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Combined Confocal-Atomic-Force Microscope Setup for
Quantum Sensing Applications with Sub-diffractional

Spatial Resolution

Sergei Trofimov and Boris Naydenov*

Quantum sensors find applications ranging from material science to biophysics.
Nitrogen-vacancy (NV) center in diamond has been successfully implemented for
measuring various types of signals. Optical NV center readout, routinely used in
confocal microscopes, allows achieving high spatial resolution down to the
diffraction limit. This work describes in detail the combined confocal-atomic-force
microscope (confocal-AFM), which takes advantage of sharp AFM cantilevers,
and shows its possible applications for nanoscale resolution. It demonstrates the
sub-diffractional localization of NV centers with platinum-coated cantilevers and
the ability to separately address optically unresolved sensors using cantilevers
with ferromagnetic coating. The presented setup exhibits a lateral resolution of

13 nm, providing a tool for nanoscale quantum sensing.

1. Introduction

Quantum sensing is a rapidly developing field of research, that
facilitates material science,™™ biophysics studies,”” and investiga-
tions in fundamental physics.®) Typical examples of quantum
sensors are: superconducting qubits,!* trapped ions,” and solid
state defects.*) Nitrogen-vacancy (NV) defect centers in diamond
are of particular interest due to their versatility. They are rou-
tinely used as nanoscale sensors of magnetic and electric
fields,”® temperature,” pressure,'” and rotation.™"

The NV center consists of a substitutional nitrogen atom and
an adjacent vacancy in the diamond lattice. Excited with a green
(520 nm) laser, it emits photoluminescence (PL) in the red part of
the visible spectrum with the zero-phonon line at 637 nm. The
spin-dependent intersystem crossing gives rise to the spin-
dependent PL, so that the spin state |0) is brighter than |+1)
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states (see Figure 1a). Therefore, it is pos-
sible to readout NV’s spin state optically. In
the absence of external perturbations,
states |0) and |+1) are separated in the
energy equal to an energy of a photon with
the frequency of 2.87 GHz. The application
of a resonant microwave (MW) field indu-
ces the transition between the spin states,
resulting in a PL decrease. This effect is
used in optically detected magnetic reso-
nance (ODMR) experiments, demonstrated
in Figure 1b. In the case of external mag-
netic field B, the resonance line in
ODMR splits in two (see Figure 1c) with
the splitting Af proportional to the magni-
tude of the magnetic field: Af =2yB,
where y = 2.8 MHz G~ is the NV center
gyromagnetic ratio. Direct current (DC) scanning magnetometry
is typically performed using this effect.l'”)

Although it is possible to employ single NV centers for sens-
ing, which makes physical size of the sensor ~1.5 A (C—C bond
length in diamond), spatial resolution in such experiments
is typically limited by diffraction, since the signal is detected
optically. To increase the resolution, more advanced detection
techniques such as stimulated emission depletion (STED),™*!
ground state depletion (GSD),™* and photoelectrical detection
can be applied."! Another approach consists of using atomic
force microscopes (AFM) and performing scanning with dia-
mond cantilevers or nanodiamonds containing NV centers,!>'%l
cantilevers with sharp tips,'”! and ferromagnetic cantilevers to
overcome the diffraction limit.'®!

This work describes a combined confocal-AFM microscope
built for quantum sensing experiments taking advantage of
enhanced spatial resolution offered by various AFM techniques.
The performance of the setup is demonstrated with proof-of-
principle experiments. Though the present article concentrates
on NV centers in diamond as a test system, the utilized techni-
ques could be applied to other luminescent centers such as
defects in silicon carbide and hexagonal boron nitride.!**"!

