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ABSTRACT

On-chip magnetic field sensing with nitrogen-vacancy (NV) centers in diamond requires scalable integration of 3D waveguides into diamond
substrates. Here, we develop a sensing array device with an ensemble of shallow implanted NV centers integrated with arrays of laser-written
waveguides for excitation and readout of NV signals. Our approach enables an easy-to-operate on-chip magnetometer with a pixel size
proportional to the Gaussian mode area of each waveguide. The performed continuous wave optically detected magnetic resonance on each
waveguide gives an average dc-sensitivity value of (195 + 3) nT/v/Hz, which can be improved with lock-in-detection or pulsed-microwave
sequences. We apply a magnetic field to separate the four NV crystallographic orientations of the magnetic resonance and then utilize a
DC current through a straight wire antenna close to the waveguide to prove the sensor capabilities of our device. We reconstruct the complete
vector magnetic field in the NV crystal frame using three different NV crystallographic orientations. By knowing the polarization axis of the
waveguide mode, we project the magnetic field vector into the lab frame.

© 2025 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/).
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I. INTRODUCTION

Negatively charged nitrogen-vacancy (NV') centers in diamond
have attracted significant attention for their remarkable potential in
quantum sensing, imaging, and quantum information processing.

In quantum sensing, ensembles of NV centers are a promising plat-
form for continuously sensing static and low-frequency magnetic
fields® and their chemical inertness enables direct physical contact
with delicate biological systems.® In addition, shallow-implanted
NV centers, created via ion implantation’ or thin film growth,
enhance sensitivity by placing them in close proximity to samples.

APL Photon. 10, 021301 (2025); doi: 10.1063/5.0231203
© Author(s) 2025

Another advantage of using NV ensembles is the ability to measure
the projection of the magnetic field along each of the four distinct
NV symmetry axes to form a 3D vector field.

Integrating photonics to address large ensembles of NV cen-
ters presents significant advantages, optimizing the scalability and
efficiency of these quantum systems. A promising integrated
platform is laser written waveguides in diamonds. These wave-
guides are generated using tightly focused femtosecond laser pulses,
creating a polarized single-mode waveguide intersecting with the
shallow-implanted NV centers. Our integration approach combines
a shallow-implanted NV ensemble with laser-written waveguides
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inside the diamond, forming a two-dimensional sensing array. This
technique enables control over the light propagation path, facili-
tating excitation and fluorescence detection from a large ensemble
of NV centers.'® The excitation and fluorescence collection of an
ensemble of shallow-implanted NV centers via laser-written wave-
guides offers a pathway toward scalable, efficient, and easy-to-use
quantum sensing devices.

This paper is structured as follows: in Sec. IT A, we character-
ize the shallow implanted NV centers using a home-built confocal
microscope. We calculate the magnetic field sensitivity and coher-
ence properties of the NVs by conducting continuous wave optically
detected magnetic resonance (CW-ODMR) and pulsed measure-
ments. We then characterize the sensitivity performance using
waveguide-assisted ODMR. In Sec. II B, to demonstrate the sens-
ing capabilities of our NV centers via the waveguides, we apply an
external DC current and measure the resonance shift in the ODMR
spectrum. For reconstruction of the magnetic vector field, we use
three different NV crystallographic orientations and, by knowing the
waveguide’s polarization axis alongside the polarization properties
of the different NV families, we derive the full vector field in both
the crystal frame and the lab frame. We describe the experimental
setup in Sec. 111 and conclude in Sec. IV.

1. EXPERIMENT
A. NV ensemble characterization

The diamond is a type-Ila electronic-grade slab (2x2
x 0.5 mm3) with the surface cut along (100) and the side facets
along (110). The type-II waveguides are created using a femtosecond
pulsed laser at A = 515 nm with a repetition rate of 500 kHz. The laser
beam is focused into the sample with a high-numerical-aperture
(NA) objective (1.25 NA, 100x), creating waveguide sidewalls with
cross section of approximately 5 ym transversely and 20 ym ver-
tically with 2 mm length according to the size of the diamond.
Using three different powers of laser at 30, 40, and 50 mW, cre-
ates waveguide arrays at three different depths (40, 75, and 110 ym)
from the surface. The waveguide walls are separated by 13 ym
optimized for single mode guiding of NV spectrum emission from
630 to 800 nm."" This waveguide geometry results in a Gaussian
mode when coupling to the waveguide.'® Afterward, we shallow
implant the NV ensemble on the diamond’s side facet (110) with
an implantation depth 8-12 nm below the surface and achieving an
approximate NV density of 75 + 25 x 10° NV/cm?.!” (See Sec. III
for additional information regarding the fabrication method and
experimental setup.)

