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ABSTRACT: Scanning-probe and wide-field magnetic microscopes based on
nitrogen-vacancy (NV) centers in diamond have enabled advances in the study
of biology and materials, but each method has drawbacks. Here, we implement
an alternative method for nanoscale magnetic microscopy based on optical
control of the charge state of NV centers in a dense layer near the diamond
surface. By combining a donut-beam super-resolution technique with optically
detected magnetic resonance spectroscopy, we imaged the magnetic fields
produced by single 30 nm iron-oxide nanoparticles. The magnetic microscope
has a lateral spatial resolution of ~100 nm, and it resolves the individual
magnetic dipole features from clusters of nanoparticles with interparticle
spacings down to ~190 nm. The magnetic feature amplitudes are more than an
order of magnitude larger than those obtained by confocal magnetic microscopy due to the narrower optical point-spread
function and the shallow depth of NV centers. We analyze the magnetic nanoparticle images and sensitivity as a function of the
microscope’s spatial resolution and show that the signal-to-noise ratio for nanoparticle detection does not degrade as the
spatial resolution improves. We identify sources of background fluorescence that limit the present performance, including
diamond second-order Raman emission and imperfect NV charge state control. Our method, which uses <10 mW laser power
and can be parallelized by patterned illumination, introduces a promising format for nanoscale magnetic imaging.
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KEYWORDS: quantum sensing, nitrogen vacancy centers, nanoscale magnetic imaging, super-resolution microscopy,
superparamagnetic iron-oxide nanoparticles

INTRODUCTION

Magnetic microscopes based on optically detected magnetic
resonance (ODMR) spectroscopy of nitrogen-vacancy (NV)
centers in diamond operate in a wide range of experimental
conditions and offer a favorable combination of spatial
resolution and sensitivity. One of the earliest demonstrations
used a single NV center to image magnetic fields in a scanning-
probe format." The scanning-probe method has subsequently
been applied to study numerous nanomagnetic samples,” "
with a spatial resolution down to <40 nm.” Wide-field
magnetic microscopy using a dense, near-surface layer of NV
centers has also emerged as a powerful tool, allowing for faster
imaging and higher sensitivity.'"*""* Both methods have

enabled notable advances in the study of biologym’17 and Received: December 6, 2023
materials,”'®">" but they have different drawbacks. The Revised:  February 8, 2024
scanning-probe method requires a relatively complex apparatus Accepted:  February 12, 2024

and slow point-by-point scanning, while the widefield diamond
magnetic microscope is limited by optical diffraction to a
spatial resolution of ~300 nm.”**
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An intriguing alternative NV magnetic-imaging technique
involves the use of far-field super-resolution microscopy
methods to achieve subdiffraction resolution.”>™>° However,
to date, most demonstrations have required either high laser
power or low NV density and were limited to the study of a
small number of NV centers. Several works,>”>%30:3%39
including those based on single-NV localization methods,*"*
were able to resolve a few NV centers separated by a
subdiffraction distance and measured their local magnetic
fields. However, this type of sparse sampling does not provide
a clear path toward super-resolution magnetic imaging with an
array of many pixels. In order to generate a large nanoscale
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Figure 1. Super-resolution magnetic microscopy with NV centers. (a) Three collimated laser beams are combined using polarizing beam
splitters (PBS) and dichroic mirrors (DM). Telescopes are used to expand each beam’s diameter to 20.5 cm to match the back aperture of
the objective. A vortex phase plate (VPP) is used to create the donut-shaped mode of the Donut beam. A 1/4 waveplate is used to generate
the circular polarization needed to preserve the Donut beam’s profile under tight focusing.** Emission is spatially filtered with a pinhole,
spectrally filtered, and detected with an avalanche-photodiode single-photon counting module (SPCM). The diamond membrane is glued to
a glass coverslip, and SPION samples are dispersed on the opposite side of the diamond that hosts a dense ~25 nm deep layer of NV centers.
The assembly is scanned using a closed-loop piezoelectric nanopositioning stage, and a blue LED reflectance imaging system is used to
minimize sample drift. Inset: depiction of the xz-plane magnetic field profile of a single SPION. (b) Allowed NV° and NV~ optical transitions
for each step of the CSD microscopy sequence. (c) Pulse sequence used for CSD microscopy. (d) Energy levels and optical and spin
transitions of the NV~ center. (e) Experimental confocal ODMR spectrum (7, = 0) at B, = 30 mT. Lorentzian fits (blue) of the f, center

frequencies are used to determine B,,.