2. Combined Confocal-AFM Microscope

The combined confocal-AFM setup consists of a commercially
available AFM device and a home-built confocal microscope
for laser excitation and luminescence detection, described in
detail below. Since both parts probe a sample point by point,
scanning techniques are necessary to obtain AFM and PL images
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Figure 1. a) NV center energy levels. Triplet ground (2A;, GS) and excited (*E, ES) states are split in |0) and |+1) spin levels. Green arrows show the laser-
induced transitions between the spin states. Solid (dashed) red arrows denote the spin-dependent PL decay transitions with higher (lower) PL intensity.
Solid (dashed) black arrows indicate the higher (lower) probability of intersystem crossing to and from the singlet states ('A; and 'E). The gray arrow
denotes the infrared photon emission. The violet arrow shows the MW transition, observed in ODMR measurements; b) NV center ODMR in the absence
of the magnetic field; c) NV center ODMR at magnetic field B = 9.2 G. ODMR data (blue points) are fitted with the Lorentzian functions (brown line).

of the sample surface. Moreover, as for typical experiments, it is
necessary to bring the cantilever and the laser spot in a desired
position relative to each other, an additional degree of freedom is
needed. The setup described in this work is able to operate in two
modes: sample scanning and laser scanning. In the former
mode, the sample is moving relative to both the laser and the
cantilever, while in the latter mode, the laser spot is moving rel-
ative to the sample and the cantilever. To be able to change the
depth of the laser focus in the sample, the objective is also
mounted on a movable piezo stage.

Another key concept of the combined setup is the control of
both parts and the signal synchronization between them. The
present setup uses separate control (software and hardware) of
the AFM, responsible for the sample scanning, and of the con-
focal microscope, which is used to perform the laser scanning.
The measured signals, however, are accessible by both parts in
any scanning mode.

2.1. AFM Setup

The AFM microscope is an NX12 AFM manufactured by Park
Systems. The device is capable of working in a wide variety of
modes, the most important of which for this work are: non-
contact (NC) mode and contact mode.

(a) Cantilever

MW contact NV center

The combination with the confocal part is made in such a way,
that while the cantilever is probing the top sample surface, the
laser is focused on the same surface through the sample by the
objective placed underneath as depicted in Figure 2a showing
NV centers in diamond as an example. The AFM movable
sample stage allows performing point by point sample probing
(sample scanning technique), but the cantilever cannot be moved
laterally. The AFM part of the setup is controlled via SmartScan
software from ParkSystems.

2.2. Confocal Microscope

The confocal microscope is custom-built on the same optical
table, where the AFM device is located. A schematic of the setup
is shown in Figure 2b. It can be divided into three logical parts:
laser preparation part, laser scanning system, and detection part.
These parts are controlled via Qudi software.!*"!

2.2.1. Laser Preparation Part

The sample is excited with a continuous wave (CW) green laser
diode LD (RLT520-80MGS, Roithner LaserTechnik). An acousto-
optic modulator AOM (AOMO 3350-199, Gooch and Housego) is
used for conducting pulsed laser experiments and a single-mode

(b)
/3 BS PH F,,
GM

L,

Sample 0 L
1

C I
[ M AOM

SMF

Figure 2. a) Schematic of the operating combined confocal-AFM setup; b) Schematic of the optical part of the setup. Black arrows show the sample
movement during the sample scanning, galvo mirrors rotation during the laser scanning (also shown with different laser focal points), and the movement
of objective for focusing. The letter abbreviations: C, cantilever; O, objective; M, mirror; L, lens; GM, galvo mirrors; BS, beam sampler; PH, pinhole;
F, filter; APD, avalanche photodiode; SMF, single-mode fiber; AOM, acousto-optic modulator; LD, laser diode.

