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Abstract

Fiber-coupled sensors are well suited for sensing and microscopy in hard-to-reach environments
such as biological or cryogenic systems. We demonstrate fiber-based magnetic imaging based on
nitrogen-vacancy (NV) sensor spins at the tip of a fiber-coupled diamond nanobeam. We
incorporated angled ion implantation into the nanobeam fabrication process to realize a small
ensemble of NV spins at the nanobeam tip. By gluing the nanobeam to a tapered fiber, we created a
robust and transportable probe with optimized optical coupling efficiency. We demonstrate the
imaging capability of the fiber-coupled nanobeam by measuring the magnetic field generated by a
current-carrying wire. With its robust coupling and efficient readout at the fiber-coupled interface,
our probe could allow new studies of (quantum) materials and biological samples.

1. Introduction

Visualizing magnetic phenomena with high spatial resolution has proven to be a powerful tool in both
fundamental physics and applied sciences. Magnetometry with nitrogen-vacancy (NV) centers in diamond
stands out for its nanoscale imaging capability [1-3], operability from cryogenic to above room temperature,
and its large range of application areas [4-8]. Advances in NV magnetometry in the past decade have led to
breakthroughs especially in revealing the nanoscale physics of condensed matter systems [4, 9—12]. However,
the free-space optics generally used for optical interrogation of the NV spins are challenging to realize in
cryogenic, intra-cellular, or other hard-to-reach environments. As such, realizing robust all-fiber-based NV
probes with efficient optical readout could enable new measurements in low-temperature (quantum) or
biological systems.

Achieving high spatial resolution and sensitivity in scanning-probe imaging requires the sensor to be in
close proximity to the target sample, to have a small size, and to provide efficient addressing and readout.
Fiber-coupled NV probes based on diamond microcrystals placed onto the end of cut fibers have enabled
micron-scale magnetic imaging [13—15]. However, reaching higher spatial resolution requires confining the
NV sensor spins to a nanoscopic volume located at the tip of a scanning-probe assembly.

Here, we realize a fiber-coupled diamond nanobeam sensor with an ensemble (~1000) of NV spins
deterministically implanted into the nanobeam tip. By attaching the beam to a tapered optical fiber using
ultraviolet-curing optical glue [16], we realize a robust and transportable nanobeam-fiber assembly with
optimized optical coupling efficiency. We demonstrate through-fiber microscopy by monitoring the
photoluminescence at probe-sample contact, enabled by the robust nature of the assembly. The
through-fiber detected photoluminescence enables navigation over the sample surface, control over the
fiber-sample distance, and scanning-probe magnetometry without free-space optics. We demonstrate the
magnetic imaging capabilities of the probe by measuring the magnetic field generated by an omega-shaped
current-carrying wire on a chip.

© 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Fabrication of diamond nanobeams with deterministically implanted NV centers at the nanobeam tip. (a) Fabrication
flow: (i) deposition and patterning of a SiNx hard mask (dark grey) on a single-crystal diamond substrate (white); (ii) anisotropic
diamond etch to transfer the mask to the diamond and create the nanobeam sidewalls; (iii) nitrogen ion implantation at 80
degrees with respect to the surface normal, parallel to the beam direction and into the end facet, as illustrated in (b). The sidewalls
facing the implantation are marked in red; (iv) sidewall protection with Al,O3 (light grey); (v) quasi-isotropic diamond etch to
undercut the nanobeams. (vi) Removal of all mask materials with hydrofluoric acid. (b) Side-view schematic of the angled
implantation. (c) SEM image of the undercut diamond nanobeam (false-colored in purple) after fabrication. The nanobeams are
aligned along the (110) orientation of the diamond lattice. The inset shows a zoomed-in image of the nitrogen-implanted end
facet, false-colored in red. (d) Optical microscope image of a diamond nanobeam, with the red arrow indicating the implantation
orientation. (e) Photoluminescence map in the black dashed rectangle area in (d), measured by scanning a focused green laser
over the diamond substrate using a home-built scanning confocal microscope. The bright spot indicates NV centers concentrated
at the end of the nanobeam as expected.

