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Spin-polarized scanning tunneling microscopy (SP-STM) enables access to the spin polarization of individual magnetic atoms but is inherently
insensitive to magnetic fields. In contrast, nitrogen-vacancy (NV) centers in diamond provide highly sensitive magnetic-field detection through
optically detected magnetic resonance (ODMR). Integrating ODMR-based magnetic-field sensing with SP-STM therefore offers a pathway to
comprehensive magnetic characterization from the atomic scale to long-range fields. Here, we demonstrate that drop-cast nanodiamond (ND)
films with an average particle size of ~100 nm deposited on glass substrates function as magnetic-field sensors for imaging magnetic domains
under ambient conditions using a conventional ODMR setup. The random orientations of NV centers in the ND ensemble enable detection of
magnetic fields with arbitrary directions without crystallographic alignment. Furthermore, we report progress toward integrating ODMR with SP-
STM by developing an STM stage equipped with a coplanar waveguide, enabling reliable microwave delivery to the STM junction.

© 2026 The Japan Society of Applied Physics. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

1. Introduction

Magnetic imaging techniques operable at room temperature
(300 K) have been extensively developed over the past two
decades. Representative methods include spin-polarized scan-
ning tunneling microscopy (SP-STM),1–3) which detects spin
polarization vectors proportional to the local atomic spin angular
momentum with atomic-scale resolution; magnetic force
microscopy,4–6) which measures magnetic forces from ferro-
magnetic samples with a typical spatial resolution of 10–50 nm;
and scanning electron microscopy with polarization analysis,7,8)

which detects asymmetries in spin-polarized secondary electrons
with a spatial resolution of approximately 10–100 nm.

Among these techniques, nitrogen-vacancy (NV) centers
in diamond have attracted considerable attention as a
promising platform for magnetic imaging because of their
high sensitivity to local magnetic fields.9–12) In particular, the
recent commercial availability of nanodiamonds (NDs)
attached to cantilever tips13,14) or single-crystal diamond
cantilevers15) has enabled the detection of magnetic fields
from nanoscale magnetic structures. However, while typical
NDs have diameters in the range of 50–200 nm, smaller NDs
(<10 nm) tend to host less stable NV centers, leading to
reduced sensitivity. Consequently, ND-based magnetic sen-
sors are currently more suitable for applications such as
magnetic sensing of biological materials in liquid
environments16,17) rather than for high-resolution magnetic
imaging.18,19) Owing to the finite size of NDs, the achievable
magnetic spatial resolution is generally limited to micro-
meter scales, and atomic-scale magnetic imaging, as
achieved by SP-STM, remains inaccessible.

Magnetic resonance of NV centers in diamond using a
visible laser can be measured as follows.20,21) The nega-
tively charged NV− center possesses a spin-triplet (S = 1)
ground state, which is split into the ∣ms = 0〉 and ∣ms = ±1〉
sublevels by a zero-field splitting of approximately
2.87 GHz, even in the absence of an external magnetic
field. Optical excitation with green light (λ = 532 nm)
promotes electrons from the ground state to the excited
state, followed by radiative relaxation that produces red

photoluminescence centered at λ = 637 nm. When mag-
netic resonance occurs between the ground-state spin
sublevels, the probability of nonradiative decay via inter-
mediate singlet states increases. This spin-dependent inter-
system crossing alters the population distribution between
the Ms = ±1 and Ms = 0 states, resulting in spin
polarization and a reduction in the photoluminescence
intensity. This change enables the detection of magnetic
resonance through optical means, a technique known as
optically detected magnetic resonance (ODMR).

In this progress review, we present a simple and versatile
magnetic imaging method based on ND films drop-cast onto
glass substrates and positioned at the focal plane of an
optical microscope [Fig. 1(a)]. Using ODMR, this config-
uration enables the visualization of magnetic patterns with
micrometer-scale spatial resolution under ambient condi-
tions. The ND films contain a high density of NV centers
with randomly oriented spin axes, allowing detection of
magnetic fields with arbitrary directions. As a result, the
obtained CMOS images reflect variations in the local
magnetic field amplitude rather than vectorial field informa-
tion.