Phys. Status Solidi A 2025, 222, 2400541 © 2024 The Author(s). physica status solidi (a) applications and materials science

published by Wiley-VCH GmbH

2400541 (2 of 8)

85UBD17 SUOLUWIOD dA 191D 3|qed! dde au Ag pausenob a.e sao1Le YO 138N JO 3|1 40y Areiq 1 8UIIUO /8|1 UO (SUORIPUOD-PUB-SUIRILIOY"AB| 1M Afe1d 1[ouIUO//SORY) SUORIPUOD PUe SR L 84} 835 *[S20e/60/80] UO AIqI auliuo AB|IM ‘75001202 essd/z00T 0T/10p/wod A8 | 1w Afe.d ouluoy/:Sany Wwoj popeo|umod ‘S ‘S0z ‘6TE9Z98T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

optical fiber SMF (P3-460P-FC-1, Thorlabs) is employed to obtain
a round-shaped laser beam. After the fiber, the laser beam goes
through a shortpass filter F; (FESHO0550, Thorlabs) to remove the
possible PL from the fiber, reflects from a beam sampler BS
(SF20-B, Thorlabs), utilized to separate the excitation and detec-
tion optical paths, and enters the laser scanning system.

2.2.2. Laser Scanning System

This part is used for performing imaging with the laser scanning
technique. It consists of a galvo mirror set GM (GVS012/M,
Thorlabs), a pair of lenses L; and L, (#49-393 and #49-391,
Edmund optics), and an oil objective O (UPLXAPO100XO,
Olympus) mounted on a piezo stage (NFLSDP20S/M, Thorlabs).
These objects are aligned in a 4F optical system, the operating
principle of which is shown in Figure 3 for scanning along y-axis.

During the scanning along y-axis, the steering angle between
the laser beam and the z-axis a, is proportional to the bias voltage
V,, applied to the respective galvo mirror placed at z = 0, so that

()(l

a V The lens L, with diameter d, and focal distance f,

y =
placed at z =f, is used to make the laser beam parallel to the
z-axis. Thelens L; (dq, f) placed at z = f, + 2f, guides the beam
to the back window of the objective (z = 2f; + 2f,) at an angle
By, so that tan(f,) = L tan( ,)- The objective O with focal dis-

tance f, focuses the laser beam on the sample surface at
¥s = fotan(B,). Using tan(a,) = a, for small angles one readily
obtains that yg is directly proportional to the bias voltage applied
to the galvo mirror

1= fotan() ~foPtan(a) = fofa, —fo5v,

From Equation (1), the scanning resolution (dx, dy) is defined
by the angle resolution da,,,. To ensure the best possible resolu-
tion of the imaging setup, it should be approximately an order of
magnitude less than the diffraction limit (see Section 2.2.3).
Too low dx and dy values, however, are not desirable because
it means that the maximum field of view a can be increased
(see below) without lowering the imaging resolution. For the
setup described in the present work, the galvo mirror limited res-
olution dx = dy ~ 32 nm (see Table 1).

I fitfs fi fo
L, L

Figure 3. Operating principle of the galvo mirror scanning system.
The laser beam is shown in green.
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Table 1. Setup parameters.

Parameter Value Description

a 160 um Maximum field of view

da 30 pRad Galvo mirror resolution

d 50 nm L, diameter

d, 50 nm L, diameter

d3 25nm L3 diameter

dy 25 nm L, diameter

Aias 8 mm Laser beam diameter before objective
do 7mm Objective back window diameter
dp 40 pm Pinhole diameter

fi 250 nm Ly focal length

fa 150 nm L, focal length

fs 60 nm L3 focal length

fa 60 hm L, focal length

fo 1.8 mm Objective focal length

Alas 520 nm Laser wavelength

ApL 700 nm Average PL wavelength
NAo 1.45 Objective numerical aperture
n 2.4 Diamond refractive index

For ideal lenses the maximum square field of view with side
a = 2xP = 2y is limited by the diameter of the lenses d; and
d, and by the diameter of the laser beam d),, so that

tan(a)™) = Y}n: = d;i/%}ilz”. Therefore, using Equation (1)
1
a= ﬁ% (dl,Z - dlas) (2)

Substituting the values of the parameters from Table 1 in
the equation, one obtains 214 x 214 pm maximum scan size.
For the current setup, however, additional limitations take place,
as the galvo mirrors responsible for x- and y-axis scanning are
separated by distance A,, = 15 mm. This results in a drop of
the laser intensity reaching the sample at the scan edges as
shown in Supporting Information.