2. Results and discussion

2.1. Fabrication and assembly of the fiber-coupled diamond nanobeam

We fabricate the diamond nanobeams using a combination of anisotropic and isotropic reactive ion etching
(Methods) developed in reference [17]. To realize diamond nanobeams with NV centers at their tips, here we
incorporate angled ion implantation into the fabrication flow (figure 1(a)). We start with an
electronic-grade, single-crystal diamond (Element-Six, nitrogen concentration < 5 ppb) and have '*N ions
implanted (INNOViION Corp., 50 keV, 1 x 1073 cm™2) after the anisotropic diamond etch that defines the
beam sidewalls (figure 1(a), (iii). To obtain NV centers at the nanobeam tips, we implant the ions at a grazing
angle of 10° (figure 1(b)) into the end facets while the top surface of the beam is shielded by the SiNy hard
mask. Given the 500 x 500 nm? surface area of the nanobeam end facet, we expect ~2.5 x 10* implanted
nitrogen ions at the nanobeam tip. SRIM simulations [ 18] predict an average implantation depth of 60 nm
underneath the nanobeam end facet.

To realize free-hanging NV-nanobeam sensors, we undercut the nanobeams via isotropic reactive ion
etching (figures 1(c) and (d)) [17, 19, 20], remove the mask materials via acid cleaning, and then vacuum
anneal at 800 °C to form NV centers (see Methods). We confirm the formation of an NV ensemble at the
nanobeam tip by imaging the nanobeam photoluminescence with a home-built scanning confocal
microscope. (figure 1(e)). A distinct bright spot indicates the desired presence of the NV sensor spins at the
end of the beam.

Attaching the nanobeam robustly to the fiber is crucial for realizing a sensor that is transportable to
different setups and that does not break upon probe-sample contact. Here we attach the nanobeam to the
fiber using a thin layer of optical glue (Norland Optical Adhesive 86 H) [16]. To do so, we mount the
diamond with the free-hanging nanobeams (figure 1(c)) onto a slip-stick positioner (Mechonics MX-35)
and bring a nanobeam into contact with a blunt glass tip (tip radius ~5um) attached to a holder (figure S1).
We drive the positioner such that the tip pushes the nanobeam sideways until it breaks off and sticks to the
tip (figure 2(a), (i). We then remove the diamond substrate, replace it with a silicon carrier chip, and
temporarily place the nanobeam on the chip edge (figure 2(a)), (ii).

To apply the glue, we replace the blunt tip with the tapered fiber and the nanobeam carrier chip with a
chip carrying a small droplet of glue. We dip the fiber into the droplet and then pull it out at a speed of about
1 ums~! (figure 2(a), (iii). This speed ensures that a thin layer of glue forms on the fiber without excessive
droplets, ready for attaching the nanobeam.
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Figure 2. Assembling the fiber-coupled nanobeam sensor with optimized photon collection efficiency. (a) Assembly workflow
using optical glue: (i) a blunt glass tip is used to break the nanobeams off the diamond substrate; (ii) the blunt tip places the
nanobeam at the edge of a silicon carrier; (iii) optical glue is applied to the tapered fiber by dipping the fiber tip into a glue
droplet on another carrier chip, and then retracting the fiber; (iv) the glue-covered tapered fiber is brought into contact with the
nanobeam on the edge, and the glue is cured with UV illumination after optimizing the coupling between the fiber and the
nanobeam; (v) the glued fiber-nanobeam is retracted from the carrier edge. (b) simplified schematics of the optical setup. Two
long-pass filters at 600 nm and 700 nm are placed in front of the photodiode to reduce background photoluminescence. (c)
Microscope image of the glued fiber-nanobeam assembly under ambient illumination (left, the fiber is false colored in blue) and
with through-fiber 532 nm laser excitation (right, with the red arrow indicating the end of the beam). Both images are taken with
a 650 nm long-pass filter in front of the camera to block the excitation laser.

We glue the fiber to the nanobeam in a way that aims to maximize the optical coupling efficiency: We
re-mount the nanobeam-carrier chip and bring the glue-covered fiber into contact with the nanobeam lying
on the chip edge (figure 2(a), (iv). At this stage, the large contact area between nanobeam and carrier causes
the beam to remain stuck to the carrier chip. This enables adjusting the relative position between fiber and
nanobeam while monitoring the NV photoluminescence that we excite and detect through the fiber
(figure 2(b)). When the detected photoluminescence is maximal, we fix the fiber position and illuminate the
fiber-nanobeam assembly with a UV lamp (Thorlabs CS2010) to cure the glue. After curing, the bonding
between the fiber and the nanobeam is sufficiently strong to overcome the adhesion to the carrier, such that
we can detach the glued assembly (figure 2(a)), (v). White-light and through-fiber-excited-
photoluminescence images show the resulting fiber-coupled nanobeam sensor with the NV centers
embedded at the tip (figure 2(c)).

