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ABSTRACT: Scanning magnetometry with nitrogen-vacancy
(NV) centers in diamond has led to significant advances in the
sensitive imaging of magnetic systems. The spatial resolution of
the technique, however, remains limited to tens to hundreds of
nanometers, even for probes where NV centers are engineered
within 10 nm from the tip apex. Here, we present a correlated
investigation of the crucial parameters that determine the
spatial resolution: the mechanical and magnetic stand-off
distances, as well as the subsurface NV center depth in
diamond. We study their contributions using mechanical
approach curves, photoluminescence measurements, magneto-
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metry scans, and nuclear magnetic resonance (NMR) spectroscopy of surface adsorbates. We first show that the stand-off
distance is mainly limited by features on the surface of the diamond tip, hindering mechanical access. Next, we demonstrate
that frequency-modulated (FM) atomic force microscopy feedback partially overcomes this issue, leading to closer and more
consistent magnetic stand-off distances (26—87 nm) compared with the more common amplitude-modulated feedback (43—
128 nm). FM operation thus permits improved magnetic imaging of sub-100-nm spin textures, shown for the spin cycloid in
BiFeO; and domain walls in a CoFeB synthetic antiferromagnet. Finally, by examining 'H and '°F NMR signals in soft contact
with a polytetrafluoroethylene surface, we demonstrate a minimum NV-to-sample distance of 7.9 + 0.4 nm.
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NMR spectroscopy

agnetic imaging techniques are indispensable tools

in nanoscale research, with applications ranging

from fundamental research in condensed matter and
materials physics to metrology and device characterization in
engineering disciplines. For example, magnetic force micros-
copyl’2 and Lorentz transmission electron microscopy3’4 are
widely used to reveal domain patterns and spin textures, which
are essential for understanding the energy scales and dynamics
of magnetically ordered systems. Similar and complementary
information is available from a range of other techniques, such
as scanning superconducting quantum interference device
microscopy,5 a number of scanning tunneling microscopies,é_8
and X-ray methods such as magnetic circular dichroism and
magnetic linear dichroism with photoemission electron
microscopy.” While all techniques offer nanoscale or even
atomic spatial resolution, each method has its specific
requirements that limit applications to certain samples or
operating conditions. For example, some techniques only
accept samples as thin films, while others require atomically flat
and conducting surfaces, an ultrahigh-vacuum (UHV) environ-
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ment, or cryogenic operation. In addition, X-ray investigations
rely on access to large-scale facilities where the measurement
time is limited.

Scanning magnetometers based on nitrogen-vacancy centers
(SNVMs) are an important recent addition to the set of
nanoscale magnetic imaging instruments.'°~'* SNVMs exploit
a single defect spin in a diamond scanning tip as an atomic-size
magnetic sensor, allowing for quantitative and sensitive stray
field imaging at sub-100-nm spatial resolution. Such micro-
scopes are tabletop instruments, operate under ambient
conditions, and are compatible with a wide range of samples,
including bulk and thin-film materials. Initially applied to study
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Figure 1. Scanning NV microscope and diamond tip. (a) Schematic of the scanning probe and surface, indicating the mechanical stand-off
(d,), magnetic stand-off (d,), and subsurface depth of the NV center (d;). The diamond probe is oscillated along y (shear mode) using a
tuning-fork actuator. A combination of optical and microwave excitation is used to control and read out the NV spin (pink). (b) Electron
micrograph of a diamond scanning probe. The NV center is located at the tip apex (arrow). Scale bar, 10 gm. (c) AFM topography of the tip
apex from two representative diamond probes with smooth (tip A) and rough (tip B) surfaces, respectively. (d) Line cuts along the dashed

lines in part c. The scale bars in parts c and d are 200 nm.