The laser, focused on the sample by the objective O, excites the
studied defects at the focal point and their PL is collected via the
same objective. These photons follow the excitation path to
the beam sampler, where 90% of them are transmitted to the
detection part of the setup.

The lateral imaging resolution of any scanning optical setup is
limited by diffraction, which manifests in a finite size of the laser
focal spot at the sample. This resolution limit 6, , can be calcu-
lated using the Abbe formula

j'las

ey = 06172 (3)

where 1, is the laser wavelength, and NA, is the numerical
aperture of the objective. The axial resolution limit &, of such
a setup can be estimated using the Rayleigh length—the length
of the Gaussian laser beam profile
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n)“las
6, =2 4
z (NAy)? *)

where n is the refractive index of the sample. With the param-
eters from Table 1, one obtains §,, ~ 220 nm and &, ~ 1.2 ym.
Although this resolution allows in principle to work with sin-
gle luminescent defects separated by distances larger than 1 pm,
one has to consider the background PL in experiments with
single-photon emitters. Indeed, the laser beam going through
the sample excites luminescence which reaches the detector even
from the out-of-focus planes, making working with single color
centers impossible. To resolve this issue, confocal mode of
microscopy is utilized, which is described in the following.

2.2.3. Detection Part

The detection part of the microscope starts after the beam sam-
pler BS and consists of two lenses Ly and L, (2x AC254-060-B-
ML, Thorlabs), a pinhole PH (P40K, Thorlabs), a longpass filter
F, (FELHO0650, Thorlabs), a shortpass filter F; (FESH0750,
Thorlabs) to filter out the AFM infrared light used for cantilever
position detection, and an avalanche photodiode APD (SPCM-
AQRH-44, Excelitas) working in a single-photon counting
regime. Both lenses and the pinhole are needed for the setup
to work in the confocal regime.

In this configuration, the PL collected by the objective is
focused on a pinhole placed before reaching the detector.
It can be shown that in the limit of an infinitesimal pinhole,
the confocal microscope resolution limits improve to?”

5;0nf ~ P
5% \/2

5conf ~ &
R

V2

From the practical point of view, however, too small pinholes
are not desirable, as they decrease the PL signal.?® Thus, for set-
ups aimed at single-photon source imaging, the size of a pinhole
is usually chosen to be equal to the characteristic size of the point
spread function (PSF) at the pinhole site. For a circular lens, the
lateral projection of the PSF represents the Airy pattern—a bright

®)

(a)

Www.pss-a.com

disk (Airy disk) with concentric rings, so the pinhole diameter is
normally taken equal to the Airy disk diameter. In this case, the
resolution limit is still defined by Equation (3) and (4), and the
pinhole acts as a background PL filter. For the simplest micro-
scope consisting of only one objective lens, the diameter of the
Airy disk d, can be calculated using the formula (see, e.g., [24])

/1PL

d, = 1220 (6)

When working with microscopes consisting of multiple
lenses, one has to account for the magnification factor. For
the setup described in this work, the Airy disk diameter is
defined by the following equation

Ao fifs
d, = 1222 J1)s 7
NAo fof> 7

Substituting the values of the parameters into Equation (7),
one obtains d, ~ 33 pm. To account for spherical and chromatic
aberrations, the pinhole is chosen to be 20% larger than the Airy
disk size, so that the pinhole diameter d, = 40 ym.

3. Operation

To demonstrate the setup capabilities, several experiments utiliz-
ing both confocal and AFM operation modes were conducted.
As a test sample, we used a thin 3 x 3 x 50 pm diamond plate
with shallow (5-10 nm below surface) NV centers. During the
experiments the NV centers are excited with the laser (300 pW
of power) and their PL is collected by the confocal part of the
setup. AFM techniques are used to increase the imaging resolu-
tion beyond the diffraction limit (see Section 2.2.3) and to allow
separate addressing of NV centers unresolvable by optics.