2.2. Characterization of through-fiber NV photoluminescence readout

We characterize the electron spin resonance (ESR) spectrum of the fiber-coupled nanobeam sensor by
exciting and detecting the NV photoluminescence through the fiber (figure 2(b)). We drive the ESR by
applying a microwave current through a stripline on a chip positioned ~50 um below the nanobeam. We
find that adding a 700 nm long-pass filter in the detection path yields a 10.0(2)% ESR contrast (figure 3(a)),
which is 60% larger than when filtering with only a 600 nm long-pass filter (see SI). This indicates a strong
background photoluminescence in the 600 ~ 700 nm range.

To determine the origin of this background, we measure the photoluminescence intensity I as a function
of laser excitation power P under two filtering conditions: 600 + 700 nm long-pass filters for the first
measurement (figure 3(b)), and a single 600 nm long-pass filter for the second measurement (figure 3(c)).
We fit both datasets to the model

I(P)=1

— +kP+1. 1
SatP+Psat+ +1p ()

Here, the first term models the optical saturation of NV centers [21], characterized by a saturation power Py,
and an asymptotic intensity Iy, The second term accounts for background photoluminescence, produced by
e.g. the fiber or the glue, which we assume to be linear with laser power with proportionality constant k [20].
The final term I, represents the dark count rate of our detector.

For the 600 + 700 nm filtered measurement, the fit yields k = —0.01(7) x 10°s~'m W™, or k=0 if we
bound k to k > 0 (figure 3(b)). We conclude that the detected fiber or glue autoluminescence above 700 nm is
insignificant compared to the NV luminescence, indicating potential for reaching the single-spin regime. For
the 600 nm filtered measurement, the fit yields k = 0.016 4-0.015 x 10°s~'m w! (figure 3(c)). As such, the
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Figure 3. Characterizing the through-fiber NV photoluminescence readout. (a) Electron spin resonance (ESR) signal of the NV
centers in the nanobeam measured through the fiber, measured with 30 W of laser excitation (measured in free space in front of
the fiber coupler) at zero external magnetic field, under 600 nm + 700 nm long-pass filtering. A Lorentzian fit (red curve) yields a
contrast of 10.0(2)% and a 7.1(3) MHz zero-field full width half maximum. (b) Optical saturation of measured
photoluminescence, measured under 600 nm + 700 nm long-pass filtering. Additional neutral density filtering of ND1.5 is
applied before the APD, in order for the PL to stay within the measurement range of our APD. Measured data (grey cross) are
fitted with equation (1) (red curve). (c) Optical saturation measured under 600 nm long-pass filtering, and the fit using

equation (1) (orange curve). Additional neutral density filtering of ND3 is applied. The non-zero linear background extracted
from the fit is plotted as the purple dashed line.

ratio between the NV signal and the background is still Iy, /kPs,t 2 37 >> 1 for the low powers P < Py, used
in our measurements. Therefore, this small linear background PL cannot explain the observed difference in
ESR contrast between the two filtering regimes (figure 3(a) and SI). Combined with further analysis on the
measured ESR contrasts (SI), we conclude that the background photoluminescence originates predominantly
from neutral NV centers in the diamond nanobeam. Increasing the NV~ to NV? ratio, for instance by
diamond surface treatments [22], is therefore of primary importance for future improvements of our fiber
coupled sensors.

2.3. Demonstration and analysis of scanning magnetometry

We assess the magnetometry performance of our fiber-coupled nanobeam sensor by measuring the magnetic
field generated by a DC electric current in a microstrip on a chip (figure 4(a), Methods). We mount the chip
perpendicularly to the nanobeam and apply an external magnetic field By along one of the four possible
crystallographic orientations of the NV centers to isolate their ESR transition. To measure the field generated
by the DC current, we first position the beam at about 1 ym above an edge of the strip. While we expected
the ESR resonance to shift with respect to its value at By because of the microstrip field, we surprisingly
observed that the ESR dip splits (figure 4(c)). By measuring the NV ESR spectrum in a line scan across the
strip, we observe the evolution of this split peak in the changing strip field (figure 4(e)). A strongly shifting
dip and a weakly shifting dip are clearly visible.