. . 13—16
magnetic textures in ferromagnets,

since been extended to antiferromagnets,w_21 multifer-
*7%* two-dimensional ferroma§nets, =7 sky-
rmions,”*™%° superconducting vortices,>”? and nanoscale
current distributions.’>** While SNVM offers excellent
sensitivity in real space imaging, the spatial resolution, typically
tens of nanometers, is modest compared to related techniques
like magnetic force microscopy (MFM) or scanning tunneling
microscopy (STM).* The limited spatial resolution hinders
investigation of a range of interesting phenomena on the ~10
nm length scale, such as the internal structure of magnetic
domain walls,* superlattice structures,®’ or magnetic signa-
tures related to wave effects of electrons.***’

In SNVM, the spatial resolution is directly set by the vertical
separation (stand-off) between the atomic-size magnetic sensor
and the sample surface.”> Therefore, to attain a high spatial
resolution, the stand-off must be reduced as much as possible.
Early approaches based on grafting a diamond nanoparticle to
a commercial atomic force microscopy (AFM) probe occa-
sionally reported excellent stand-off distances (15—25
nm’>*’). However, this approach is difficult to reproduce,
and the quantum properties of NV centers in nanocrystals are
generally poor.*"*” By contrast, state-of-the-art scanning
probes fabricated by top-down lithography from single-
crystalline diamond substrates**** offer excellent NV proper-
ties. However, stand-off distances (35—120 nm”**7>?) are
generally larger and vary greatly. The reasons for such large
stand-offs are unclear, as the nominal subsurface depth of NV
centers is expected to be around 10 nm, based on the nitrogen
implantation energy during NV synthesis. Possible explan-
ations are tip topography caused by surface roughness or
particle pickup, tip tilt relative to the sample, meniscus
formation by surface adsorbates between the tip and sample, or
a biased selection of deep NV centers in tip fabrication.
Routinely achieving stand-off distances below 50 nm (ideally
less than 10 nm) remains a fundamental and practical
challenge.

the technique has

.2
roics,

In this work, we present a systematic study of stand-off
distances in SNVM imaging. First, we characterize the critical
vertical distance parameters—the mechanical stand-off (d,),
the magnetic stand-off (d,), and the subsurface NV depth (d;)
(cf. Figure la)—to form a detailed picture of the sensor-
sample interaction. We show that there is considerable
variation in magnetic stand-off between probes, likely due to
a combination of inadvertent tip contamination and meniscus
formation common to large-diameter AFM probes. By
contrast, the stand-off contribution due to the subsurface
depth of the NV center is minor. We further show that, by
using frequency-modulation (FM) feedback for the AFM tip
approach and optimizing control parameters, the magnetic
stand-off can be lowered by ~16 nm (median) compared to
amplitude-modulation (AM) feedback. We demonstrate
measurement improvement by imaging BiFeO; and CoFeB
magnetic test samples at stand-offs down to 24.3 + 4.6 nm, as
well as NMR detection of surface films in soft contact with a
stand-off of 7.9 + 0.4 nm.

RESULTS AND DISCUSSION

Diamond NV Tips. Our diamond probes® are fabricated
from single-crystal diamond substrates using a series of e-beam
lithography and dry etching steps.** Each probe contains a
single NV defect center approximately 10 nm from the tip apex
formed by low—energy nitrogen implantation (7 keV'* N*) and
subsequent annealing.”* Tips have a tapered geometry with top
diameters between 350 and 400 nm,** which protrude from a
larger diamond piece that is glued, via a cantilever handle, to a
quartz tuning fork anchored on a ceramic chip for easy
handling and electrical contacting (Figure 1b). All measure-
ments are performed with a commercial scanning NV
magnetometer” under ambient conditions (cf. Figure 1a and
Methods).

Parts ¢ and d of Figure 1 show AFM scans of the tip apex
from two diamond probes. These tips are from a separate
chip** and have larger diameters (~700 nm) compared to the
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scanning tips analyzed in the rest of this study. Although the
tip apex is in general very smooth (tip A in Figure 1c), with an
root-mean-square (rms) roughness below 1 nm, some tips (tip
B) showed larger features with typical peak heights of 20—50
nm (see Supplementary Note 1 for statistics). These features
are important because they hinder mechanical access during
the tip approach and therefore increase the stand-off distance.
The likely origin for features seen on tips of type B are residues
from tip lithography, such as mask material or photoresist. The
images in Figure lc are taken on pristine tips; images acquired
from scanning probes in reverse AFM mode before use
(Supplementary Note 1) revealed similar features on the tip
surface. As with any AFM imaging, tips tend to accumulate
more material during use when scanning in close contact™ and
under grolonged laser exposure® even under UHV con-
ditions.>”