Furthermore, we extend this ND-based ODMR approach
by integrating it with SP-STM operated under ultrahigh-
vacuum conditions. To achieve this, we developed a mod-
ified STM sample stage incorporating a coplanar waveguide
(CPW) design. The STM sample holder was engineered to
allow repeated insertion and removal from the STM stage
while maintaining efficient microwave delivery. After sev-
eral design iterations, we successfully achieved microwave
transmission efficiencies exceeding 90% to the STM stage
by employing compact permanent magnets, nickel foils, and
a CPW integrated directly into the STM sample holder.

Thus, combining SP-STM with ND-based ODMR enables
comprehensive magnetic imaging spanning length scales
from the atomic to the micrometer regime.
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2. Progress in experimental studies

2.1. ODMR setup
Figure 1(a) shows a schematic diagram of the experimental
ODMR setup. A typical optical microscope was used for
optical measurements. A 532 nm continuous-wave laser
served as the excitation light source. The laser beam was
reflected by a half mirror inside the microscope and focused
onto the diamond sample through an objective lens with a
numerical aperture of 0.4. Using the same optical path, the
emitted photoluminescence from the diamond passed back
through the objective lens and the half mirror, after which a
long-pass filter blocked light with wavelengths shorter than

650 nm. Only the red photoluminescence was detected by a
CMOS camera (Basler ace acA720-520um), and the images
were recorded using a personal computer. To compensate for
fluctuations in laser intensity, the photoluminescence inten-
sity measured with microwave irradiation was normalized by
that measured without microwave irradiation at each fre-
quency point to obtain the ODMR spectra.

Simultaneously with the optical excitation, microwaves
were applied to the diamond sample. The microwave
frequency was controlled by a Python program on the PC
via a data acquisition device (myDAQ, National
Instruments), which supplied a voltage signal to a voltage-
controlled oscillator (Mini-Circuits) operating in the

Fig. 1. ODMR measurements using nanodiamond (ND) films containing NV centers. (a) Schematic diagram of the ODMR measurement setup. (b)
Photograph of the home-built ODMR system. The objective lens is capped to fix the ND-film-coated glass plate at the focal position, and a typical
coplanar waveguide (CPW) is employed. The definitions of the y and z axes are indicated. (c) ODMR spectra acquired at different excitation laser
powers. The lower panel shows the fluorescence intensities measured at 2.8744 GHz (black dots) and 2.8848 GHz (red dots) as a function of the
incident laser power. (d) ODMR spectra measured at different positions along the y axis. The lower panel shows the fluorescence intensities measured at
2.8744 GHz (black dots) and 2.8856 GHz (red dots) as a function of the y position. (e) ODMR spectra measured at different positions along the z axis,
where z = 0 corresponds to the contact between the CPW and the ND film. The lower panel shows the fluorescence intensities measured at 2.8752 GHz
(black dots) and 2.8864 GHz (red dots) as functions of the z position.
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frequency range of 2.7–3.1 GHz. A microwave power of
10 dBm, corresponding to 10 mW, was applied. The micro-
wave signal was subsequently amplified and delivered to a
home-built CPW fabricated from a commercial copper-
coated printed circuit board (PCB). The diamond sample
was placed directly on the CPW.