The observed splitting of the ESR response indicates the presence of two sub-ensembles of NV centers in
our nanobeam that experience different magnetic fields. Assuming the strongly shifting dip corresponds to
the N'Vs at the nanobeam tip (as these NVs should experience the largest magnetic field from the wire), we
can fit the magnetic field extracted from this dip to the calculated wire field at a distance / above the sample.
We find an accurate match with the data for 4 = 1.8(2) um. From the same fit, we can extract the NV angle 6,
(figure 4(a)), as this angle leads to a spatial asymmetry of the signal. We find 6, = 43(3)°. The difference
from the 35° angle expected from the crystal orientation indicates a small tilt of the fiber-nanobeam with
respect to the normal of the sample surface. We conclude that, despite the presence of a weakly shifting ESR
resonance, we can accurately extract the surface magnetic field using the NV ensemble at the tip. Following
the formalism in reference [21], we extract from the Lorentzian fit of the dip in figure 4(c) left a sensitivity of
35(5) uTv/Hz.

We attribute the weakly shifting resonance to N'Vs that were spuriously implanted into an unprotected
beam sidewall because of a small misalignment during implantation (figure 4(b)). SRIM simulations of
50 keV nitrogen implantation at a = 1° misalignment angle with respect to the diamond surface yield an
average implantation depth of ~10 nm, sufficient to form a low-density, optically addressable NV layer along
the 40 pm-long beam sidewall. To check the validity of this assumption, we model the measured ESR spectra
I(f,x) by integrating the ESR response of NV centers that are partially located at the end facet and partially
distributed homogeneously along the beam sidewall:

h+L
1) BB+ 7 [ BB ). @

T 148
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Figure 4. Characterizing the NV distribution in the nanobeam by imaging the magnetic field of a current-carrying wire. (a) Side
view of the measurement scheme. The nanobeam is scanned above a 100 nm-thick, 10 #m wide gold strip on a silicon substrate.
Igc = 20 mA is applied through the gold strip along with the microwave signal used to drive ESR. An external magnetic field By =
7.31(6)mT is applied along one of the four crystallographic NV orientations, at 35° with respect to the beam axis ((110)) and
perpendicular to y axis. We use the lower ESR frequency of this NV orientation in subsequent magnetometry measurements. (b)
Ilustration of how a small misalignment o during nitrogen implantation can lead to NVs distributed along the beam sidewall. (c)
ESR spectrum measured at x = 0 pm(left, cyan circle in (a)) and x = 10 pm (right, cyan square in (a)). The data (light grey) is
fitted with a double Lorentzian (red) to extract the contribution from the end-facet (orange) and sidewall NVs (blue). (d) Top
view of the measurement scheme. (e) Left: Normalized ESR spectra measured across the strip (dotted arrow in (d)). Middle: ESR
frequencies extracted via a double Lorentzian fit as in (c). We fit the extracted end-facet ESR frequencies (orange curve) using a
model of the wire magnetic field (green). Free parameters are the offset and scaling in x, the lift height # and NV orientation 6,
with respect to z axis. The fit yields h = 1.8(2)um and 6, = 43(3)°. Right: Calculated ESR line shape across the strip based on
equation (2). The ESR frequencies at the end facet (white dashed curve, same as the green curve in the middle panel) are
superimposed on the plot for reference.

Here, I)(f, B) is the normalized PL intensity of a single NV center, B(x, z) is the magnetic field in the
nanobeam, & = 1.8 um denotes the tip-sample distance determined previously, and L = 40um is the length
of the nanobeam. We assume all NV centers have equal contrast and linewidth. We weigh the relative
contribution of the sidewall NVs by a factor 3, which parametrizes their different number and coupling
efficiency to the optical mode in the fiber. This model accurately reproduces the measured split-dip ESR
spectra (figure 4(e) right) for 5 =1.4.

