to keep the PL rate
within the avalanche photodiode (APD) working range (2 MHz).
The microwave (MW) field is generated by an E4438B MW source,
modulated by a RF switch (ZASWA-2-50DRA+), and amplified by
a MW amplifier (ZHL-42W+), eventually transmitted to the sam-
ple by a patch antenna. The Rabi oscillation, free induction decay,
Hahn echo, and T, measurements are implemented by the standard
protocol.”

APL Photon. 9, 076103 (2024); doi: 10.1063/5.0209294
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APPENDIX B: LASER WRITING AND ANNEALING

A commercial femtosecond laser (Menlo Systems BlueCut) that
produces linearly polarized pulses with a wavelength of 515 nm (sec-
ond harmonic), a repetition rate of 500 kHz, and a duration of 300 fs
was used for femtosecond laser writing, as shown in Fig. 4. The
laser pulse was focused using a high numerical aperture oil immer-
sion objective lens (NA = 1.25) with immersion oil refractive index
nyg = 1.515 beneath the surface of synthetic diamond samples to write
waveguides and NVs. The bulk diamond samples were mounted on
precision translation stages for three-dimensional control. The pulse
energy was controlled using a combination of a motorized half-
wave plate and a fixed linear polarizer. The laser writing fabrication
parameters are given in Table II.

Annealing of the diamond samples was performed in a tubular
horizontal furnace Lenton LTF15/50/450. The samples were placed
in a quartz boat and covered with diamond grit to protect the sur-
face. In order to purge the furnace chamber, oxygen was extracted
using a diaphragm pump and a nitrogen flow for 1 h. Thermal treat-
ments were carried out in a nitrogen atmosphere following three
steps: first, the temperature was ramped from room temperature to
1000 °C over the course of 3 h and then kept at 1000 °C for another
3 h, and the furnace was finally switched off and allowed to cool
down to room temperature.

APPENDIX C: ENSEMBLE NV DENSITY
ESTIMATION CALCULATION

To estimate the ensemble WGINV density in type Ib diamond,
we compare a single WGINV A’s PL intensity at power Py = 0.3 mW,
which is much lower than its saturation power 1.10 mW in Fig. 1(d).
In this regime, the detected photon rate Cingle (P) linearly scales with
the laser power and is given by

Csingle(P) = KP) (Cl)

where K is the linear scaling ratio between the PL rate and laser
power. We assume the ensemble of NVs in type Ib diamond to be

[ ]
B \=515nm
152300 f

FIG. 4. Laser writing waveguide schematic diagram, where the light yellow box
is the diamond and the gray stripes are the modification lines. The inset in the
left corner is an optical microscopy image in the transmission of the cross section
image of the laser-written waveguide, where the black scale bar is 10 um.
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TABLE II. Experimental parameters for laser fabrication.

Translation Pulse Type I Depth
Diamond Laser exposure speed (mm/s) energy (n]) spacing (um) (um)
Ila (WG) 500 kHz 0.5 60 13 35.0
ITa (NVs) Single pulse N/A 28 N/A 22.5
Ib (WG and NVs) 500 kHz 0.5 100 13 25.0

inhomogeneously pumped due to the spatial Gaussian distribution
of laser power. Therefore, we obtain the following equation:

Cgaussian(PO) = ﬂVKPOG(x)G(y)G(Z),DdV, (C2a)

Cgaussian(PO) = Csingle (PO )PAxAyAz: (C2b)
where G(x), G(y), and G(z) are the Gaussians fitted to the slices
along x, y, and z in Fig. 5 and Ay, are their corresponding integrals
of the Gaussian fitting curves in Fig. 5. The ensemble NV density p
is estimated to be 14-22 ppb in the waveguide region by taking the
Censemble Of 9.28-14.46 MHz and Cgingle of 7.7 kHz under Py of 0.3
mW. We assume that the light is collected with equal intensity from
all four allowed NV orientations in the ensemble. The NV density is
also estimated at p = 0.024 ppb in the pristine region by taking the
Censemble of 16.1 kHz.

In contrast, we note that a more simplistic model of NV cen-
ter ensemble excitation, which assumes the density to be uniform,
could lead to an underestimation of NV density. For example, if we
compare to a model that uses uniform excitation and collection from
a spheroid with dimensions wx.y,. of the full width at half maximum
linewidth of the confocal microscope’s point spread function, we can
obtain

Cuniform(PO) = ﬂVKPOPdV) (C3a)

4m
Cuniform(PO) = Csingle(PO )P?waywb (C3b)

In this case, there is an additional factor of 4?” ~ 4 compared to the
corresponding integration of the three-dimensional Gaussian distri-
bution. Consideration of the non-uniform laser power distribution
could also be used to study the laser-induced inhomogeneous charge
and spin initialization dynamics of ensemble NVs, which is crucial
for optimizing the ensemble-based quantum sensing protocol.

APPENDIX D: PHOTON EMISSION CORRELATION

Photon emission correlation was recorded using two detectors
in a Hanbury-Brown and Twiss interferometer. The g(z) (1) data are
shown using the following empirical equation:

g(z)(r) -1- Cle—\T—ToVTl 4 Cze—|T—To|/Tz 4 C3€_|T_T°|/13. (D1)

APL Photon. 9, 076103 (2024); doi: 10.1063/5.0209294
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Here, 79 is the delay time offset of the two detectors, 1, is the
antibunching time, C; is the antibunching amplitude, 7; for i > 2 are
bunching times, and C; for i > 2 are the corresponding bunching
amplitudes. The fitting parameters are given in Table III.

108 1§
3 3
055 05=
g g
0.0 0
X - -
: G

Iy

0.0 0.5 1.0
Normalized PL

FIG. 5. High-resolution confocal normalized PL image of single WGINVs A in type

lla diamond, where the blue, red, and orange data in the top and right plates are
X, ¥, and z slices along the dashed lines in the confocal PL image.
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TABLE IIl. Fitting parameters of g? ().

Parameters Value Standard error
7o (ns) 0.275 0.012

C 1.481 0.011

71 (ns) 9.48 0.12

C, 0.365 0.061

T2 (ns) 114 17

Cs 0.313 0.067

73 (ns) 312 29

(a) Single WGINV A| (b) Single WGINV B

10 I Rabi= 15.2¢5.1 us . 1_0.Tp,Rabi: 25.9+11.4 us
o JE R 2 o N ) 3
o PR e o . '3 =t AN
8 L S CTe e gt
Nos 205t 4 4, » f
[ ) 1 L3N 4 © o o A Py
£ AR i} % E v S Y
S % - PA S N '.. oo

00 % ¢ T 0.8 MHz 001« ¢ .i=0.85MHz

0o 1 2 3 4 0 1 2 3 4

Time (us) Time (us)
FIG. 6. Rabi oscillations for single WGINV A (a) and single WGINV B (b) at weak
MW power.

APPENDIX E: RABI OSCILLATIONS AT WEAK MW
POWER

Figure 6 shows the Rabi oscillation for single WGINV A and
WGINV B at weak MW power, showing T}, rabi over 10 us with frapi
less than 1 MHz. Compared to Fig. 3(a), there is no beating due to the
MW being only strong enough to drive one transition in Figs. 2(a)
and 2(b).
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