array, a method that works with a high density of NV centers is
required. A super-resolution method based on shelving in the
NV metastable singlet state”””” has been used to resolve two
NV centers separated by ~100 nm and perform magnetometry
on each.” However, this method is not compatible with high
NV density because unavoidable background fluorescence
causes the ODMR contrast to shrink as 1/N, where N is the
number of NV centers within a diffraction-limited laser spot.””
Stimulated-emission depletion (STED) microscopy can in
principle work at high NV density”*° and has been used to
acquire ODMR spectra of five NV centers separated by 150—
300 nm.** However, this required a very high depletion laser
power (21 W for ~50 nm resolution’®), due in part to the
small NV stimulated-emission cross section, restricting the
samples that can be studied.

One method, called charge-state depletion (CSD) micros-
copy,”>*H337 3 involves the use of a donut beam to drive
most NV centers into their neutrally charged NV “dark state”
while leaving a subwavelength-sized core at the center in the
negatively charged NV~ sensing state. This method has the
benefit of using relatively low laser power (at least 2 orders of
magnitude lower than STED”’) and retaining high ODMR
contrast for the NV~ centers in the core, even when using
dense near-surface layers of NV centers.”> CSD microscopy
was previously used to map changes in ODMR contrast due to
the microwave field produced by proximal silver nanowires,
with a feature width, ~290 nm full-width-at-half-maximum
(fwhm), narrower than that observed by confocal micros-
copy.”

In this paper, we demonstrate application of the CSD
technique to perform super-resolution magnetic microscopy.
We imaged the magnetic field produced by 30 nm super-
paramagnetic iron-oxide nanoparticles (SPIONSs) with a lateral
resolution of ~100 nm. The improved resolution is also
accompanied by a more than 10-fold increase in the magnetic
feature amplitude. We identify sources of background light that
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limit the present performance due to diamond Raman emission
and imperfect charge-state control. Our microscope uses <10
mW of laser power and can be parallelized with a multidonut
illumination scheme,*"** offering a path toward high-speed
nanoscale magnetic microscopy.

RESULTS AND DISCUSSION

Experimental Setup. The experimental apparatus is
depicted in Figure la (see also Methods section). Three
laser beams are combined for interrogating NV centers: two at
637 nm (“Donut” and “Readout”) and one at $32 nm
(“Reset”). The laser beams are overlapped and directed to a
confocal microscope with a 1.3 nm numerical aperture oil-
immersion objective. In the focal plane of the microscope is a
dense layer of NV centers, ~25 nm from the surface of a ~80
um thick electronic-grade diamond membrane (section SI). A
microwave wire is positioned on top of the diamond for driving
the spin transitions of NV~ centers. NV~ emission is spectrally
filtered (passing >650 nm) and detected with a single-photon-
counting avalanche photodiode. Samples are scanned using a
closed-loop XYZ piezoelectric nanopositioner, and a blue LED
imaging system is used to track fiducial markers milled into the
diamond substrate, limiting drift to <30 nm/day (section SII).

Figure 1b depicts the working principle of CSD micros-
copy.”>***>?73% The 637 nm Donut beam photoionizes NV
centers in the high-intensity region of the beam into the NV°
charge state, leaving a small subwavelength core at the beam’s
center where NV centers remain in the NV~ state. The low-
power Gaussian-shaped Readout beam selectively excites NV~
centers in the core, but its 637 nm wavelength is too long to
excite NV centers in the periphery. The 532 nm Gaussian-
shaped Reset beam initializes all NV centers to an equilibrium
charge-state distribution, where typically most NV centers are
in the NV~ state.”™" The three beams are applied in
sequential ps-scale pulses, Figure lc, and the single-photon
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Figure 2. CSD resolution enhancement. (a) Lateral fwhm of CSD profiles of four individual NV centers as a function of the Donut beam
pulse length. The solid colored lines are fits to eq 1. The fitted values of 7, for each NV center {NV1, NV2, NV3, NV4} are 7, = {1.35 +
0.07 ps, 1.40 + 0.14 ps, 0.87 + 0.05 ps, 0.94 + 0.07 us}, respectively. Insets are two example images used in the data set. (b, c) Images of an
NV cluster taken by (b) confocal microscopy (7, = 0 gs) and (c) CSD microscopy (7p = 25 ps). (d) CSD fluorescence rate along the dashed
line annotated in (c). These linecut data were taken from a finer-sampled (300 nm X 300 nm) image of the same region using a 30 us donut
pulse length. The black solid line is a fit to two Gaussian functions, revealing an NV center separation of 151 + 2 nm.