We first characterize the NV ensemble sensitivity performance
and coherence properties in a confocal microscope using CW-
ODMR and pulsed sequences. CW-ODMR is a simple and powerful
technique in which a continuous microwave is swept over the spin
resonance of one or multiple NV centers while the response can be
read out optically. The microwave signal is applied to the sample
via a straight copper wire with a diameter of 20 ym. For fluores-
cence collection, we employ a high-NA objective (0.95 NA, 100x)
with a diffraction limited resolution of 340 nm. Figure 1(a) shows
a confocal image of the diamond (110) side facet, where the NVs
are shallow implanted. In the region shown in Fig. 1(a), there are
no waveguides, letting us characterize the NV’s properties without
strain effects induced by the waveguides.'*

APL Photon. 10, 021301 (2025); doi: 10.1063/5.0231203
© Author(s) 2025
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FIG. 1. Testing NV-based sensing via confocal free-space access. (a) Confocal
image of the shallow implanted NV ensemble. The shaded area is a straight copper
wire that applies the MW field to the NVs. (b) CW-ODMR in confocal with (orange)
and without (blue) an external B-field along the (100) direction. The scattered
data points are fitted with a single (blue) and double (orange) Lorenzian function.
(c) Rabi oscillation between ms = 0 and ms = +1 at 2.95 GHz microwave reso-
nance frequency. The Rabi oscillation has a (4.54 + 0.03) MHz frequency (from
fitting) and a lifetime of (570 + 50) ns. (d) The Ramsey free induction decay with
111 ns /2 time gives a dephasing time of T = (60.4 + 4.5) ns corresponding
to optimal sensing time. The schematic of the pulse sequence can be seen on top
of the graph.

A photon shot-noise-limited sensitivity for an ensemble of NV's
using CW-ODMR is given by’

4 Ay

o 3BV’
with ﬁ being a prefactor for a Lorenzian fitting ODMR for
the maximum slope, Av being the linewidth, y = 27 x 28 GHz T™*
being the electron spin gyromagnetic ratio, C being the contrast,
and N being the fluorescence count rate. The minimum achievable
linewidth, Av ~ #, is limited by the coherence time, T5, of the

2

1)

NV electron spin."”

The CW-ODMR spectrum at zero external magnetic field
shown in Fig. 1(b) with a single Lorenzian profile with the resonance
frequency of 2.87 GHz, yields a sensitivity value of 32 nT/v/Hz
using Eq. (1). By applying an external magnetic field along the
(100) direction, we split the resonance frequency of m; = +1 states
and see two resonance dips separated by 148 MHz due to the
Zeeman effect [Fig. 1(b)]. We then perform Rabi driving between
ms = 0 and m, = +1 states at resonance frequency 2.95 GHz shown
in Fig. 1(c). The Rabi oscillation has a 4.5 MHz frequency with con-
trast and lifetime of (11.9 + 0.5)% and (570 + 50) ns, respectively.
The Ramsey free induction decay with the Rabi period of 222 ns
gives T, =(60.4+4.5) ns [Fig. 1(d)]. We attribute the fast
dephasing time to the high concentration of implanted NVs
(75 £ 25 x 10° NV/cm?) and dipole interaction among the centers
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themselves”’ and the strain effect due to the proximity of NVs to
the surface.”’ Ramsey measurements on NVcenters distant from the
waveguide resulted in comparable coherence times, indicating that
the waveguide-induced strain does not have a significant contri-
bution to the coherence time, in agreement with Ref. 22. Another
decoherence mechanism is the inhomogeneity of the MW field,
which can be improved by using an omega microwave structure.”

Next, we investigate the waveguide sensing properties by cou-
pling the excitation and detection of NV fluorescence into the
waveguides and performing CW-ODMR. The primary differences
between confocal and waveguide-assisted sensing lie in the mode
volume, the number of NV centers, and the excitation power.
Waveguide-assisted ODMR excites NV centers within a 1/e* Gaus-
sian mode area of 456 um?, resulting in a number of NV centers
contributing to the ODMR signal that is about three orders of mag-
nitude larger than those in the confocal configuration, which has an
excitation area of 0.366 um”. Consequently, higher excitation power
is required in waveguide-assisted sensing to excite the larger mode
area compared to confocal microscopy efficiently.

Figure 2(a) presents a microscope image of an array of stud-
ied waveguides on the (110) side facet of the diamond, where the
NV centers are implanted. A 532 nm laser is coupled from the
opposite side facet of the diamond using a low NA (0.25 NA, 10x)
objective to excite the waveguide mode. Light travels through the
waveguide to reach the facet with the implanted NV centers. The
fluorescence signal then travels back through the waveguide and is
collected using the same objective as for the excitation. Figure 2(b)

waveguide. This behavior reflects two distinct effects. First, the guid-
ance of the laser depends on the alignment of its polarization with
the fixed polarization of the waveguide. When the excitation laser’s
polarization is parallel to the waveguide’s polarization, we observe a
transmission efficiency of 12-13%, along with a clear Gaussian mode
profile. Conversely, when the laser polarization is perpendicular to
the waveguide’s polarization, the transmitted power drops to 2-3%,
and the Gaussian mode profile disappears. As a result, NV centers
are excited with significantly reduced power in this perpendicular
configuration, leading to a weaker photoluminescence (PL) signal.
Second, the fixed polarization of the waveguide not only defines the
polarization of the light field with respect to the NV centers’ dipole
orientations but also affects the guidance of the NV dipole emission
through the waveguide. Due to the varying crystallographic orienta-
tions of the NV centers, different dipoles exhibit different coupling
efficiencies to the waveguide. This inherent property of the ensem-
ble, combined with the fixed waveguide polarization, prevents the
light field polarization from being optimized for all four NV dipole
orientations simultaneously. Upon confirming proper excitation via
the waveguides, we perform CW-ODMR on various waveguides,
with one example shown in Fig. 2(d). The sensitivity values for
the set of waveguides marked in Fig. 2(a) are presented in Table I,