2.4. 2D microscopy and magnetometry using a fiber-coupled diamond nanobeam

To demonstrate the 2D imaging capabilities of our fiber-coupled nanobeam, we characterize the magnetic
field generated by a direct current that is sent through an omega-shaped, 2 pm-wide gold strip (figure 5(a)).
As our setup does not have atomic force microscope feedback, it requires an alternative method for
maintaining a fixed tip-sample distance in the presence of thermal drifts and sample tilts. We do so by
bringing the tip in contact with the sample at each pixel and then retracting the tip by a fixed amount. To
detect tip-sample contact, we move the tip towards the sample until we observe a sharp increase in the
detected photoluminescence (SI). We find that this increase is highly sensitive to the local sample reflectivity,
enabling through-fiber imaging of the sample (figure 5(b)) and thus precluding the need for free-space
optics. Crucially, our sensor remains intact under the repetitive tip-sample contacts, highlighting the robust
nature of the glued nanobeam-fiber assembly.

With height control and navigation in place, we image the magnetic field of the strip by measuring the
ESR frequency of the end-facet NVs (figure 5(c)). To do so, we retract the tip by ~1pm after making
tip-sample contact, measure the ESR spectrum and extract the end-facet NV ESR frequency using a double
Lorentzian fit as described above (figure 4(c)), with the sidewall ESR frequency fixed to 2.729 GHz to
increase the robustness of the fit. The extracted end-facet ESR frequencies (figure 5(c)) encode the projection
of the total magnetic field onto the NV axis. The expected near-uniform magnetic field within the ring and
the magnetic field in the opposite direction outside the ring are clearly observed.
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Figure 5. Magnetic imaging with electron spins in a fiber-coupled diamond nanobeam. (a) Optical microscope image of the
omega-shaped gold strip. The width of the strip is 2 pm. (b) Through-fiber microscopy of the omega-shaped strip. At each pixel,
the nanobeam is moved towards the sample. The increased photoluminescence upon contact is shown in the image. (c) 2D map
of the end-facet ESR frequency, with By = 5.0(2) mT, I4c = 10mA and h ~ 1pm. At each pixel, the end-facet and sidewall ESR
frequencies are extracted via a double Lorentzian fit with the sidewall ESR frequency fixed at 2.729 GHz. White dashed lines
indicate the boundary of the gold strip inferred from (b). Both (b) and (c) are post-corrected for drift based on the known shape
of the strip (see SI for the original drift-distorted image).

A key parameter for determining the sensitivity of our sensor is the optical coupling efficiency between
the nanobeam and the fiber. Specifically, the coupling efficiency 7 of the end-facet NVs is the relevant
parameter for our intended measurement regime. An estimation of this efficiency can be made via the optical
saturation behavior of the measured photoluminescence [20], combined with the estimated ratio between
end-facet NVs and sidewall NVs from the ESR contrast ratio of the two dips (Methods). This results in
1 = 2% — 26%, with the large uncertainty originating from the unknown conversion efficiency of implanted
nitrogen ions to NV centers. This result is in reasonable agreement with that of fiber-coupled nanobeams
with a known homogeneous NV density [20]. Since the optical coupling efficiency between a tapered
rectangular nanobeam and a circular tapered fiber was previously shown to reach >99% for a single
wavelength [23], the smaller coupling efficiency estimated for our probe may be limited by the broader
spectrum of photoluminescence, a remaining non-perfect alignment between beam and fiber, as well as the
efficiency of NV photoluminescence emission into the wave-guided mode.

3. Conclusion and outlook

We have demonstrated a robust, fiber-coupled scanning probe based on diamond nanobeams, utilizing NV
centers for sub-micron resolution 2D magnetic imaging. Our fabrication approach, which incorporates
angled ion implantation into the diamond etch workflow, deterministically positions NV centers at the end
facet of the nanobeam. We attached these nanobeams to tapered fibers using optical glue to create a robust,
transportable probe while optimizing the fiber-nanobeam interface by maximizing the photoluminescence
detected through the fiber detection efficiency. Using our probe as a scanning magnetometer, we showed that
we can isolate the signal of NV centers at the end facet even in the presence of the background signal from
other NV centers, and accurately extract the magnetic field variation at the sample surface. Finally, we
demonstrated 2D imaging of the magnetic field generated by an omega-shaped current carrying wire under
sub-micron spatial resolution. Combined with a method to image the sample surface through
reflection-enhanced signal collection at probe-surface contact, we showed that sample navigation and lift
height control can be achieved without the need of free-space optical components, making our scanning
probe ready for all-fiber operation in various environments.