counting electronics count only photons during the Readout parameter. From the fits, we extract an ensemble-averaged
pulse (see the Methods section). value 7, = 1.04 + 0.27 us for the 4 NV centers (section SV).
Figure 1d depicts the energy levels and transitions of the We also used our CSD microscope to resolve a pair of NV
NV~ center that allow for magnetic field detection. A centers spaced closer than the optical diffraction limit. Figure
combination of optical polarization, spin-dependent fluores- 2b,c shows images of an NV cluster taken by confocal
cence, and resonant microwave driving of the NV~ spin microscopy (7, = 0 pus) and CSD microscopy (7p = 25 us),
transitions enables ODMR spectroscopy.’® An example respectively. Only the CSD image is able to resolve the two
ODMR spectrum is shown in Figure le, revealing two peaks NV centers. Figure 2d shows a linecut from a zoomed-in CSD
that are fit to Lorentzian functions. The fitted central image. Gaussian fits reveal that the NV centers are separated
frequencies, f,, are related to the magnetic field component by 151 + 2 nm.
along the NV axis by B, = (f, — f_)/(27,,), where y,, = 28.03 Super-Resolution Magnetic Microscopy. We performed
GHz/T is the NV electron-spin gyromagnetic ratio. The super-resolution magnetic microscopy of SPIONs by combin-
magnetic field produced by the sample is then AB, = B,, — By, ing ODMR spectroscopy and CSD microscopy on a diamond
where B, = 30 mT is the applied bias field along the NV axis. with a high planar density of NV centers (>10° yum™2) located
CSD Optical Point Spread Function. We first charac- ~25 nm from the surface (section SI). SPIONs form
terized the optical point-spread function of our CSD convenient test samples'* because they effectively behave as
microscope using a diamond with a low density of NV centers point-like dipoles with a magnetic moment that can be
located within ~1 um of the surface.”””®” For these controlled by moderate magnetic fields. This is due to their
experiments, a 0.36 mW Reset beam was applied for 5 us, a small size (~30 nm diameter, section SVI) and super-
9.8 mW Donut beam was applied for a variable time 7y, and a paramagnetic behavior. At B, = 30 mT, the SPION
0.12 mW Readout beam was applied for 40 us (section SIII). magnetization is small enough that magnetic-field gradients
We recorded CSD images of four isolated NV centers for do not meaningfully broaden the NV ODMR lines under
different values of the donut pulse length, 7p. For each confocal magnetic microscopy. However, with super—resolution
fluorescence image, we take a horizontal linecut and fit the magnetic microscopy, SPION gradients do have an effect on
intensity profile to a Gaussian function to extract the lateral the ODMR lineshapes, adding additional information;*’ see
fwhm, d(zp). Figure 2a shows the fitted d(zp) for each of the section SIX.
four NV centers. In the absence of a Donut beam, the lateral A SPION suspension is drop-cast on the diamond surface at
fwhm is d = 296 + 7 nm. For a donut pulse of length 7p, = S0 a suitable concentration such that both isolated SPIONs (>1
us, the lateral fwhm is d = 37 + 2 nm (section SIV), which um between nearest neighbors) and clusters of SPIONs (;$300
represents an 8-fold resolution narrowing. At this pulse length, nm between nearest neighbors) are present in different regions
we also observe a ~4-fold reduction in peak fluorescence (section SVI). To correlate scanning electron microscopy
amplitude, likely due to imperfect donut intensity contrast,*® (SEM) with super-resolution magnetic microscopy images, we
and a ~3-fold increase in background fluorescence (section etched fiducial markers into the diamond using focused ion
SV). beam milling (section SI). The fiducial markers are resolved by
The data in Figure 2a are well described by the function:*>?’ SEM, fluorescence, and blue reflectance imaging.
Figure 3a shows an SEM image of a single isolated SPION
d, on the diamond surface. Figure 3b shows magnetic images of
d(zp) = o0 the same SPION with and without the Donut beam applied.
1+ T (1) Linecuts through the images are shown in Figure 3c. To form a
magnetic image, the sample is moved to a desired position, and
where dy = 300 nm is a fixed parameter representing the the CSD pulse sequence in Figure Ic is continuously repeated.
diffraction-limited confocal resolution and 7, is a fit For all magnetic imaging experiments, a 0.4 mW Reset is
6525 https://doi.org/10.1021/acsnano.3¢12283
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Figure 3. Super-resolution magnetic microscopy of single SPIONs. (a) SEM image of a single SPION on top of the diamond. (b) Top:
confocal magnetic image (7p, = 0) of the SPION in (a) along with a simulated profile (section SVII). Bottom: CSD super-resolution magnetic
image (7p = 6 ps) of the same SPION and simulated profile. (c) Horizontal linecuts through the magnetic images, as indicated in (b). The
definitions of the magnetic feature width and peak-to-peak (pk-pk) amplitude are annotated with dashed lines. (d) Feature width of SPION
magnetic images acquired at several values of 7;, (labeled Trials 1 and 2). For redundancy, two images were acquired for each value of 7p,.
The black curve is a fit to eq 1 (see section SVIII), with 7, = 0.63 + 0.08 us and d, = 0.36 + 0.01 pm. (e) Magnetic pk-pk feature amplitude
as a function of 7y, for the same SPION magnetic images as in (d). The dashed cyan curve is the result of simulations where the SPION
magnetization is constant and the NV~ distribution follows the ideal behavior of eq 1 with 7,,, = 0.63 ps (section SVIII). The solid black
curve is a model that incorporates a nonzero density of NV~ centers in the high-intensity region of the Donut beam, with a shell/core density
ratio pgar/Peore = 0.15. (£f) Schematic of the model used for the black curve in (e). We also obtained CSD magnetic images of ferromagnetic
nanoparticles, with qualitatively similar results (section SX).