Mechanical Approach Curves. We begin our study by
quantifying the mechanical stand-off distance, d,, correspond-
ing to the physical separation between the lowest point of the
diamond probe tip and the highest point of the sample surface
(Figure 1la). For this purpose, we record the resonant
amplitude (A.,) and frequency (f.,) of the tuning fork
(Figure 2a) while slowly approaching the sample surface. By
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Figure 2. Tuning-fork control and approach curves. (a) Tuning-
fork resonance curves in free space (blue) and in hard contact
(red). A, is the resonant amplitude and Af,, is the frequency
shift, given relative to the free-space (d; — o) value. (b)
Approach curves plotting A, (blue), Af,., (green), and the PL
intensity (red) as a function of d;. The contact point d;, = 0 is
defined by the minimum in A, .. A—E identify different interaction
regimes discussed in the text. The data shown are for diamond tip
NV14 and a Si/SiO, sample surface. n.c. = noncontact.

plotting A, and f,., as a function of d;, we obtain the approach
curves shown in Figure 2b. In addition, we monitor the
photoluminescence (PL) intensity of the NV center under
constant green laser illumination. Because large-diameter tips
operated in shear mode behave differently from standard
tapping mode AFM tips>® and because an understanding of the

approach curves is crucial for choosing the set point and
minimizing d;, we now discuss Figure 2b in some detail.

In the free-space regime A, no mechanical tip—sample
interaction is detected. A, and f ., take their free-space values.
However, a reduction in the PL intensity is already visible. The
reduction in PL is mainly due to an optical cavity forming
between the parallel tip and sample surfaces.’” ™! In region B,
the amplitude A, starts decreasing due to dissipative tip—
sample interactions,”>”%* while fres is largely unaffected,
indicating that dissipative tip—sample interactions occur prior
to conservative tip—sample interactions. In region C,
conservative tip—sample interactions start contributing, leading
to a rise in the f,., value. Crossing from region C into region D,
A, assumes a sharp minimum. Because this minimum is a
well-defined feature, we use it to define the “contact point” (d;
= 0) in the approach curve.”*®* The contact point reflects a
soft contact, and the tip can be approached further toward the
sample. In region D, the amplitude increases again and
eventually reaches a local maximum. This maximum is
attributed to adsorbates, such as water, in ambient conditions,
filling the gap between the diamond tip and the sample surface.
As a consequence, the cantilever experiences an increasing
shear force and begins to bend elastically.®* Finally, in region
E, the PL signal saturates and A, and f,,, vary slowly with the
z position, indicating that a hard contact has been made.

To control the tip—sample distance, we feedback on either
the amplitude or frequency signal (Methods). In amplitude-
modulated (AM) feedback mode, the tuning fork is driven at a
fixed frequency, and the oscillation amplitude is held at a
constant set point by adjusting the z position using a
proportional—integral (PI) controller. The set point may be
arbitrarily chosen, typically between 20 and 90% of the free
amplitude (cf. Figure 2a). In frequency-modulated (FM)
feedback mode, the tuning fork is driven at resonance with the
help of a phase-locked loop (PLL), and the frequency shift
(typically S—200 Hz) is held at a constant set point.

We find that the FM feedback has several key advantages
over the AM feedback: first, because the A, signal reacts
earlier than the f, signal, the AM set point is typically farther
from the sample than the FM set point. Further, the
nonmonotonic behavior of A, especially the dip and local
maximum in regions C and D, tends to make the feedback
unstable. As a consequence, a set point in regions B and C
must be chosen in the AM mode. By contrast, f,., increases
monotonically with decreasing d;, even deep into the soft-
contact regime, allowing for a much closer approach, combined
with more robust and reproducible feedback in the FM mode.
Therefore, with careful tuning of f,.,, the FM mode is expected
to allow for substantially smaller and more consistent stand-off
distances compared to the AM mode.