Figure 1(b) shows a photograph of the experimental setup.
For magnetic sensing, a cap was mounted to cover the
objective lens, with a central aperture allowing the optical
beam to pass through. A glass plate coated with ND films
was placed on top of the cap at the focal plane of the
objective lens. In the CPW photograph, the y-axis is defined
such that y = 0 corresponds to the center of the CPW. The
central copper strip serves as the microwave transmission
path between the SMA connectors. In the corresponding
cross-sectional schematic, the z-axis is defined, with z = 0
corresponding to the position where the ND film surface is in
contact with the sample. The right-lower panel of Fig. 1(b)
shows a photograph of ND films deposited on the glass plate.
The films were prepared by drop-casting a carboxylated ND
solution with an average particle diameter of approximately
100 nm and a concentration of 1 mg ml−1 (Adamas
Nanotechnologies). Given an NV center concentration of
~3 ppm, each ND contains approximately 300 NV centers. A
5 μl droplet was deposited over an area of 2 × 2 mm2 and
dried in air, forming a white, box-shaped film.
2.2. Spatial variation of ODMR spectra relative to the
CPW
Figure 1(c) shows representative ODMR spectra, fluorescence
intensity (arb. units: a.u.) is plotted as a function of the
microwave (GHz). The upper panel displays two symmetric
dip features centered around 2.874 and 2.885 GHz, corre-
sponding to the NV− spin transitions. In our setup, the observed
ODMR contrast depends on the excitation laser power. The
lower panel shows the fluorescence intensities around
2.8744 GHz (black dots) and 2.8848 GHz (red dots), measured
at the dip positions, as a function of the incident laser power. In
our setup, to acquire wide-area magnetic images, the distance
between the objective lens and the ND may be slightly
defocused. Therefore, a relatively high initial laser power is
required to obtain clear ODMR signals. Also, the laser and
microwave are introduced at the same time (CW-ODMR),
where the polarization is in a nonequilibrium steady state, and it
requires higher laser power to have larger polarization to show
high ODMR contrast [Fig. 1(c)].

Figure 1(d) shows ODMR spectra acquired by laterally
shifting the ND film across the CPW along the y-axis, while the
lower panel displays fluorescence intensities at the dip positions
along the y-axis. The results indicate that the microwave field
extends more than 3 mm from the center of the CPW. Two dips
are observed near the signal lines at y ≈ ±1 mm, close to the
strip edges of the CPW surface, indicating that the microwave
field preferentially spreads from the edges.

It is also important to evaluate the decay of the microwave
field along the z-axis, since magnetic samples are placed on
the CPW surface and may be separated from it by a finite
distance. Figure 1(e) shows the z dependence of the ODMR
signal intensity. The fluorescence intensities of the two dips
gradually decay with increasing distance, as more clearly
visible in the lower panel. These results indicate that the
microwave field extends up to approximately 8 mm from the

CPW surface. For magnetic measurements, a magnet thick-
ness of 0–2 mm is therefore suitable for effective microwave
application.
2.3. Nanodiamond-based magnetic sensing and
imaging
The detectability of the ODMR signal primarily arises from
spin-state polarization induced by laser illumination, while
the functionality as a qubit also critically depends on how
effectively the quantum spins are electronically decoupled
from the surrounding conduction electrons. Electron trans-
port in typical electronic environments can induce spin flips
via inelastic scattering, thereby shortening the qubit lifetime.
NV centers constitute one of the few experimentally realized
solid-state qubits that can operate at room temperature
(300 K) under ambient conditions.

Owing to their high sensitivity to external magnetic
fields, NV centers are particularly well suited for detecting
stray magnetic fields and can function as highly sensitive
magnetic sensors. To investigate the continuous magnetic-
field dependence of the ODMR signal, external magnetic
fields were applied to the ND film placed on the CPW.
Home-built Helmholtz coils were used to generate an in-
plane magnetic field along the x-axis, while an electro-
magnet was employed to apply an out-of-plane magnetic
field along the z-axis.