applied for 5 ps, a 9.8 mW Donut is applied for a variable time where i, is the vacuum permeability and 7 = {x, y, z} is the
Tp, and a 0.2 mW Readout is applied for 20 ys. Meanwhile, the SPION-NV displacement vector in the lab coordinate system
microwave frequency is slowly swept (sweep time, 20 ms; span, defined in Figure la. In simulations, we assume the NV layer is
30 MHz) (first about the f_ transition and then about the f, a sheet with a vertical displacement z = 40 nm from the center
transition) to obtain ODMR spectra. The microwave sweeps of the SPION. The magnetic images produced by our
are repeated, and ODMR spectra are averaged together for a microscope are approximately the convolution of the CSD
total pixel dwell time (1—100 s) that is sufficient to determine optical point-spread function and the magnetic field in the z =
f+ and compute AB,, for that location. The diamond-SPION 40 nm plane. Thus, even a moderate improvement in lateral
sample is then moved to the next location, and the process is spatial resolution, corresponding to a moderate reduction in
repeated pixel-by-pixel until an image is formed and processed characteristic values of [fl, results in a large increase in the
(section SVII). feature amplitude, see eq 2.

With the Donut beam off (7p = 0), the SPION magnetic The observed magnetic features are reproduced by
feature in Figure 3b,c has a peak-to-peak amplitude of 14.3 + convolving eq 2 with a Gaussian kernel of lateral fwhm given
0.8 uT and a width, 366 + 12 nm, that is limited by optical by eq 1 (74 = 0.63 s, dy = 0.36 ym), with only Il as a free
diffraction of the confocal microscope. With the Donut beam parameter (section SVIII). The simulated magnetic profiles are
on (7p = 6 us), the feature amplitude grows to 131 + 8 uT and shown to the right of the experimental data in Figure 3b.
the width narrows to 111 + 8 nm. We acquired CSD magnetic images of the same SPION for