ranging from 79 to 370 nT/v/Hz. The average sensitivity across all

TABLE 1. B-field sensitivity in (nT/+/Hz) for the marked waveguide (WG) set in

displays the Gaussian mode of one of the studied waveguides, which ~ Fig. 2.
hasa1/e’ f4 % i h itati :
Tas al/e” area of 456 pm’ correspondlgg to the NV excitation area Row WGl WG2 WG3 WG4 WG5
o ensure proper excitation and detection through the waveguide,
we rotate a half-wave plate (HWP) in the excitation path and exam- I 338+17 370 +20 130+ 5 141+ 5 145+ 5
ine the NV’s fluorescence spectrum [see Fig. 2(c)]. It can be seen that I 278 +20 208+ 15 260+ 12 180+ 9 213 + 11
when the laser polarization is perpendicular to the y—axis (parallel 101 79 + 4 90 + 4 129 + 8 182+10 179 +8
to waveguide sidewalls), the signal is minimally guided through the
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FIG. 2. Characterization of the laser written waveguide arrays and their sensing performance. (a) A schematic of the waveguide-assisted sensor array with shallow-implanted
NV centers is presented. The optical excitation and fluorescence detection is mediated via the laser written waveguides and addressed using a low-numerical-aperture
(low-NA) objective. (b) Microscope image of a 2D waveguide array looking at the surface where the NV centers are implanted. For the waveguide set marked with an orange
box, the dc-sensitivity values derived from Eq. (1) are shown in Table | in the main text. (c) Confocal image of a single waveguide with a laser coupled to the waveguide mode
depicting a Gaussian mode with 1/e? area of 456 um?. The y—axis is along the polarization axis of the waveguide. (d) The NV PL spectrum through excitation and detection
via a waveguide with light's polarization parallel (blue) and perpendicular (orange) to the polarization axis of the waveguide mode. (e) Waveguide-assisted CW-ODMR from

one of the studied waveguides.

APL Photon. 10, 021301 (2025); doi: 10.1063/5.0231203
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FIG. 3. Magnetic field vector on one studied waveguide by applying a DC current. (a) Confocal image of one of the studied waveguides in top view. The strip line area is the
copper wire [as in Fig. 2(a)] for applying the MW field and the DC current. The x—axis is in the direction of the current flow. (b) A side-view magnetic field vector simulation
[using Eq. (2)] from a DC carried by a 20 um diameter wire. The y and z—axis shows the distance from the center of the wire carrying current along the x—axis. The red area
with a dashed line is where the waveguide mode is and z = —10 um is the (110) surface of the diamond with the shallow implanted NVs a few nanometers below the surface.
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FIG. 4. B-field vector reconstruction of the DC current using three different NV crystallographic orientations. (a) ODMR with an external magnetic field with different magnetic
field projections on three NV orientations for four currents from 0 to 180 mA. Here, the HWP in the excitation path is along the y-axis as shown in panel (d). (b) The resonance
frequency shift of the three NVs with applied current for ms = 0 to ms = —1 transition. The data points are indicated by the blue circles for NV4, yellow squares for NV, and
purple triangles for NV3, and the slope («) of their linear fits in solid lines give the frequency shift per 1 mA current. (c) Polar plot of 3 NVs electric dipoles derived using
a HWP in the excitation path within the confocal setup and measuring the contrast of the ODMR signal; Ojignieis = 0° + 5° is parallel to the waveguide mode polarization
axis. (d) Using the polar plot in panel (c), we show the schematic view of NV-axis orientations viewed along the z—axis to (110) surface. The y—axis is along the waveguide
polarization axis in the lab frame. The projection of Byas on (110) plane is indicated with a dashed arrow, with the azimuthal angle ¢, = 33 + 3° and ¢, = 77 + 3° derived
from Eq. (5). (e) Polar cones around three NV axes at | = 0 mA showing possible orientations of the B-field vector from the bias field. The x-y plane is the (110) surface,
where two of the NV orientations (labeled as NV, 3) lie on it, and two other NV axes are +£54.73° out of the x-y plane. The intersection of the three cones gives the B-field
vector orientation. The zoom-in area shows the triangle area of the crossed cones with the B-field vectors of Byjas and Bpias-tcurrent-
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the waveguides is (195 + 3) nT/v/Hz, with a standard deviation of
85 nT/v/Hz. This variation is attributed to differences in waveguide
losses and the varying coupling efficiency of the NV dipoles to the
waveguide mode.

B. DC current vector sensing

To benchmark the sensitivity performance of the waveguide
array, a DC current is sent through a copper wire to the sample.
Figure 3(a) shows one of the studied waveguides in the confocal scan
on the output of the waveguide where the NV centers are implanted
near the copper wire. According to the Biot-Savart law, the magnetic
field generated by a constant electric current I is

a_yoffX?'
B="— dl, 2
4 r @

with vacuum magnetic permeability of y, = 47 x 1077 T/A.

The center of the waveguide mode is at a distance (r) of
27 £ 5.5 ym from the center of the wire. The large uncertainty is
due to the waveguide mode area. Assuming a current of I = 1 mA,
the magnetic field from Eq. (2) gives a value of ~7.43 +2.3 uT.
In Fig. 3(b), we map the magnetic field vector near the wire to
determine the expected value using Eq. (2).