Figures 2(a) and 2(b) show the ODMR spectra obtained
under in-plane (x-axis) and out-of-plane (z-axis) magnetic
fields, respectively. During these measurements, the posi-
tions of the ND film and the CPW were fixed at y = 0 mm
and z = 0 mm. The ODMR spectra vary continuously with
the applied magnetic field. For the in-plane magnetic field,
fields in the range of 0–2 mT were applied [left panel of
Fig. 2(a)]. In this configuration, the two ODMR dips varied
with an application of approximately 0.1 mT within an
averaging time of 50 ms. In contrast to the behavior observed
for single-crystal diamond, NDs exhibit a continuous change
in the dip intensity accompanied by shifts of the peak tails
toward both lower and higher frequencies, consistent with
previous reports.21) These variations are more clearly visua-
lized in the two-dimensional (2D) ODMR map shown in the
right panel of Fig. 2(a), which highlights the evolution of the
ODMR dips as a function of the applied magnetic field. The
frequency-dependent shift of the dip tails was fitted with a
quadratic function [white lines in the right panel of
Fig. 2(a)], suggesting potential applicability for magnetic-
field sensing. We also examined how the fluorescence
intensity at the dip position (2.8704 GHz) and the intensity
measured near the dip, where a sharp intensity variation is
observed (2.8640 GHz), depend on the in-plane magnetic
field, as shown in the lower panel of Fig. 2(a). We initially
expected a linear dependence on the magnetic field; how-
ever, the spectra exhibit distinct fluorescence intensity
behaviors. Specifically, the intensity at the dip position
shows little change in the range of 0.0–0.4 mT (black dots)
and begins to increase linearly above 0.5 mT. In contrast, the
intensity at 2.8640 GHz decreases with increasing magnetic
field up to 0.7 mT and then increases linearly at higher fields
(see red dots and the fitted curve), similar to the behavior at
the dip position.

Figure 2(b) shows ODMR spectra acquired under an out-
of-plane magnetic field applied along the z direction (B = 0–
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7 mT). Again, the two ODMR dips are sensitive to the
magnetic field and exhibit continuous changes in dip
intensity with increasing field strength. In addition, the dip
tails broaden with increasing magnetic field, as clearly seen
in the corresponding 2D ODMR map [right panel of
Fig. 2(b)]. Fitting these variations with a quadratic function
indicates that they depend continuously on the applied field.

The lower panel of Fig. 2(b) shows the fluorescence
intensities at the dip position (2.8704 GHz, black dots) and at
a frequency close to the dip, where the intensity changes
drastically with the applied magnetic field (2.8640 GHz, red
dots), as functions of the out-of-plane magnetic field. As in
the case of an in-plane magnetic field, the fluorescence
intensities measured at approximately 2.8704 and
2.8640 GHz decrease for magnetic fields below 1 mT, but
increase with increasing out-of-plane magnetic field above 1
mT, following a quadratic dependence (see the red data
points and the fitted curve).

It should be noted that the difference in ODMR contrast
between Figs. 2(a) and 2(b) arises from slight variations in
defocusing and ND positioning, as the setup had to be
reconfigured for in-plane and out-of-plane magnetic field
applications.

Following these magnetic sensing experiments using NDs,
we next demonstrate their applicability to magnetic imaging of
samples that generate stray magnetic fields at the surface. By
spatially mapping the stray magnetic field with a CMOS
camera, magnetic imaging is achieved by detecting photolumi-
nescence intensity variations at each pixel at a selected
microwave frequency. In this demonstration, we used an
objective lens with a magnification of 20×, yielding a CMOS
image size of 590 μm× 440 μm. A credit card, which produces
an out-of-plane surface stray field of approximately ~0.09 mT
as measured by a Hall probe, was used as the sample.

Figure 2(c) shows a representative example of the imaging
procedure. A single camera image consisting of 720 × 540