The dramatic increase in magnetic feature amplitude different values of 7p,. Each image was processed as indicated in

observed with super-resolution magnetic microscopy is a result Figure 3c to extract the feature width and amplitude. Figure 3d
of the rapid decay of the SPION magnetic field with distance. shows the fitted feature width as a function of 7p,. At 7, = 8 s,
We mode_} the SPION as a point dipole, with a magnetic the feature width is 101 + 13 nm, a factor of 3.6 + 0.5
moment /m parallel to both By and the relevant NV symmetry narrower than the confocal (7, = 0) image. The data are fit to
axis of our [100]-cut diamond; see Figure la. The component eq 1, yielding 7, = 0.63 + 0.08 ys and dy = 0.36 + 0.01 um.
of the SPIQN magnetic field that produces shifts in the NV f, Figure 3e shows the feature amplitude as a function of 7p,. At
resonances is thus Tp = 8 us, the feature amplitude is 156 + 17 uT, a factor of 11

il + 1 increase over the confocal (7p = 0) image. The dashed
_ Mo

AB,, = —qs(xz - yz + 2%2) cyan curve indicates the expected amplitude obtained when
477 (2 fixing Iml = 0.86 A-nm? at the value obtained from simulating
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Figure 4. Super-resolution magnetic imaging of SPION clusters. (a) SEM image of a three-SPION cluster with the smallest interparticle
spacing of 226 nm. (b) Experimental confocal magnetic image (top) along with simulation (bottom) of the cluster in (a). (c) CSD magnetic
image (7, = 6 ps) and corresponding simulation. (d) SEM of another three-SPION cluster. The dark region is due to hexane residue. (e)
Experimental confocal magnetic image and corresponding simulation of the region in (d). (f) CSD magnetic image (7, = 6 ps) and
corresponding simulation. Additional information about this region of the sample is included in section SXI. All scale bars in (a)—(f) are 300

nm.

the confocal image and setting the Gaussian blur kernel’s fwhm
according to the d(zp) fit in Figure 3d.

While the amplitude observed in experiments, Figure 3e,
increases by more than an order of magnitude from 7, = 0 to
Tp = 8 us, this is less than half of the expected increase. We
attribute this discrepancy to imperfect control of the NV
charge state.”*°™>> As depicted in Figure 3f, in the high-
intensity region of the donut, a small fraction of NV centers are
not properly converted to NV and exist as NV~ for at least a
portion of the readout pulse. The resulting CSD magnetic
images are then a weighted sum of the super-resolved magnetic
image and a background confocal magnetic image (section
SVII):

1,

tot

= (1

1

1+ Pbell T

Prore Tsat

a)‘Z;:onfocal + al,

superres

(3a)

~
~

a
(3b)

Here pg, is the (undesired) NV~ density in the high-intensity
donut “shell” and p,,. is the (desired) NV~ density in the
donut core. Expression 3 can be qualitatively understood as
follows. As 7, increases, the area of the donut core shrinks, and
thus the number of NV~ centers in the core shrinks, while the
number of undesired NV~ centers in the shell increases. The
result is that the relative weight of the super-resolution image
decreases with 7y, reaching o 04 for 7, = 8 us. By
comparing the experimentally observed amplitude with the
expected values from the dashed cyan curve in Figure 3e, we
infer a density ratio py.j/Peore & 0.15; see section SVIIL The
black curve in Figure 3e shows the simulated amplitude with
lml = 0.86 A-nm” fixed but allowing the relative weights of
confocal and super-resolution images to vary according to
expression 3.

We have found that imperfect charge-state control is a
particularly acute problem when wavelengths shorter than 637
nm are used for the Readout beam. For example, with a 610
nm Readout (still longer than the ~590 nm wavelength used in
previous CSD microscopy studies”**¥°*~ 739, at 1 = 8 us, we

~
~
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realize only a ~2-fold narrowing in feature width and a ~4-fold
increase in amplitude compared to the confocal image. This
effect may be attributed to the shorter Readout wavelengths
converting NV° to NV~ through weak anti-Stokes excitation,
leading to an increase in Pg/Peoree CSD ODMR spectra
obtained at different readout wavelengths further confirm this
effect, see section SXIIL. Our results indicate that a Readout
wavelength below 637 nm may be suboptimal for CSD
microscopy with a high density of NV centers. Further
improvements in charge-state control will benefit from
continued studies of the rich interplay of diamond sensor
preparation and charge-state dynamics.**°™>® The back-
ground may be further suppressed by performing a weighted
subtraction of the confocal magnetic image. !