To investigate the DC current value and determine the vector
field from the current, we measure CW-ODMR with an external bias
magnetic field using a permanent magnet such that its projection on
each NV orientation varies. This variation allows us to differentiate
the contributions from the distinct NV crystallographic orientations
and provides a mapping of the vector magnetic field generated by

J

A=

7D +2(v1 +v2)(2(v] +v3) — 5viva — 9E) = 3D(¥; + 5 — viva + 9E7)

the DC current. Figure 4(a) shows the waveguide-assisted ODMR
spectra for four different currents, each displaying six distinct reso-
nance dips. These dips correspond to the three different orientations
of nitrogen-vacancy (NV) centers, labeled as NV 5 3. While four NV
families are theoretically expected, the absence of a pronounced dip
for the fourth family is likely attributed to a combination of poor
coupling to the RF signal and inhomogeneous broadening induced
by local strain effects. These strain effects, caused by the waveguides,
vary with NV orientation and can lead to broadening of the ODMR
signal. Further details on the strain effects in waveguides can be
found in Ref. 24.

To estimate the B-field projection per 1 mA on each NV
axis, the resonance shift value of m; = —1 state for NV;,3 are
depicted in Fig. 4(b). From the linear fits, the slope values a1
are extracted, yielding (-68 + 5.4) kHz/mA, (66 +9.5) kHz/mA,
and (74 + 6.4) kHz/mA, respectively. Using the formula év = yB,
with B; the projection of the B-field on NV axis, these slopes corre-
spond to magnetic field values of (2.43 + 0.19) yT/mA, (2.36 + 0.34)
uT/mA, and (2.64 + 0.23) yT/mA.

Now, to fully characterize the B-field magnitude and orienta-
tion, we employ the following formula from Ref. 25:

1
(gusB)’ = g(V% +V) - viva - DZ) - E, (3)

with D = 2.872 GHz and E = 8.15 MHz derived from the ODMR sig-
nal at zero B-field. To reconstruct the full B-field vector, we must
also determine its orientation, including the polar angle (6) and the
azimuthal angle (¢). The polar angle 6 is given by”’

9(1/% + v% -V — DZ) - 3F?

with A » D cos(20).

Tables 1T and III show the B-field magnitude and its polar
angles at I =0 and 30 mA, respectively, with |B|cos 8 being the
projection of the B-field on each NV-axis. From the difference of
B(I=30) - B(I1=0), the B-field generated by the DC current of
30 mA can be determined as (0.21 + 0.16) mT. This value closely
aligns with the simulated B-field value of (0.22 + 0.07) mT, as
illustrated in Fig. 3, validating the experimental results.

Next, we calculate the azimuthal angle (¢) by knowing the
orientation of each NV-axis with respect to the (110) facet. Two

TABLE Il. B-field magnitude and polar angle at | = 0 mA.

B (mT) 0° |B|cos® (mT)
NV, 10.15 + 0.09 254 + 1.1 9.18 £ 0.12
NV, 9.75+0.11 74.36 +£ 0.27 2.62 + 0.05
NV; 9.95 +0.12 85.61 +£ 0.26 0.726 + 0.046

APL Photon. 10, 021301 (2025); doi: 10.1063/5.0231203
© Author(s) 2025

, 4)

possible NV orientations are parallel to the (110) plane, and the
other two are tilted +£54.73° out of the plane.

To identify which resonance dips in Fig. 4(a) correspond to
the in-plane NV axis, we perform ODMR in a confocal setup with
a half-wave plate (HWP) in the excitation path and calculate the
contrast of each resonance dip while rotating the polarization of
the excitation light field.”® Figure 4(c) shows the polar plot of three
NV orientations labeled as NV, 3.

The polar plots for NV, and NV3 indicate a single electric
dipole pattern, while NV, displays a pattern consistent with two
electric dipoles. Each NV center has a pair of orthogonal dipoles that
are perpendicular to the spin axis (NV-axis). Considering the (110)
crystal facet and the two in-plane NV orientations, each in-plane
NV has a pair of dipoles, with one dipole from each pair not coupling
to the (110) plane. Therefore, based on the dipole patterns observed
in Fig. 4(c), NV, and NV3 are identified as the in-plane NV axes.
Conversely, the NV pattern suggests that it corresponds to one of
the out-of-plane NV orientations. The NV, orientation is explained
later in the text.

10, 021301-5
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TABLE lIl. B-field magnitude and polar angle at | = 30 mA.

B (mT) 6° |B|cos® (mT)
NV, 10.18 £ 0.1 246+ 1.2 9.24 +0.13
NV, 10.03 £ 0.11 75.69 + 0.32 2.48 + 0.06
NV; 10.26 £ 0.13 86.15 + 0.26 0.677 + 0.047
Using the B-field projections from Tables II and III, we can

calculate the azimuthal angle ¢ using the following equation:

cos(¢1) B cosb,

cos (¢2) ~ BcosB;’

(5)

with ¢, =109.47° — ¢, and 6,3 are the polar angles of NVy3,
respectively.