3.1. Optical Resolution

The optical resolution R of a microscope can be measured by
imaging point emitters. As mentioned earlier, a single NV center
can be regarded as a point photon source. Therefore, it can be
used to measure the PSF of the confocal microscope. Results
of such measurements are shown in Figure 4. The PSF of a

(b)

Figure 4. PL maps of a single NV center obtained via laser scanning. a) Lateral PL map PL(x, y) of a single NV center. The scale bar is 200 nm; b) Axial PL

map PL(x,z) of a single NV center. The scale bar is T pm.
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microscope consisting of a circular lens can be approximated by
Gaussian functions for both lateral and axial projections.*”! In
this case, the resolution is typically defined as the full width
at half maximum (FWHM) of the respective Gaussian function.
The lateral PSF projection shown in Figure 4a was fitted with a
symmetric two-dimensional (2D) Gaussian function G,,, and
the axial PSF projection (Figure 4b) was approximated with an
asymmetric Gaussian function G, ,, defined as

_(=xg)? (r-wp)?
e Zoxy 20x,y

Ger =4 ®

%) (2-2)°
vaz — Ax,ze 20x 202

Using the fit parameters, the lateral resolution is found to be
R., =2V2In26,,=281+1 nm and the axial resolution
R, =2v2In20, = 1.98 £ 0.01 pm. These values are larger than
the ones calculated for diffraction-limited resolution &, and 4,,
which is attributed to the non-perfectly parallel laser beam after
the L; and L, lenses and to aberrations in the PL path induced by
all lenses.

3.2. Sub-diffractional NV Center Localization

AFM cantilevers were reported to modify the PL signal from NV
centers, when brought in proximity to them. For example, probes
with gold tips were found to enhance the NV center lumines-
cence due to plasmonic effects at moderate tip-NV distances

(a)

Www.pss-a.com

(>10nm), enhancing the spatial resolution to ~40nm for
30nm nanodiamonds in proximity to a ~50nm tip.'”)
Brought at closer distances, however, a sharp metal tip induces
PL quenching (see, e.g., [26]), which increases resolution of NV
center imaging to ~20 nm for sharp gold tips (<20 nm diame-
ter).l'? Silicon cantilevers were shown to have a similar PL
quenching effect stemming from a decrease in excitation and col-
lection efficiency with resolution reaching ~30 nm for cantilevers
with the tip diameter of 20 nm.”)

To demonstrate the setup performance, we conducted experi-
ments aimed at the localization of NV centers with platinum
coated silicon cantilevers working in contact mode
(ElectriCont-G, BudgetSensors), whose effects on the NV center
luminescence were not reported previously. To focus the laser at
the tip position, the cantilever was engaged to the surface in the
contact mode and PL imaging using the laser scanning technique
at high laser power (1 mW) in the vicinity of the cantilever was
conducted. As demonstrated in Figure 5, the tip enhances the
diamond background PL from ~8 kcounts s~! (kcps) to ~20 kcps,
so it is possible to focus the laser at its position. As the cantilever
tip diameter is ~50 nm, the platinum plasmon resonance is in
the near-ultraviolet (UV) spectral region,” so the PL enhance-
ment is attributed to the near-filed effect.’*”!

After the laser was focused at the cantilever position, the
PL imaging using the sample scanning technique is conducted
in the vicinity of NV centers. Results of these measurements,
shown in Figure 6, reveal the tip-induced PL quenching of single
NV centers and demonstrate the improvement of the lateral

100 20
80 15 —~
n g
60 _‘:J- 9
3 10 =
40 _ [a %
[a N
5 <
20
0 0

Figure 5. PL maps obtained via laser scanning. a) PL map of single NV centers with the cantilever far from the sample; b) Same image as in
(a) with the cantilever in contact with the surface; c) Difference between (b) and (a). Area with cantilever-enhanced PL is circled in green. The scale

bars are Tpum.