Magnetic Stand-off Distance. Next, we investigate the
magnetic stand-off, d,, given by the vertical distance between
the NV center and the top surface of the magnetic sample
(Figure 1a). Our calibration sample is an out-of-plane (OOP)
magnetized ferromagnetic Co film of 1.6 nm thickness that is
lithographically patterned into a 2-um-wide stripe.”*®” To
determine the magnetic stand-off, we take magnetometry line
scans across the stripe and fit the data to an analytical function
describing the stray field from a uniformly magnetized OOP
stripe (Methods).**

Figure 3a depicts measured stray field profiles and model fits
for one representative tip (NV7) acquired in the AM (blue)
and FM (red) feedback modes. The FM feedback yields a
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Figure 3. Magnetic stand-off distance. (a) Stray field scans for NV7 obtained by scanning the tip across an OOP magnetized ferromagnetic
stripe (inset). The upper trace (blue, offset by 10 mT for clarity) is recorded in the AM mode and the lower trace (red) in the FM mode.
Dots show the data, and solid lines are the analytical fits to the stray field profile (Methods). (b) Scatter plot of magnetic stand-off distances
d, from diamond probes (NV1—NV15), totaling 77 scans. NV indices are ordered according their AM-AFM stand-off. Blue and red numbers
indicate set-point parameters (see the text). (c) Histogram of the data shown in part b. The dashed horizontal lines are median values.

sharper field profile and an ~2 times larger absolute stray field,
as expected for a scan in closer proximity. For this example, the
fitted magnetic stand-off distances are 58.3 + 1.5 nm (AM)
and 25.7 + 1.4 nm (FM). This result is consistent with the
od,”! scaling of the stray field peak from a step edge
(Methods). Figure 3b presents the data from 15 diamond
probes (see Supplementary Note 3 for the full data set). We
find d, to show large variations between the probes and set-
point parameters, with values ranging from 43—128 nm in the
AM mode to 26—87 nm in the FM mode. We also find that
FM feedback leads to a consistently lower stand-off and
reduced spread in d,. A histogram analysis (Figure 3c) shows
that the median stand-off value is reduced from 59.6 nm (AM)
to 43.1 nm (FM), corresponding to a net reduction of 16.5
nm. This significant reduction has a strong impact on the
image resolution and strength of the stray field signal (Figure
5), offering improved characterization in scanning magneto-
metry applications.

Subsurface Depth of NV Centers. In a third step, we
determine the subsurface depth, d;, of NV centers in the
diamond probe by the technique of NV-NMR.®*% Specifically,
we use dynamical decoupling of the NV center to detect the
magnetic noise from the 'H s7pins contained in the adsorbate
layer on the diamond surface.”””" Because the intensity of the
'"H NMR signal quickly decreases with depth d;, the peak
magnitude can be used as a reliable and quantitative depth
gauge for near-surface NV centers.”””

Figure 4b shows the "H NMR spectrum of a representative
diamond probe together with the fit to an analytical model”’
(see Supplementary Note 4 for further NMR spectra). The
depth extracted from the fit is dy = 5.7 &+ 0.2 nm (Methods). A
histogram collecting measurements from 10 diamond probes is
shown in Figure 4c. We find that NV depths range from d; =
5.1 to 13.9 nm with a median of 9.1 nm (dashed line). These
values are in good agreement with a complementary Stopping
and Range of Ions in Matter (SRIM) Monte Carlo
simulation’* for the 7keV '*N* ions used in tip fabrication
(10.8 + 4.0 nm)”* (solid curve). From Figure 4c, we conclude
that the subsurface depths for our scanning probes are
consistent with the chosen implantation energy. In particular,
we find no selection bias toward deeper NV centers, and the
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Figure 4. Subsurface depth of NV centers. (a) Calibration of the
subsurface depth d; by measuring the magnitude of the '"H NMR
signal from the t ~ 1 nm layer of surface adsorbates.”* B, is the
bias field. (b) '"H NMR spectrum for NV7 recorded at B, = 47.3
mT using dynamical decoupling spectroscopy.”> Dots are the
experimental data, and the curve is a least-squares fit to the
analytical model. The dashed line is the expected 'H resonance
positions at this field. (c) Histogram of the measured d; from 10
diamond probes. The gray dashed line is the median value. The
green curve is the result of a SRIM simulation of the *N* jon
distribution with depth d,.

narrow distribution in d; cannot explain the large variation in
magnetic stand-off d,.