Fig. 2. Magnetic field dependence of ODMR and magnetic imaging using ND films containing NV centers. (a), (b) The left panels: ODMR spectra
acquired under different applied magnetic fields in the (a) in-plane and (b) out-of-plane directions. The right panels: 2D ODMR maps as a function of
microwave frequency and magnetic field. The white lines represent quadratic fits. The lower panels display fluorescence intensities measured at ~2.87
GHz (black dots) and ~2.86 GHz (red dots) as a function of the applied magnetic field. (c) ODMR setup for magnetic imaging, where the surface of the
magnet is in contact with the ND film. The right panel shows a CMOS camera image consisting of 720 × 540 pixels; the data were averaged into
36 × 27 blocks to generate the magnetic image. (d) CMOS camera images in the x–y plane acquired at 2.864 GHz, showing pronounced variations
induced by the magnetic fields originating from the credit card surface. The right panel was obtained after rotating the sample by 90°.
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pixels was recorded with an exposure time of 50 ms. To
improve the signal-to-noise ratio, the image was divided into
36 × 27 blocks, with each block corresponding to the
average signal from 20 × 20 pixels. The right panel of
Fig. 2(c) shows an example CMOS camera image, which is
divided into separate blocks. The microwave frequency was
set near 2.86 GHz, where pronounced ODMR signal varia-
tions were observed in Figs. 2(a) and 2(b).

Figure 2(d) shows a 2D ODMR map in the x–y plane
measured at 2.8640 GHz, corresponding to magnetic ima-
ging of a credit card and revealing micrometer-scale mag-
netic domains. Stripe-like patterns are clearly visible in the
ODMR maps, and their orientation rotates in accordance
with the rotation of the credit card. This behavior confirms
that the NV spins detect stray magnetic fields originating
from the magnetic domains of the card.
2.4. ODMR measurements on the STM–CPW stage
As our ultimate goal is to integrate ODMR-based magnetic
imaging with SP-STM, it is necessary to implement a CPW
on the UHV-STM sample stage. Figure 3(a) summarizes the
experimental configurations investigated in this study. Our

initial approach involved a direct miniaturization of a
conventional CPW design. As shown in Fig. 1(c), the
standard CPW (dimensions: 70 mm × 19 mm) consists of a
PCB substrate with a thickness of 1.6 mm, with both surfaces
coated with copper foil of 0.018 mm thickness. Two chan-
nels were fabricated by selectively removing the copper foil,
such that the microwave signal propagates along the central
copper trace while the two side copper planes are grounded
through electrical contact with SMA connectors.

To evaluate microwave transmission through the CPW,
both SMA terminals were connected to a vector network
analyzer (VNA), and the reflection coefficient |S11| was
measured in the frequency range of 2–3 GHz, as shown in
Fig. 3(c). The response of the standard CPW is shown by the
black curve, indicating that approximately 10%–40% of the
incident microwave power was transmitted, while the
reflection coefficient exhibited pronounced frequency-depen-
dent oscillations.

For integration into the STM, the CPW had to be
miniaturized to match the dimensions of the STM sample
stage (15 mm × 15 mm). A CPW of this size was fabricated

Fig. 3. Development of CPW stages for introducing microwaves into a STM. (a), (b) Photographs and CAD cross-sectional views of (a) prototypes 1
and 2 and (b) prototype 3 setups. The STM stage and STM sample plate are electrically connected using Ni ribbons and neodymium magnets, while the
microwave path is terminated at the sample stage with a 50 Ω load. (c) Reflection coefficients measured using a vector network analyzer (VNA). The
black curve corresponds to the standard PCB-CPW shown in Fig. 1(b). The blue and green curves were obtained from the prototype 1 setup using a
metal tube with a Ni ribbon and the prototype 2 setup using a metal tube with a stainless-steel (SUS) cable, respectively. The red curve was measured
from the prototype 3 setup. In the frequency range of 2–3 GHz, more than 90% of the microwave signal is transmitted. (d) ODMR spectrum obtained
using the prototype 3 setup with the diamond NV centers. (e) Current experimental setup under development for combined SP-STM and ODMR
measurements in UHV.
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with the same channel structure. A further challenge arises
from the requirement that the STM sample stage be
repeatedly mounted and unmounted, which precludes direct
electrical contact between the SMA connector and the STM
CPW plate. Consequently, the SMA connectors and the STM
stage must be mechanically separated, necessitating an
alternative method for microwave transmission with minimal
loss.