Resolving SPION Clusters. Next, we performed super-
resolution magnetic microscopy on clusters of SPIONs to
demonstrate subdiffraction spatial resolution. Figure 4a,d
shows SEM images of two different clusters, each containing
three SPIONs. Confocal magnetic images of each region are
shown in Figure 4b,e, along with their respective simulated
profiles. CSD magnetic images (7, = 6 us) of each region are
shown in Figure 4c,(f, along with their respective simulated
profiles. The simulated magnetic profiles use the same
parameters as in Figure 3b, with the relative dipole locations
determined from the SEM images, and lml is assumed to be the
same for each SPION. For both regions, the confocal magnetic
images contain a single broad magnetic feature and individual
SPION features are not resolved. In the first region, Figure
4a—c, the CSD magnetic image contains three separate SPION
features that are colocalized with the SEM image, with
interparticle spacing down to 226 nm. In the second region,
Figure 4d—f, the CSD magnetic image contains two
colocalized SPION features spaced ~190 nm apart. A very
close pair of SPIONs spaced 37 nm apart is still not resolved.
In both regions, the CSD magnetic image feature locations are
in good agreement with the SEM image, as seen in the
simulations.

Magnetic Sensitivity. The CSD magnetic images of
SPION clusters in Figure 4c,f took approximately 1 day each to
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acquire. Such long averaging times were required due to a
relatively poor signal-to-noise ratio that degraded unexpectedly
quickly with increasing 7p. To investigate further, we studied
the ODMR parameters relating to the magnetic sensitivity as a
function of 7p. The sensitivity is fundamentally limited by
photon shot noise, with a minimum detectable magnetic field
given by

4 r

Bpy = ———————
RAENCRANIE

(4)

Here I' is the ODMR fwhm, C is the contrast, I, is the
fluorescence count rate, and 7,,, is the total acquisition time.
Equation 4 is derived assuming the microwave frequency is
tuned to the steepest slope of a Lorentzian ODMR peak. In
our experiments, the microwave frequency is less-efficiently
swept across the ODMR peaks, but the same scaling with I', C,
and I still applies."'

The sample was positioned in a SPION-free region, and
ODMR spectra were acquired about each f, transition for
different values of 7p. Each spectrum was fit to a Lorentzian
function to extract I, C, and I,. Figure Sa shows the peak
fluorescence rate, I, as a function of 7. A monotonic decrease
in the fluorescence rate is observed. This qualitative behavior is
expected because as 7y, increases, the number of NV~ in the
donut core decreases. The observed behavior of I,(zp) can be
approximately described by the function

d(TD)Z
dy?

1,(0
1+ 2

Tat

+b

I(tp) = 1,(0) + bg = g

©)

where bg is a constant non-NV~ background, and in the last
step we used eq 1. Fitting to the experimental data in Figure
Sa, and applying 7, = 0.63 us from Figure 3d, we find I,(0) =
642 + 19 kilocounts per second(kcps) and bg = 162 + 9 keps.

While the background fluorescence rate is relatively small
compared to the NV~ fluorescence rate at 7, = 0, it
nevertheless has a dramatic impact on the ODMR contrast
for larger values of 7p. Figure Sb shows the ODMR contrast, C,
as a function of 7p. At 7, = 0, the ODMR contrast is C(0) =
2.2 + 0.1%, a fairly typical value for our high-NV-density, ion-
implanted diamonds.""*” However, the ODMR contrast falls
sharply with an increase in 7p, eventually reaching C(8 us) =
0.36 & 0.06%. This drop in contrast is largely due to the non-
NV~ background, which becomes the dominant contribution
to the fluorescence rate for 7, 2 2 ps, see Figure 5a. In order to
fully describe our data, we found we also needed to include a
term due to the “li§ht—narrowing” effect of optical pumping by
the Donut beam;*®*? see section SXIL This choice is further
justified by the decrease in I" as a function of 7y, Figure Sc,
which is well described by the light-narrowing model.
Additional details of the non-NV~ background and ODMR
parameter modeling are in section SXII