Table 1 concludes our stand-off analysis by presenting values
for the distances d;, d,, and d; for two scanning probes. A
comparison between diM—d'™ and d5M—di™ shows that the
reduction in the stand-off is roughly consistent between the
mechanical and magnetic measurements, although the
reduction is greater for the latter. This shows that our
feedback control is reliable in adjusting the stand-off and does
not lead to unexpected variation. A comparison with d; also
confirms that the subsurface NV depth is only a minor
contribution to the magnetic stand-off d,.
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Table 1. Mechanical Stand-off (d,), Magnetic Stand-off (d,),
and Subsurface NV Depth (d;) for Two Diamond Probes”

NV
mechanical stand-off magnetic stand-off depth

diamond ~ d}M, ™M éﬁM_ M g™ ltjéM— ds,
probe nm nm 4, nm  nm nm d,,nm nm
NV2 2.5 —25.5 28.0 99.8 59.2 40.6 12.9
NV1S 3.5 =25 6.0 53.8 43.1 10.7 S.1

“Set-point parameters are Ay, = 75% and Af,., = 200 Hz (NV2) and
Ay = 75% and Af,., = 135 Hz (NV15). Note that d, + d; # d, due to
our definition of the d; = 0 mechanical contact point (Figure 2b).

Table 1 also exemplifies that the magnetic stand-off varies
greatly between probes, corroborating our findings from Figure
3. We hypothesize that the large variations are due to a
combination of topographic features on the diamond tip (see
AFM imaéges in Figure Ic,d) and irregular meniscus
formation’® as the tip moves into soft contact with the sample
surface; in the future, these could be reduced by tip cleaning
protocols’” and operation under a controlled atmosphere. FM
feedback partially surmounts the mechanical barrier, placing
the tip deep into the soft contact regime. Because the tuning
fork has a high stiffness, a considerable force can be applied to
the tip. This force will tend to level out soft features on both
surfaces and reduce tip tilt if present. Below, we provide further
evidence for this hypothesis by detecting the 'F NMR signal
from a polytetrafluoroethylene (PTFE) film in soft contact.

Magnetic Imaging with High Spatial Resolution. We
now demonstrate that the lower stand-off available through
FM feedback allows for a much improved spatial resolution in
nanoscale imaging magnetometry applications. As our first
example, we present images of the spin cycloid of bismuth
ferrite (BiFeO,), an archetypal multiferroic material with
noncollinear antiferromagnetic textures”> 72075780 (see Meth-
ods and Supplementary Note S for further details). Parts a—c
of Figure 5 show scanning NV images recorded in AM mode
(panel a) and in FM mode with weak (panel b) and strong
(panel c) frequency set points. The line cuts plotted
underneath the images reveal that the peak-to-peak value of
the stray field increases by 85% upon going from AM (panel a)
to FM (panel c) feedback.

Because the stray field of a periodic magnetic structure

decays as e 2™/ wyith d,, where A is one full spatial period, we

can relate the signal increase to the change in the stand-off
distance. Considering a period of A = 119 nm (extracted using
Fourier analysis of Figure Sc) and the 85% signal change, the
reduction in the stand-off is approximately 12 nm. This value is
consistent with the result obtained using inverse Fourier
filtering (Supplementary Note 5). Overall, parts a—c of Figure
S demonstrate that even a modest reduction in the stand-off
distance can lead to large improvements in the magnetic signal.

Parts d and e of Figure 5 present a second example of
comparative imaging using a fully compensated synthetic
antiferromagnetic racetrack sample. The sample is composed
of two 10.25-A-thick layers of CoFeB separated by a Ru/Pt
spacer, leading to OOP antiferromagnetic coupling (Methods).
Clearly, the FM image (panel e) shows the device outline and
domain walls within the racetrack in crisper detail compared to
the AM image (panel d). The insets reveal that the root-mean-
square (rms) values of the stray field increase from 0.13 mT
(AM) to 0.30 mT (FM), corresponding to a signal rise by
130%. Separate fits to the stray field profiles at the edge of the

a

Byy (mT)

Byy (MT)

Figure 5. High-resolution magnetic field imaging of BiFeO; and
CoFeB. Quantitative stray field maps of a BiFeO, thin film. (a)
AM-AFM at 50% set point. (b) FM-AFM at Af,,, = 65 Hz set point.
(c) FM-AFM at Af,,, = 155 Hz set point. The line cuts underneath
the images show the periodic stray field oscillation of the BiFeO,
spin cycloid. Stray field amplitudes (peak-to-peak) are 0.47 + 0.03
mT for part a, 0.67 + 0.07 mT for part b, and 0.87 + 0.05 mT for
part c. Scale bar, 200 nm. (d,e) Quantitative stray field maps of a
CoFeB synthetic antiferromagnetic racetrack measured in AM
mode (d; 25% set point) and FM mode (e; Af,, = 110 Hz set
point). The dashed-squared regions are shown at higher
magnification as insets. Scale bars are 1 gm, and insets are 1.25
X 1.25 pm.

racetrack (Supplementary Note 6) show that the magnetic
stand-off is reduced from d, = 43.6 + 82 nm (AM) to d, =
24.3 + 4.6 nm (FM). The latter value is the smallest magnetic
stand-off distance measured in this study.