-30

Figure 6. PL maps of single NV centers obtained via sample scanning with laser focused on the cantilever tip. a) PL map of several single NV centers;
b) PL map of one NV center. The difference in the positions of the bright and the dark spots originates from an imperfect alignment of the laser focus and
the cantilever tip; ¢) Gaussian function G,, describing the cantilever-induced PL quenching and obtained by fitting (b) with Equation (9), shows the NV

center location. The scale bars are 200 nm.
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(b)

250

Figure 7. PL maps of optically unresolved NV centers obtained via sample scanning with laser focused on the cantilever tip. a) PL map of NV centers;
b) Zoomed-in PL map showing NV; and NV, separated by 68 nm. The scale bars are 200 nm.

resolution R, to 454+ 1nm. Again, no NV PL increase due to
plasmonic effects were detected for the platinum-coated tips.

To calculate R, , the PL image of a single NV center shown in
Figure 6b PL(x,y) = PL(r) was fitted with a sum of two 2D
Gaussian functions G,(r) and G,(r), describing the optical lateral
PSF and the cantilever-assisted PL quenching respectively

(r-10) (r—10)?

PL(]’) = Go(l’) + Gc(r) =Ae 0 +Ae 9)

The enhanced resolution is calculated as FWHM of G(r):

R,, = 2v21n20,.

Figure 7 shows how this approach can be used to resolve NV
centers located very close to each other.

Here, a PL map is obtained in the region with a higher con-
centration of NV centers, so they could not be distinguished by
pure optic means. The NV, and NV, circled in green in the PL
map are resolved due to the PL quenching induced by the canti-
lever. Fitting these PL dips with Gaussian functions G,(r) allows
to calculate the distance between them ry, = 68 £+ 2 nm.

3.3. Sub-diffractional NV Center Addressing

As mentioned previously, in nanoscale magnetometry applica-
tions the external magnetic field is probed by single NV centers,
so the spatial resolution is limited by diffraction. To improve the

2.75 2.80 2.85 2.90 2.95 3.00
MW frequency (GHz)

resolution, the method described in the previous section could
be used. Another approach for localization is to employ the
magnetic field spatial gradient, produced by microcoils and
micromagnets.***!! Since positioning of these objects next to
NV centers is challenging, AFM probes with ferromagnetic tips
could be used to produce an inhomogeneous magnetic field with
a high gradient."®*? This gradient is also utilized to separately
address optically unresolvable NV centers with the same crystal-
lographic orientation.

To demonstrate the setup abilities, we performed NV
center magnetic field imaging of a ferromagnetic cantilever.
In these experiments, a magnetic probe (MagneticMulti75-G,
BudgetSensors) in the NC mode was positioned next to an
optically unresolvable pair of NV centers NV; and NV, shown
in Figure 7b, and the laser was focused on these NVs. An
ODMR spectrum taken when the cantilever is far away from the
NVs is presented in Figure 8a. Since it shows only two resonan-
ces (compare to Figure 1c), we assume that these NV centers
have the same crystallographic orientation, so they probe the
same magnetic field projection. An ODMR spectrum depicted
in Figure 8b shows the further splitting of the |0) — |+1) tran-
sition due to the magnetic field gradient, so that the NVs experi-
ence different magnetic fields B, = 122G and B; = 148 G.

Treating the ferromagnetic tip as a magnetic dipole y;, ori-
ented perpendicular to the sample surface, we assume the mag-
netic field dependence on the lateral distance to the tip r to be

(b)

104 A
— 102 A

100 4

PL (keps

98

96

3.15 3.20 3.25 3.30
MW frequency (GHz)

Figure 8. ODMR spectra of NV; and NV, in the presence of the ferromagnetic cantilever. a) ODMR spectrum obtained when the cantilever is far from the
NVs; b) ODMR spectrum obtained when the cantilever is located close to the NVs. ODMR data (blue ponts) are fitted with a sum of two Lorentzian

functions (brown line).
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Figure 9. a) PL map obtained via sample scanning with constantly applied MWs at the frequency f = 3.21 GHz (NV; resonance line); b) Fit of the PL map

shown in (a) as explained in the text. The scale bars are 200 nm.