We derive the following azimuthal angles: ¢, = 33 +3° and
¢, =77+3°

Another significant advantage of determining the relative
dipole orientations by rotating the HWP is understanding the elec-
tric dipoles’ orientation relative to the waveguide mode’s polariza-
tion axis. As discussed in Figs. 2(b) and 2(c), the waveguides guide
light with a polarization parallel to the waveguide sidewalls (y—axis).
We used the same HWP orientation angle in the confocal setup for
the polar pattern measurements as we did for the waveguide-assisted
ODMR in Fig. 2(e). In Fig. 4(c), the polarization axis of the light field
corresponds to 0 + 5°, which is parallel to the y—axis in Fig. 4(d).
This approach allows us to map the B-field comprehensively in the
lab frame with respect to the waveguide mode polarization axis.

In Fig. 4(e), we plot the polar cones around the three
NV axes to visualize the B-field vector. These cones represent
the possible orientations of the B-field based on the polar angles
0 from Table II. The intersection of these three cones determines the
B-field orientation in NV crystal frame. Geometrically, the cones do
not intersect if 6; + 6; < 109.47°. Thus, if 6; > 54.735°, we perform
a point mirroring with respect to the origin and define a new angle
as 0/ = 180° — 6,.” In Fig. 4(e), the polar cones for NV, 3 are point
mirrored relative to the origin.

To determine whether NV is oriented at 54.73° outward from
the (110) surface or inward toward the (110) surface, we refer
to the simulation in Fig. 3. Given that the B-field from the cur-
rent is directed inward toward the (110) surface, we conclude that
NV, is oriented inward toward the (110) facet. Consequently, the
intersection of the three cones will be inward toward the (110) sur-
face. Ideally, the intersection of the three cones would form a single
point, indicating the precise location of the B-field vector. However,
due to experimental uncertainties such as power broadening of the
ODMR resonance dips, lattice strain, and temperature fluctuation
during the measurement process, the cones intersect to form a tri-
angle.” We use the center of this triangle to determine and plot the
B-field vector.

I1l. EXPERIMENTAL SETUP

The femtosecond laser employed for waveguide writing in dia-
mond is a Yb: KGW fiber laser (BlueCut, Menlo systems) with a
300-fs pulse duration and a 515 nm wavelength (frequency-doubled
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using an LBO crystal). The laser is focused using a 1.25-NA oil
immersion lens (RMS100x —O x100 Olympus Plan Achromat Oil
Immersion Objective, 100x oil immersion, Olympus). Polished syn-
thetic single-crystal diamond samples (2 x 2 x 0.5 mm?®, type Ila,
electronic grade with nitrogen impurities <5 ppb, Element 6) are
utilized. The sample is mounted on a computer-controlled, three-
axis motion stage (ANT130 series, Aerotech) to translate the sample
relative to the laser, forming the desired photonic structures. The
polarization of the incident laser is oriented perpendicular to the
scan direction. The NV centers fabricated by shallow implanta-
tion of [15N+] into (110) facets. Using a homebuilt low-energy ion
implanter equipped with a Wien mass filter as well as an Einzel lens
for beam focusing, nitrogen ions of energy 2.5 or 5 keV implanted
at doses of 2,4,5 x 102 PN* /sz_ For implantation energies of
2.5 and 5 keV, the NV creation yields is about 1.5+ 0.5% and
3.5+ 1.0%, respectively, resulting in NV densities of (75 +25)
x 10° and (140 + 40) x 10° NV /cm?. Subsequently, the substrate is
annealed in ultra-high vacuum (UHV) for 3 h at 1000 °C. More info
on the implantation procedure can be found in Ref. 29.

The CW-ODMR is measured using a microwave source (Rohde
& Schwarz SMIQ 03), connected to an amplifier (mini-circuits
ZHL-42+), and a final output power of 28 dBm. The DC current is
created by a source measure unit (SMU) and connected to a BiasTee
(mini-circuits ZX85-12G-S+) to be combined with the microwave
field and carried out to the sample with a copper wire of 20 ym dia-
meter. A CW green laser at 532 nm wavelength was used for optical

pumping.

IV. SUMMARY

In this study, we explore integrating shallow-implanted
NV centers in diamond with laser-written waveguides, aiming
to enhance the performance and scalability of quantum sensing
devices. Our approach leverages the control over light propagation
paths provided by femtosecond laser-written waveguides to facil-
itate excitation and fluorescence detection from an ensemble of
NV centers located 8-12 nm below the diamond surface, enable
sensing of bio-samples positioned in close proximity to the dia-
mond within an area of about 456 ym®. We first characterized
the NV centers using a home-built confocal microscope, evaluat-
ing their magnetic field sensitivity and coherence properties through
CW-ODMR and pulsed measurements. We further investigated the
performance of waveguide-assisted ODMR. Exciting NV centers
through the waveguides resulted in larger mode volumes and higher
excitation power requirements, resulting in sensitivity values rang-
ing from 79 to 370 nT/\/Hz, depending on waveguide losses and
NV coupling efficiency. However, sensitivities in the picotesla to the
femtotesla range have been demonstrated in bulk diamonds using
techniques such as confocal microscopy and widefield imaging.”””’
These results highlight potential pathways for further advance-
ments in NV-center creation and ODMR detection strategies. For
instance, lock-in detection or pulsed-microwave sequences could
significantly enhance sensitivity in future implementations.”> We
applied an external DC current to validate the sensing capabili-
ties and observed the resonance shift in the ODMR spectrum. The
magnetic field generated by the current was mapped using three
different NV crystallographic orientations, allowing for a compre-
hensive reconstruction of the B-field vector in both the crystal and
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lab frames. This mapping utilized the distinct polarization axes of the
waveguides and NV centers, enabling precise B-field vector determi-
nation. The demonstrated DC magnetic field detection and vector
reconstruction serve as a proof of principle for future applications,
such as mapping complex magnetic fields such as those generated by
neuronal action potentials.*