Detection of Meniscus Formation and Molecular
Uptake. Finally, in an attempt to reduce the stand-off even
further, we investigate meniscus formation’® and molecular
uptake in the soft contact regime (d; < 0) using '"H and "°F
NMR. As shown in Figure 6a, we approach the tip from free
space (1) to soft contact (2) and then retract the tip to the
original free-space position (3). At each position, we recorded
the 'H NMR signal using NV-NMR (Figure 4). By calibrating
the signal magnitude (B,,,) in the initial free-space position,
we can relate changes in the peak intensity during the
approach—retract cycle to the amount of 'H-containing
material within the detection volume of the NV center.”*

Figure 6b shows soft-contact measurements performed over
three representative substrates: hexagonal boron nitride (hBN)
as an important capping layer in two-dimensional materials
research, PTFE as an extremely hydro- and oleophobic
material, and a glass microscopy slide (see Supplementary
Note 4 for NMR spectra). For all substrates, we observe an
increase in the '"H NMR peak as the tip approaches from
position 1 to position 2. This reflects an increase in the
thickness of the adsorbate layer, which we explain by meniscus
formation. When the tip is retracted to position 3, however,
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Figure 6. Investigation of capillary bridge formation and molecular
adsorption using NV-NMR. (a) Experimental sequence: measure-
ments are performed in free-space (1), soft contact (2), and after
retraction to free space (3). (b) Magnitude of the '"H NMR peak
(Byms) as a function of position 1—2—3. Data shown are for hBN
(blue, acquired with NV15), PTFE (red, NV7), and glass substrate
(green, NV16). Note that the data were taken with different tips
(different d,), such that B, values are not directly comparable
between substrates. (c) NMR spectrum taken in soft contact with a
PTEFE surface, revealing both '°F and "H signals. The spectrum is
acquired using NV7 and a bias field of 49.3 mT. Dashed lines are
the expected resonance positions at this field. Fitting of the '°F
peak (gray curve) yields B, = 295.6 + 21.2 nT, corresponding to
a NV-to-PTFE distance of d, = 7.9 + 0.4 nm (Methods).

different behaviors are observed for the three substrates: for
hBN and glass, the "H NMR signal decreases, albeit not to the
level prior to approach. The decrease is stronger for hBN and
almost absent for glass. A similar “residue effect” has been
reported previously”’ and has been ascribed to a local
redistribution of adsorbate molecules. For the extremely
hydrophobic PTFE, by contrast, the '"H NMR signal slightly
increases because molecules preferentially adhere to the
diamond surface, leading the tip to collect adsorbates from
the PTFE surface.

For PTFE, we also measured the '’F NMR signal. Upon the
tip approach (position 2), we observe a clear ’F NMR peak
(Figure 6¢), proving that the tip is in intimate contact with the
sample. Converting the B, magnitude of the '’F NMR signal
into a stand-off distance, we determine a value of d, = 7.9 + 0.4
nm, a value only marginally larger than the subsurface depth d;
= 5.7 £ 02 nm for this probe (Figure 4b). Together, our
results demonstrate that in soft contact the gap between the
probe and surface can be minimized and stand-off distances
below 10 nm are achieved. The increase in B, after retraction
of the tip (Figure 6b) also indicates that soft contact can lead
to an increase in adsorbates. Measurements over repeated

engage—retract cycles, however, show no increase in the 'H
NMR intensity (Figure S6) and no increase in the magnetic
stand-off (Figure S3), suggesting that the adsorbate uptake is a
one-time effect.