From the fit in figure 4(c), we estimate a sensitivity of 35(5) T+/Hz for our ensemble nanobeam probe.
This is approximately 10 x less sensitive than state-of-the-art single-NV probes with free space readout in
terms of continuous-wave ESR measurements [24]. However, reducing the number of sidewall-implanted
NVs using alumina masking and improving the NV~/NV? ratio by e.g. surface treatment [22] are clear paths
towards improving the sensitivity. We expect to be able to eliminate the unwanted sidewall NVs by
implementing a small change to the fabrication flow, namely by performing the nitrogen implantation after
the atomic layer deposition of the 20 nm alumina coating (step iv in figure 1(a). We anticipate that this
coating is sufficient to prevent sidewall implantation due to the near-zero angle of incidence of the ions on
the beam sidewalls. In contrast, the near-normal-incidence at the beam end facet should still enable
implantation through the 20 nm alumina mask.
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The other aspect for further improving our devices is their spatial resolution. The reason for our current
spatial resolution to be limited to ~1 pm is two-fold: First, the NV ensemble implanted homogeneously into
the (0.5 x 0.5 zms?) beam end-facet limits the spatial resolution. Low-nanoscale imaging therefore requires
moving to the single-NV regime. With the characterization of the negligible background contribution
(figure 3), we already showed that single NV readout should be possible under 600 nm + 700 nm long-pass
filtering. Second, the reflection-based height control we used in this work does not allow feedback control of
the tip-sample distance below h ~ 1 ym. To this end, we are working towards integrating our fiber probe in a
tuning-fork based atomic force microscope (AFM) system [25], based on gluing the tip of the fiber to the
tuning fork [26] or on keeping the fiber and the tuning fork in mechanical contact with a dedicated scan
head design [27, 28]. We anticipate that a nanobeam with a single NV sensor spin combined with
AFM-based lift-height control could push the spatial resolution towards the ~10 nm scale of current
state-of-the-art scanning-NV magnetometers [29].

Since free-space optics is not required, our fiber-coupled probe could facilitate magnetometry
measurements in hard-to-reach environments such as single cells or other biological systems or in cryogenic
environments such as millikelvin cryostats. As such, it could also be an excellent platform for exploring the
sensing capabilities of group-IV color centers, which have proven to be more stable against surface charge
noise at low temperatures [30-32]. This potentially enables resonant optical addressing of target sensor
defects in the beam. The nanobeam structure is also compatible with nanophotonic structuring, holding
potential in further enhancement of excitation and readout efficiency of the color centers under resonant
driving [17, 30]. With the above mentioned efforts, our fiber-coupled probe opens up new avenues for
NV-based magnetic sensing in hard-to-reach environments.

4. Methods

4.1. Fabrication of the diamond nanobeams

We fabricate the diamond nanobeams using electronic grade single crystal diamond (Element Six). The
fabrication recipe is based on reference [17], where details on process parameters can be found. Before the
fabrication flow, the diamond substrate is sliced and polished into a2 x 2 x 0.05mm chip (Almax
EasyLab). After polishing, we clean the surface with fuming HNO3 and relieve the surface damage induced
by mechanical polishing with consecutive Ar/Cl and O, etches (Oxford Instruments Plasmalab 100). This
removes a total of 6-8 pm of diamond from the surface [33].

We start the fabrication by depositing a 200 nm layer of Si3N4 hard mask with inductively-coupled
plasma enhanced chemical vapour deposition (Oxford Instruments PlasmaPro 100). Then we spin-coat a
~400 nm layer of e-beam resist (AR-P 6200-13) and another ~30 nm layer of conductive Electra-92, and
write the pattern with e-beam lithography (Raith EBPG5200). The pattern is transferred to the hard mask
with an anisotropic CHF3/0O, etch (AMS 100 I-speeder). After cleaning the residual e-beam resist with
dimethylformamide (DMF) and piranha solution (3:1 mixed 96% H,SO, and 31% H,0,), we
anisotropically etch ~600 nm into the diamond with O, RIE (Oxford Instruments Plasmalab 100) to create
the sidewalls of the nanobeams.