Using eq 4 and the parameters from Figure Sa—c, we
calculated the photon-shot-noise-limited sensitivity,
Tpsny = Bpsn \/?vg . The results are plotted in Figure 5d. The

sensitivity degrades with increasing 7, due to a combination of
the (expected) decrease in I, and the (relatively unexpected)
decrease in C arising from the non-NV~ background. A figure
of merit for the signal-to-noise ratio in nanoparticle detection
is defined as FOM = A/#pgy, where A is the magnetic feature
amplitude from Figure 3e. Figure Se shows FOM as a function
of 7p for the experimental data, along with the ideal case
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Figure S. Magnetic sensitivity. (a) Fluorescence rate, I, as a
function of the donut pulse length, 7, for both f, ODMR
resonances. (b) ODMR contrast, C, versus 7. (c) ODMR fwhm
line width, I, versus 7. (d) Photon-shot-noise-limited sensitivity,
calculated from eq 4, versus 7p,. () FOM versus 7, Blue points are
calculated from experiments, and the dashed green curve is the
simulated ideal case. In (a)—(d), solid black lines are a fit to a
model that incorporates non-NV~ background, depicted in (f), as
well as the light-narrowing effect (section SXII). In (a)—(e), the
green dashed line is an extrapolation of the model fit assuming no
background or light narrowing. (g) Fluorescence spectrum
obtained with either 532 nm (green) or 637 nm (red) excitation.
The annotated first and second order diamond Raman features
appear only in the spectrum with 637 nm excitation.

assuming no background fluorescence. In the present experi-
ments, the FOM hardly changes, as the increase in feature
amplitude with increasing 7p is mostly offset by the
degradation in sensitivity. However, the ideal case predicts
that an ~8-fold increase in FOM should be possible for 7, = 8
pus compared to the confocal case.

Our observations point to the need for minimizing sources
of background fluorescence in future CSD experiments, as
even a low background volume intensity can become
substantial when the donut core is small, as depicted in Figure
Sf. As a first step, we acquired fluorescence spectra under
intense illumination to determine the nature of the background
sources. Figure 5g shows spectra under 532 and 637 nm

https://doi.org/10.1021/acsnano.3¢12283
ACS Nano 2024, 18, 6523—-6532


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12283/suppl_file/nn3c12283_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12283/suppl_file/nn3c12283_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12283?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12283?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12283?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12283/suppl_file/nn3c12283_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12283?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c12283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

illumination. For 532 nm illumination, the fluorescence
spectrum appears as the typical broad phonon sideband of
NV centers. However, under intense, continuous-wave 637 nm
illumination, spectral features due to Raman emission of the
diamond crystal®® appear prominently. This suggests that
diamond Raman emission contributes to the background
observed in CSD ODMR spectra that limited our microscope’s
sensitivity (section SV). While the first-order Raman emission
is sharp and could be spectrally filtered out, the second-order
Raman emission is broad and covers much of the NV~
fluorescence collection band. Future e:?)eriments may benefit
from time-gated fluorescence filtering,”' exploiting the large
difference between the diamond Raman emission lifetime
(510 ps 2) and NV~ fluorescence lifetime (~10 ns °).

CONCLUSIONS

Our results represent an early step in the application of super-
resolution microscopy methods to magnetic imaging and
quantum sensing. Future improvements in spatial resolution
and sensitivity can be realized by eliminating the non-NV~
background with time-gating”' and reducing the undesired
background NV~ fluorescence through improved diamond
preparation and optical charge-state control.”*°~*

However, these improvements alone could only, at best,
render the present technique on par with single-NV scanning
probe methods. In order to realize comparable sensitivity to
scanning probe methods over a continuously sampled image,
210 NV centers per sensing voxel are required to maintain
reasonable pixel-to-pixel uniformity and overcome the
reductions in contrast and fluorescence collection efficiency
typical of NV-ensemble measurements.”* At an optimistic NV
density of 10" cm™,% this implies a minimum pixel area of
>(30 nm)?, which is not a major improvement in spatial
resolution over present scanning-probe methods.’

We expect the biggest improvements to come from
parallelization of the image acquisition. As a relatively low-
power, far-field super-resolution method, our technique is
amenable to structured illumination methods that create arrays
of thousands of donut-like modes over a wide field of view,""**
which could potentially provide a 24 orders of magnitude
speed-up in image acquisition.