CONCLUSIONS

In summary, we present significant advances to the under-
standing of stand-off distances in SNVM microscopy, which
are crucial to improving the spatial resolution and sensitivity of
the technique. Starting with a detailed analysis of the tip
approach curve, we show that FM feedback control of the tip
position achieves a consistent improvement over AM feedback.
The advance manifests both in improved tip approach (median
stand-off of 43 nm for FM compared to 60 nm for AM modes)
and more consistent stand-off values between different tips and
experimental runs. The best-effort stand-off, measured by
scanning across a magnetic step edge, is 24nm. We
demonstrate that even modest reductions in the stand-off
distance can lead to dramatic improvements in the image
quality and signal magnitude. These improvements are
valuable not only to the ODMR-based imagin demonstrated
here but also to alternating-current sensing”**>** and dynamic
imaging modalities like scanning gradiometry.”*® Finally, we
explore the soft-contact regime, including capillary bridge
formation and molecular uptake using NV-NMR, and show
that sub-10-nm stand-off distances with SNVM can be reached.
At this point, the subsurface NV depth d; becomes relevant.
Lowering the jon implantation energy during NV synthesis or
usina gllit;é)_gszn-doped capping layers have demonstrated d; < 3
m.”"" These results indicate that even lower stand-off
distances, perhaps less than 5 nm, might be feasible.

Looking forward and in pursuit of a higher spatial resolution,
the apex diameter of the diamond tip is a crucial parameter: in
this study, diamond probes with rather large apex diameters of
several hundred nanometers are used. While the diameter
improves photon outcoupling,® it also makes the tip more
prone to topographic irregularities including residues from tip
fabrication and particle pickup during scanning. In addition,
large-diameter tips are more affected by meniscus formation
and demand a more careful adjustment of the tip tilt. Advanced
nanofabrication techniques should allow the engineering of
diamond probes with substantially smaller end diameters,
below 100 nm, without unduly compromising the photon
yield."*”° Further, by operating the SNVM in a controlled
atmosphere or a high-vacuum environment, surface adsorbates
could be reduced or entirely eliminated. Alternatively,
passivation of the diamond surface using atomic layer
deposition”" or suitable chemical groups®* might also reduce
tip adhesion.

METHODS

Scanning NV Microscope. The experiments are performed using
a commercial scanning NV magnetometer (QSM, QZabre AG),
which operates under ambient conditions. Scanning images are
acquired by scanning the sample underneath the tip using a three-axis
piezostage, while the tip remains stationary. The tuning-fork oscillator
is actuated in shear mode to provide a force feedback needed for
adjusting the tip—sample distance and performing AFM scan-
ning.”>* A top-side objective is used to both illuminate the
diamond tip using a green diode laser (4 = 516 nm) and collect the
resultant NV PL emission (band-pass filtered between 4 ~ 630 and
800 nm) using a single-photon-counting module. The optics are
operated in a confocal configuration to suppress the luminescence
background. Microwave pulses for manipulating the spin states of the
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NV center are generated by a short bond wire loop passing within 30
pum from the diamond tip. Either a permanent magnet or a vector
electromagnet is employed for generating bias magnetic fields of up to
S50 mT.

AM and FM Feedback. The tuning-fork oscillator was controlled
by using an Anfatec AFM controller. The tuning fork was driven
electrically by applying a voltage between the electrodes patterned on
the two prongs. To detect the tuning-fork oscillation, the current
between the electrodes is measured by using a transimpedance
amplifier. The Anfatec controller combines a digital lock-in amplifier,
PLL, and PI feedback for controlling the amplitude and frequency set
points. In AM feedback mode, the tuning fork is driven at the free-
space resonance with a constant drive amplitude, and the tuning-fork-
oscillation amplitude held at a constant set point (typically between
20 and 90% of the free-space amplitude) by feeding back on the z
position. In FM feeedback mode, the tuning-fork oscillation is driven
at resonance using the PLL, and the tuning-fork resonance frequency
is held at a constant offset Af,, from the free-space frequency
(typically between S and 200 Hz) by feeding back on the z position.

Diamond Tip Fabrication. Diamond tips are fabricated from
electronic-grade single-crystalline substrates with a {100} surface cut
(Element6) using a series of lithography and etching steps.** All tips
characterized in this study are commercial scanning probes (QST,
QZabre AG), except for the tips shown in Figure 1c,d, which are part
of a larger pillar array.** Count rates of NV centers range from 150 to
600 kCts/s, and the continuous-wave ODMR contrast varies between
12% and 26%.