To address this issue, we employed a weak attractive
contact formed between a 2 mm wide nickel (Ni) ribbon foil
and a 2 mm sized neodymium magnet. Although NV centers
are sensitive to magnetic fields, the ND film sample is
located at the center of the STM stage, while the magnet is
positioned more than 5 mm away from the diamond.
Furthermore, the magnetic field strength of the magnet was
reduced from 2.4 mT to 0.7 mT by annealing it in air at
523 K for 5 min; the resulting stray field was measured using
a Hall probe positioned 5 mm from the magnet surface.

In the first prototype [prototype 1 in Fig. 3(a)], metallic
tubes were inserted into the SMA terminals and bonded to Ni
ribbon foils, which were then brought into contact with the
neodymium magnet to transfer the microwave signal into the
STM CPW stage. However, VNA measurements revealed
that 20%–80% of the incident power was reflected, as
indicated by the green curve in Fig. 3(c). In a subsequent
attempt [prototype 2 in Fig. 3(a)], the Ni ribbon foils were
replaced with stainless steel coaxial cables (Cooner Wire, 50
pF m−1), which are commonly used for STM tunneling
current measurements. Nevertheless, significant reflections
persisted, with 20%–60% of the power reflected [blue curve
in Fig. 3(c)]. Based on these results, we concluded that the
use of two SMA terminals was unsuitable for efficient
microwave coupling.

Thus, we developed an improved configuration [prototype
3 in Fig. 3(b)], in which the CPW was equipped with a single
SMA connector, while the opposite end was terminated with
a 50 Ω load connected to ground. As shown by the red curve
in Fig. 3(c), this design enabled highly efficient microwave
transmission: more than 90% of the incident microwave
power was successfully coupled into the STM CPW stage
across the entire frequency range of 2–3 GHz. This config-
uration establishes reliable electrical contact between the
nickel ribbon and the 2 mm sized neodymium magnet and
provides stable, low-loss microwave delivery to the STM
stage.

Figure 3(d) demonstrates ODMR spectra obtained from a
bulk NV diamond crystal (Element Six, MONODITE MCC,
Single Crystal CVD—Colorless) placed on the STM CPW
stage, confirming the successful detection of ODMR signals
under STM-compatible conditions.

Finally, Fig. 3(e) illustrates our current experimental setup
integrating SP-STM with ODMR. In this configuration, NDs
are used as spin sensors for magnetic metal samples and
molecular spin systems. Because this approach requires an
atomically flat surface, we fabricated a CPW on a Cu film/
PCB substrate with a central aperture (alternatively, a
transparent glass or sapphire substrate can be used), onto
which the NDs are deposited. A conductive 2D material,
such as a 2D magnet22) or graphene,23,24) is then placed on
top of the ND layer. This overlayer provides a conductive
pathway for the tunneling current between the STM tip and

the sample while preserving atomic-scale flatness. By
integrating these components, our setup enables simulta-
neous detection of spin information using both SP-STM and
ODMR.

3. Conclusions

In summary, we have demonstrated that ND films deposited
on a glass substrate can function as magnetic imaging
sensors based on ODMR. The ND films were prepared by
drop-casting a 5 μl droplet of a carboxylated ND solution
(average diameter ~100 nm; concentration 1 mg ml−1) onto a
box-shaped area of 2× 2 mm2 and drying in air. The
resulting ODMR spectra exhibit continuous and systematic
shifts in response to applied magnetic fields, enabling
quantitative magnetic-field detection and imaging.
Furthermore, we successfully designed the STM CPW stage.
After overcoming several technical challenges related to
microwave transmission, we achieved efficient coupling of
more than 90% of the microwave power into the STM stage.
As a result, sharp and well-defined ODMR signals were
obtained from the NV centers within diamond placed on the
STM CPW. These results indicate the feasibility of com-
bining ODMR-based magnetic imaging with SP-STM,
opening a pathway toward correlative magnetic measure-
ments with both high spatial resolution and quantum spin
sensitivity.
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