Our findings demonstrate the potential of integrating shallow-
implanted NV centers with laser-written waveguides for advanced
quantum sensing applications. In particular, we focused on recon-
structing the magnetic field vector using a single waveguide sensing
task. This reconstruction is performed with respect to the wave-
guide sidewall aligned with the polarization axis of the waveguides,
which is distinct from the intrinsic NV orientations, a property that
can be accessed visually from the sample. This approach paves the
way for developing scalable, efficient, and easy-to-use quantum sens-
ing devices. This work underlines the promising synergy between
NV center technology and femtosecond laser fabrication, contribut-
ing to the ongoing advancement in quantum information processing
and sensing technologies.

ACKNOWLEDGMENTS

S.S., G.C, RR,, AJ.B, J.P.H, SM.E, and A.K. acknowledge
the support from the Marie Curie ITN project LaslonDef (Grant
No. 956387). S.M.E. is thankful for the support from the projects
QuantDia (Grant No. FISR2019-05178) and PNRR PE0000023
NQSTTI funded by MUR (Ministero dell'Universita e della Ricerca).
A.J.B. and J.P.H. acknowledge the financial support provided by
EPSRC via Grant Nos. EP/T017813/1 and EP/X03982X/1. Most
measurements were performed on the basis of the Qudi software
suite.**

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Sajedeh Shahbazi: Conceptualization (equal); Data curation (equal);
Investigation (equal); Methodology (equal); Visualization (equal);
Writing - original draft (equal); Writing - review & editing
(equal). Giulio Coccia: Methodology (equal); Writing — review &
editing (equal). Argyro N. Giakoumaki: Methodology (equal).
Johannes Lang: Methodology (equal). Vibhav Bharadwaj: Method-
ology (equal). Fedor Jelezko: Writing - review & editing (equal).
Roberta Ramponi: Funding acquisition (equal); Writing - review &
editing (equal). Anthony J. Bennett: Funding acquisition (equal);
Writing - review & editing (equal). John P. Hadden: Funding
acquisition (equal); Writing — review & editing (equal). Shane M.
Eaton: Funding acquisition (equal); Supervision (equal); Writing —
review & editing (equal). Alexander Kubanek: Conceptualization
(equal); Funding acquisition (equal); Supervision (equal); Writing —
review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

APL Photon. 10, 021301 (2025); doi: 10.1063/5.0231203
© Author(s) 2025

REFERENCES

'C. L. Degen, “Scanning magnetic field microscope with a diamond single-spin
sensor,” Appl. Phys. Lett. 92, 243111 (2008).

23, Steinert, F. Dolde, P. Neumann, A. Aird, B. Naydenov, G. Balasubramanian, F.
Jelezko, and J. Wrachtrup, “High sensitivity magnetic imaging using an array of
spins in diamond,” Rev. Sci. Instrum. 81, 043705 (2010).

3H. C. Davis, P. Ramesh, A. Bhatnagar, A. Lee-Gosselin, J. F. Barry, D. R. Glenn,
R. L. Walsworth, and M. G. Shapiro, “Mapping the microscale origins of mag-
netic resonance image contrast with subcellular diamond magnetometry,” Nat.
Commun. 9, 131 (2018).

“M. W. Doherty, N. B. Manson, P. Delaney, F. Jelezko, J. Wrachtrup, and L. C.
L. Hollenberg, “The nitrogen-vacancy colour centre in diamond,” Phys. Rep. 528,
1-45 (2013).

5S. Hong, M. S. Grinolds, L. M. Pham, D. Le Sage, L. Luan, R. L. Walsworth, and
A. Yacoby, “Nanoscale magnetometry with NV centers in diamond,” MRS Bull.
38, 155-161 (2013).

6R. Schirhagl, K. Chang, M. Loretz, and C. L. Degen, “Nitrogen-vacancy centers
in diamond: Nanoscale sensors for physics and biology,” Annu. Rev. Phys. Chem.
65, 83-105 (2014).

7B. K. Ofori-Okai, S. Pezzagna, K. Chang, M. Loretz, R. Schirhagl, Y. Tao, B. A.
Moores, K. Groot-Berning, J. Meijer, and C. L. Degen, “Spin properties of very
shallow nitrogen vacancy defects in diamond,” Phys. Rev. B 86, 081406 (2012).
8K. Ohashi, T. Rosskopf, H. Watanabe, M. Loretz, Y. Tao, R. Hauert, S. Tomizawa,
T. Ishikawa, J. Ishi-Hayase, S. Shikata, C. L. Degen, and K. M. Itoh, “Negatively
charged nitrogen-vacancy centers in a 5 nm thin '*C diamond film,” Nano Lett.
13, 4733-4738 (2013).