Magnetic Samples. Co stripe. The calibration sample for
magnetic stand-off measurements™ ¢ is a roughly 2-um-wide stripe
of Pt(6nm)/Co(1.6 nm)/Al(2nm) with OOP anisotropy.”® The
stripe is milled with Ar ions through a PMMA mask patterned by
electron-beam lithography. The top Al layer is oxidized with a gentle
oxygen plasma (power, 30 W) in an oxygen pressure of 10 mTorr to
induce perpendicular magnetic anisotropy.®’

BiFeO;. The BiFeO; sample is grown by pulsed-laser deposition on
SmScO;(110), (o denotes orthorhombic) substrates. The thickness
of the BiFeO; film is between 33 and 54 nm.*’

CoFeB. The CoFeB synthetic antiferromagnetic racetrack is
fabricated from a Ta(3 nm)/Pt(4 nm)/CoFeB(1.025 nm)/Ru(0.72
nm)/Pt(0.45 nm)/CoFeB(1.025 nm)/Ru(0.5 nm)/Ta(1.5 nm) thin-
film stack, where numbers in parentheses represent nominal
thicknesses. The films are deposited at room temperature by direct-
current magnetron sputtering in an Ar pressure of 1 mTorr on high-
resistivity Si substrates.

Substrates Used for the Detection of Meniscus Formation.
PTFE. Commercially available PTFE plates (APSOparts) were
cleaned by sonication in acetone for 10 min, followed by isopropyl
alcohol for 2 min, and then blow-dried using N, gas.

hBN. The hBN substrate was prepared by exfoliation from hBN
crystals (courtesy of K. Watanabe and T. Taniguchi) onto a silicon
substrate chip with a 90-nm-thick silicon dioxide layer (dry
chlorinated thermal oxide with forming gas anneal) using blue tape
(Nitto ELP BT-150-E-CM), following the method described in ref 83.

Glass. Commercial glass coverslips (Knittel Glasbearbeitung) were
used with no extra cleaning steps.

Fitting of the Magnetic Stand-off. The stray field profile from a
uniform, OOP magnetized stripe in the thin-film limit can be modeled
by t‘"i? antiparallel bound currents flowing at either edge of the
stripe ™

oM.t » dy dy
2| (x - x1)2 + d22 (x = x2)2 + d22

B,(x, dy) = =

(1)

oM.t [ x = x x — x,
Bz(x’ dz) = 2 2 2 2
2z (x — xl) +d, (x — xz) +d,

2)

Byv = B, sin 0 cos ¢ + B, cos 0 (3)

where M, is the OOP magnetization, t is the thickness of the
ferromagnetic layer, x, and «x, are the positions of stripe edges, and 6
and ¢ are the polar and azimuth angles of the NV center in the
laboratory (scanning) frame, respectively. By fitting of the measured
stray field using eq 3, the magnetic stand-off distance d, is determined.
Note that the analytical model assumes a perfect OOP magnetization
that is uniform across the film. This model may be oversimplified
because the magnetization can deviate from the OOP alignment at the
edges due to the demagnetizing field. The tilting will lead to an
overestimation of d,. However, as long as the edge region where the
magnetization deviates from OOP is much narrower than the stand-
off distance, the effect is negligible.46

NMR Depth Measurements. Surface adsorbates like water or
hydrocarbons are naturally present on diamond under ambient
conditions and have a typical thickness of 1-2 nm.**’®”" This
adsorbate layer has served as a reliable depth gauge in previous NV-
NMR studies.”*”"7>”* We detected the '"H NMR signal through the
reduction in NV spin coherence using dynamical decoupling
spectroscopy. The exact measurement protocol is given in
Supplementary Note 4. The magnitude of the coherence dip can be
converted into a rms value B,,; of magnetic field noise generated by
the "H spins. B, is strongly dependent on the distance between the
NV center and 'H layer and can thus be used to precisely determine
d;. We use the analytical expression of refs 71 and 75:

222 2
2 S MTp( d)
15367d,’ (dy + t)?

(4)
where 4, is the vacuum magnetic permeability, 7 is the reduced
Planck constant, y = 277 X 42.57 MHz/T is the proton gyromagnetic
ratio, p is the proton density, and ¢ is the thickness of the surface
adsorption layer. We assume values of p = 60 (nm) ™ typical for water
or hydrocarbons and t = 1.3 nm from a previous study.”
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