We then implant N ions into the diamond sidewalls as described in the main text INNOViON Corp).
After implantation, we do another piranha cleaning to remove contamination on the surface, and deposit
~20 nm of Al,O5 with atomic layer deposition (ALD) (Oxford Instruments FlexAL). We then do an
anisotropic BCl3/Cl, RIE (Oxford Instruments Plasmalab 100) to etch away the Al,O; on the top surfaces, so
that only the sidewalls of the diamond nanobeams remain protected while the diamond surfaces around are
exposed to O, plasma in subsequent steps. We do a second anisotropic O, RIE which etches another
~250nm into the diamond. This is to eliminate the potential effect of the damaged diamond surface after the
ion implantation to the undercut quality. We then proceed with the quasi-isotropic O, RIE to undercut the
beams and remove the masks with 40% HF after the beams are fully released. The fabricated diamond chip is
then vacuum annealed at 800 6oc for 2 hours to create the NV centers.

4.2. Setup for current measurements

The gold strips for current measurements are patterned on top of a silicon substrate via evaporation (5 nm
titanium + 100 nm gold, Temescal FC-2000) and lift-oft. The DC current is applied using a function
generator (Tektronix AFG1062) and read out by a digital multimeter wired in series with the sample. We
apply the RF signal for driving the NV centers through the same strip, using a bias-T (Mini-Circuits
ZFBT-6GW-FT+) to combine the RF and DC signal. A complete schematic of the measurement setup can be
found in SI.
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4.3. Vector magnetometry with NV centers
Under an external magnetic field B, the Hamiltonian of an NV center is written as

H=DS.++B-S 3)

in which D = 2.87 GHz is the zero-field splitting of the NV center, v = 28GHzT " is the gyromagnatic ratio
and § = (Sx,S,,S;) are the 3 x 3 Pauli matrices for spin-1. The upper and lower ESR frequencies f, and f; are
then the differences between the eigenfrequencies of the Hamiltonian. By diagonalizing the Hamiltonian, one
can determine from the measured ESR frequencies both the amplitude of the external field B, and its angle
with respect to the NV orientation 6:

B= \/157\/1‘3 +ft = fufi+ D% (4)
3 3
COSZQZ_(f”+ﬁ) +3(fu"|2'f13)+2D3_|_1. (5)
27D (+B) 3

These relations allow us to align the external field By with the NV orientation, and precisely determine
the value of By through the measured ESR spectrum during calibration. In the main text, we also used the
inverse of these relations to calculate the expected ESR frequencies of a given magnetic field distribution from
the DC current, and used this calculation to fit the experimentally measured ESR frequencies in figure 4(e).

4.4. Estimation of the coupling efficiency for the end-facet NVs
The fraction of end-facet NV contribution in the total measured PL can be estimated from the contrast ratio
extracted from figure 4(c) left (where the dips are most split):

fr= =

- = =0.43(7 (6)
Lot Ceg+GCs @)

where the footnotes E and S stand for the end-facet and sidewall contribution respectively. We then scale the
600 nm filtered saturation curve in figure 3(c) with (g to extract the saturation intensity of the end-facet NVs

Lt = Belsat 600nm = (5.6 £ 1.1) x 10> s7 1, (7)

from which the total collection efficiency of the end-facet NVs can be estimated as the ratio of the detected
saturation intensity and the theoretically expected saturation emission rate:

_ Isat,E
T N

(8)

where Ng denotes the number of end-facet NVs, and I' = 1/(13 ns) [34] is the expected saturation photon
emission rate of a single NV. In our measurement setup, 7z can be expressed as the product of the
fiber-nanobeam coupling efficiency 7z ¢, ND filtering 77yp = 1 x 10~ and the total detection efficiency of the
optical path njp = 0.14(2) (including the loss on optical elements and detection efficiency of the APD).

The major uncertainty in estimating the fiber-nanobeam coupling efficiency 7 ¢ lies in the NV number
NE, due to the large uncertainty in the conversion efficiency of the implanted nitrogen ions to NV centers.
Taking the data from reference [35] as a reference and further considering the possible deviation from this
dataset caused by the presence of nanostructures, we assume the conversion efficiency to be between
1%-10%. This results in g ¢ = 2%-26%.
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