°F. Janitz, K. Herb, L. A. Volker, W. S. Huxter, C. L. Degen, and J. M. Abendroth,
“Diamond surface engineering for molecular sensing with nitrogen—Vacancy
centers,” |. Mater. Chem. C 10, 13533-13569 (2022).

19B, J. Maertz, A. P. Wijnheijmer, G. D. Fuchs, M. E. Nowakowski, and D. D.
Awschalom, “Vector magnetic field microscopy using nitrogen vacancy centers in
diamond,” Appl. Phys. Lett. 96, 092504 (2010).

"A. W. Elshaari, W. Pernice, K. Srinivasan, O. Benson, and V. Zwiller, “Hybrid
integrated quantum photonic circuits,” Nat. Photonics 14, 285-298 (2020).

128 Johnson, P. R. Dolan, and J. M. Smith, “Diamond photonics for distributed
quantum networks,” Prog. Quantum Electron. 55, 129-165 (2017).

By, Bharadwaj, O. Jedrkiewicz, J. P. Hadden, B. Sotillo, M. R. Vazquez, P. Den-
tella, T. T. Fernandez, A. Chiappini, A. N. Giakoumaki, T. Le Phu, M. Bollani,
M. Ferrari, R. Ramponi, P. E. Barclay, and S. M. Eaton, “Femtosecond laser writ-
ten photonic and microfluidic circuits in diamond,” J. Phys.: Photonics 1, 022001
(2019).

14B. Sotillo, V. Bharadwaj, J. P. Hadden, M. Sakakura, A. Chiappini, T. T. Fer-
nandez, S. Longhi, O. Jedrkiewicz, Y. Shimotsuma, L. Criante, R. Osellame, G.
Galzerano, M. Ferrari, K. Miura, R. Ramponi, P. E. Barclay, and S. M. Eaton,
“Diamond photonics platform enabled by femtosecond laser writing,” Sci. Rep.
6, 35566 (2016).

15S. M. Eaton, J. P. Hadden, V. Bharadwaj, J. Forneris, F. Picollo, F. Bosia, B.
Sotillo, A. N. Giakoumaki, O. Jedrkiewicz, A. Chiappini, M. Ferrari, R. Osellame,
P. E. Barclay, P. Olivero, and R. Ramponi, “Quantum micro-nano devices fab-
ricated in diamond by femtosecond laser and ion irradiation,” Adv. Quantum
Technol. 2, 1900006 (2019).

'®M. Hoese, M. K. Koch, V. Bharadwaj, J. Lang, J. P. Hadden, R. Yoshizaki, A. N.
Giakoumaki, R. Ramponi, F. Jelezko, S. M. Eaton, and A. Kubanek, “Integrated
magnetometry platform with stackable waveguide-assisted detection channels for
sensing arrays,” Phys. Rev. Appl. 15, 054059 (2021).

'7S, Pezzagna, B. Naydenov, F. Jelezko, J. Wrachtrup, and J. Meijer, “Creation
efficiency of nitrogen-vacancy centres in diamond,” New J. Phys. 12, 065017
(2010).

18, Sotillo, A. Chiappini, V. Bharadwaj, J. P. Hadden, F. Bosia, P. Olivero, M.
Ferrari, R. Ramponi, P. E. Barclay, and S. M. Eaton, “Polarized micro-Raman stud-
ies of femtosecond laser written stress-induced optical waveguides in diamond,”
Appl. Phys. Lett. 112, 031109 (2018).

"9A. Dréau, M. Lesik, L. Rondin, P. Spinicelli, O. Arcizet, J.-F. Roch, and V.
Jacques, “Avoiding power broadening in optically detected magnetic resonance

10, 021301-7

00:82:60 G20z Ateniged gz


https://pubs.aip.org/aip/app
https://doi.org/10.1063/1.2943282
https://doi.org/10.1063/1.3385689
https://doi.org/10.1038/s41467-017-02471-7
https://doi.org/10.1038/s41467-017-02471-7
https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1557/mrs.2013.23
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1103/physrevb.86.081406
https://doi.org/10.1021/nl402286v
https://doi.org/10.1039/d2tc01258h
https://doi.org/10.1063/1.3337096
https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.1016/j.pquantelec.2017.05.003
https://doi.org/10.1088/2515-7647/ab0c4e
https://doi.org/10.1038/srep35566
https://doi.org/10.1002/qute.201900006
https://doi.org/10.1002/qute.201900006
https://doi.org/10.1103/physrevapplied.15.054059
https://doi.org/10.1088/1367-2630/12/6/065017
https://doi.org/10.1063/1.5017108

of single NV defects for enhanced dc magnetic field sensitivity,” Phys. Rev. B 84,
195204 (2011).

20F Bauch, S. Singh, J. Lee, C. A. Hart, J. M. Schloss, M. J. Turner, J. F. Barry,
L. M. Pham, N. Bar-Gill, S. F. Yelin, and R. L. Walsworth, “Decoherence of
ensembles of nitrogen-vacancy centers in diamond,” Phys. Rev. B 102, 134210
(2020).

215, Chakravarthi, C. Pederson, Z. Kazi, A. Ivanov, and K.-M. C. Fu, “Impact of
surface and laser-induced noise on the spectral stability of implanted nitrogen-
vacancy centers in diamond,” Phys. Rev. B 104, 085425 (2021).