Ho Kt
B =71 "5 (10)

In this case, magnetic field lines, showing the field of constant
amplitude, represent circles.

The magnetic field mapping was performed using sample
scanning at constantly applied microwaves at the NV, resonance
frequency f = 3.21 GHz. During the scanning process, both NV
centers move in the vicinity of the tip, experiencing different
magnetic fields due to the high gradient. The PL map shown
in Figure 9a contains the bright spot indicating the NV center
position crossed over by two dark circular lines. Since the
MWs are applied at the fixed frequency, each of the NV center
is in the magnetic resonance with the certain magnetic field
B =122 G. When any of these NVs crosses the corresponding
magnetic field line, the NV PL intensity decreases. Thus, each
dark line in the map corresponds to same magnetic field line
of the cantilever probed by two optically unresolvable NV centers
NV; and NV, as indicated in Figure 9a.

To fit each of the two NVs in the obtained PL map, we used a
2D Gaussian function G,(r) overlapped with a Lorentzian-
shaped 2D ring L (r)

PL(r) = Go(r) - [1 + Le(r)]

o2 r? (11)
= A e 20 1 + A— '
’ “(r—r1| = R)* + 7t

For both of the NV centers the parameter R, representing the
radius of the magnetic field line, was kept the same. From the fit,
shown in Figure 9b, one derives the distance between the NV
centers as the distance between the centers of the dark rings
r12 = |fe1 — Ica| = 65 & 29 nm, which agrees well with the value
obtained using the tip-induced quenching technique (see
Section 3.2). The large uncertainty of the determined distance
stems from the fact, that in this experiment we detect only a part
of these dark rings, which results in a comparatively large uncer-
tainties of the positions of their origins. The spatial resolution
R,, can be calculated as the FWHM of the dark rings
(FWHM =2y,), and for the map shown in Figure 9a
R, = 13 & 3 nm. The spatial resolution can be further improved
by bringing the ferromagnetic cantilever closer to the NV centers,
which leads to an increase in the magnetic field gradient. At very

Phys. Status Solidi A 2025, 222, 2400541 2400541 (7 of 8)

high gradients, however, acoustic noise and vibrations that intro-
duce uncertainties in the cantilever position result in unstable
ODMR lines. Therefore, to further improve the spatial resolu-
tion, it is necessary to apply sophisticated noise-cancelling tech-
niques. The radius of the probed magnetic field line was found to
be R = 243 & 22 nm. Using the distance between NV centers r; ,
and the difference in magnetic field that they experience, calcu-
lated from ODMR spectrum, we find the tip gradient to be
V,.B= % = 0.4+ 0.2Gnm™'. Using Equation (10), one can
estimate the magnetic dipole moment of the cantilever to be
u =2 x 10712 emu.

4. Conclusion

The present work describes a combined confocal-AFM microscope
and its applications for sub-diffraction localization of luminescent
defects and for NV center-based magnetometry. The setup dem-
onstrates ~#10 nm resolution in PL imaging of shallow NV centers
in diamond and shows the ability to separately address NV centers
unresolvable with optical means. The results indicate that in con-
trast to gold cantilevers, platinum tips of the same diameter do not
exhibit a significant plasmon-related PL enhancement, while still
inducing a PL quenching at the lateral NV-tip distances compara-
Dble to the tip diameter. This nanoscale localization can be utilized
to determine the position of single NV centers in diamond nano-
pillars with high precision, which is crucial for the scanning NV
magnetometry.'?! Finally, the available electrical AFM modes of
the setup, which are not employed this work, could be used in
the same setup configuration for photoelectrical detection of
defects in solids with sub-micron spatial resolution.**
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