With these improvements, high-speed nanoscale magnetic
imaging over a wide field of view is within reach. Such a tool
could enable a broad range of applications in materials science
and biology. Examples of the latter include time-resolved
studies of formation dynamics of malarial hemozoin in
response to chemical environment,'' mechanical deformations
of DNA in magnetic tweezer arrays,66 or in vitro magnetic
screening of SPIONs and smaller magnetic nanoparticles,”**
just to name a few.

In summary, we demonstrated super-resolution magnetic
microscopy based on the charge-state depletion of diamond
NV centers. We imaged the magnetic fields produced by 30
nm diameter SPIONs with a lateral spatial resolution of ~100
nm and a ~10-fold increase in magnetic feature amplitude
compared to confocal microscopy. With future improvements
in Raman background suppression, NV charge-state control,
and multidonut parallelization, our technique offers a path
toward high-speed nanoscale magnetic microscopy.

METHODS

A detailed diagram of the CSD magnetic microscope is shown in
Figure 1a. Here we provide additional details. The Donut laser source
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is a Toptica iBEAM-smart-640-s. In order to generate the donut
shape, we pass a collimated Gaussian-shaped beam through a 629.2
nm vortex phase plate (VPP-la, VIAVI Solutions, formerly RPC
Photonics). The Readout laser source is an MRL-I11-640 (CNI Laser)
with a maximum power of 50 mW. A band-pass filter (FF01-637/7-
25, Semrock) is used to remove any amplified spontaneous emission.
Waveplates are used to ensure the Readout and Donut beams have
orthogonal linear polarization. A polarizing beam splitter (PBS202,
Thorlabs) is used to combine the Readout and Donut beams. The
Reset laser source is a pigtail laser diode (LP520-SF1S, Thorlabs).
The Reset beam is combined with Donut and Readout beams by
using a dichroic mirror (DMLPSSOR, Thorlabs). To generate ys-scale
pulses, the Donut uses current modulation embedded in the source,
and the Readout and Reset beams are controlled with Acousto-Optic
Modulators (AOMs) (Brimrose TEM-85-10—-532 and Gooch &
Housego 3110-120, respectively).

The Reset, Readout, and Donut beams each have their own
telescopes used to generate collimated beams with a diameter
comparable to the ~6 mm back aperture of the microscope objective.
After combination, all beams pass through a quarter waveplate
(WPQI10ME-633, Thorlabs) that generates circular polarization with
the correct handedness needed to avoid wavefront distortions of the
Donut beam from high-NA focusing.”” The laser beams are then
focused with a 100X, NA = 1.3, oil immersion objective lens (1-
U2B53522, Olympus). The same objective collects fluorescence,
which then passes through a dichroic mirror (ZT640rdc, Chroma)
and is focused by a 200 mm focal-length tube lens (ITL200,
Thorlabs) onto a pinhole. For experiments with single NV centers
(Figure 2), we used a 7S ym diameter pinhole, and for all other
experiments a 100 ym diameter pinhole (P100K, Thorlabs) was used.
Light exiting the pinhole is recollimated with a lens and passed
through a 650 nm long-pass filter (FELH0650, Thorlabs) to isolate
NV~ phonon-sideband emission. A final lens focuses the light into a
multimode fiber (M31LO01, Thorlabs), which is connected to an
avalanche photodiode (SPCM-AQRH-13-FC, Excelitas) used for
photon counting.

The photodetector output is connected to the counter input of a
data acquisition card (NI USB-6363, National Instruments). Three-
dimensional scanning of the sample is achieved by a piezoelectric
nanopositioning stage (MAX311D, Thorlabs). The sample scanning
is synchronized with the photon counter via the same data acquisition
card to form images. A home-built LabVIEW program controls the
entire sequence.

For ODMR spectroscopy, the magnetic field is generated by a
permanent magnet aligned with one of the NV orientations in the
diamond sample. A copper wire placed above the diamond sensor is
used to deliver microwaves. A microwave signal generator (Stanford
Research Systems, SG384) is used to sweep microwaves about each
ODMR transitions (f. ~ 2046 MHz, f, ~ 3699 MHz). The
microwaves are amplified (ZHL16W-43-S+, Mini-circuits) prior to
connection with the copper loop used for delivery. The data
acquisition card and LabVIEW program synchronized the timing of
the microwave sweep with the optical pulses, photon counting, and
nanopositioning stage.
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