22Y. Guo, J. P. Hadden, F. Gorrini, G. Coccia, V. Bharadwaj, V. K. Kavatamane,
M. S. Alam, R. Ramponi, P. E. Barclay, A. Chiappini, M. Ferrari, A. Kubanek,
A. Bifone, S. M. Eaton, and A. J. Bennett, “Laser-written waveguide-integrated
coherent spins in diamond,” APL Photonics 9, 076103 (2024).

230. Rezinkin, M. Rezinkina, T. Kitamura, R. Paul, and F. Jelezko, “Uniform
microwave field formation for control of ensembles of negatively charged nitrogen
vacancy in diamond,” Rev. Sci. Instrum. 95, 104706 (2024).

Z%M. S. Alam, “Determining strain components in a diamond waveguide
from zero-field optically detected magnetic resonance spectra of negatively
charged nitrogen-vacancy-center ensembles,” Phys. Rev. Appl. 22, 024055
(2024).

25G. Balasubramanian, I Y. Chan, R. Kolesov, M. Al-Hmoud, J. Tisler, C.
Shin, C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger, T. Hanke, A. Leitenstor-
fer, R. Bratschitsch, F. Jelezko, and J. Wrachtrup, “Nanoscale imaging magne-
tometry with diamond spins under ambient conditions,” Nature 455, 648-651
(2008).

26T, p. M. Alegre, C. Santori, G. Medeiros-Ribeiro, and R. G. Beausoleil,
“Polarization-selective excitation of nitrogen vacancy centers in diamond,” Phys.
Rev. B 76, 165205 (2007).

APL Photon. 10, 021301 (2025); doi: 10.1063/5.0231203
© Author(s) 2025

27T, Weggler, C. Ganslmayer, F. Frank, T. Eilert, F. Jelezko, and J. Michaelis,
“Determination of the three-dimensional magnetic field vector orientation with
nitrogen vacany centers in diamond,” Nano Lett. 20, 2980-2985 (2020).

28B. Chen, X. Hou, F. Ge, X. Zhang, Y. Ji, H. Li, P. Qian, Y. Wang, N. Xu, and
J. Du, “Calibration-free vector magnetometry using nitrogen-vacancy center in
diamond integrated with optical vortex beam,” Nano Lett. 20, 8267-8272 (2020).
295, Lang, S. Hdufiler, J. Fuhrmann, R. Waltrich, S. Laddha, J. Scharpf, A. Kubanek,
B. Naydenov, and F. Jelezko, “Long optical coherence times of shallow-implanted,
negatively charged silicon vacancy centers in diamond,” Appl. Phys. Lett. 116,
064001 (2020).

0], F. Barry, M. H. Steinecker, S. T. Alsid, J. Majumder, L. M. Pham, M.
F. OKeeffe, and D. A. Braje, “Sensitive AC and DC magnetometry with
nitrogen-vacancy-center ensembles in diamond,” Phys. Rev. Appl. 22, 044069
(2024).

51T, Wolf, P. Neumann, K. Nakamura, H. Sumiya, T. Ohshima, J. Isoya, and
J. Wrachtrup, “Subpicotesla diamond magnetometry,” Phys. Rev. X 5, 041001
(2015).

32]. F. Barry, J. M. Schloss, E. Bauch, M. J. Turner, C. A. Hart, L. M. Pham, and
R. L. Walsworth, “Sensitivity optimization for NV-diamond magnetometry,” Rev.
Mod. Phys. 92, 015004 (2020).

33]. F. Barry, M. J. Turner, J. M. Schloss, D. R. Glenn, Y. Song, M. D. Lukin, H.
Park, and R. L. Walsworth, “Optical magnetic detection of single-neuron action
potentials using quantum defects in diamond,” Proc. Natl. Acad. Sci. U. S. A. 113,
14133-14138 (2016).

3[']. M. Binder, A. Stark, N. Tomek, J. Scheuer, F. Frank, K. D. Jahnke, C. Miiller,
S. Schmitt, M. H. Metsch, T. Unden, T. Gehring, A. Huck, U. L. Andersen, L. J.
Rogers, and F. Jelezko, “Qudi: A modular python suite for experiment control and
data processing,” SoftwareX 6, 85-90 (2017).

10, 021301-8

00:82:60 G20z Ateniged gz


https://pubs.aip.org/aip/app
https://doi.org/10.1103/physrevb.84.195204
https://doi.org/10.1103/physrevb.102.134210
https://doi.org/10.1103/physrevb.104.085425
https://doi.org/10.1063/5.0209294
https://doi.org/10.1063/5.0203162
https://doi.org/10.1103/PhysRevApplied.22.024055
https://doi.org/10.1038/nature07278
https://doi.org/10.1103/physrevb.76.165205
https://doi.org/10.1103/physrevb.76.165205
https://doi.org/10.1021/acs.nanolett.9b04725
https://doi.org/10.1021/acs.nanolett.0c03377
https://doi.org/10.1063/1.5143014
https://doi.org/10.1103/physrevapplied.22.044069
https://doi.org/10.1103/physrevx.5.041001
https://doi.org/10.1103/revmodphys.92.015004
https://doi.org/10.1103/revmodphys.92.015004
https://doi.org/10.1073/pnas.1601513113
https://doi.org/10.1016/j.softx.2017.02.001

