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Topologically nontrivial magnetic textures such as skyrmions offer promising opportunities for
spintronic applications. In recent years, it has been shown that the magnetic properties of layered
materials can be affected by depositing chiral molecules on the surface, while the influence of chiral
overlayers on skyrmion properties such as their stability and interactions remains largely unexplored.
To address this challenge, we employ wide-field nitrogen-vacancy (N-V) magnetometry to directly
image skyrmions in chiral-molecule-functionalized magnetic thin films, enabling quantitative mapping
of magnetic stray fields over extended areas under ambient conditions. Using pixel-resolved optically
detected magnetic resonance (ODMR) combined with controlled magnetic fields, we reproducibly
nucleate and probe skyrmion states in CoFeB ferromagnetic samples, enabling quantitative investigation
of their properties. We observe indications of enantioselective and magnetic-field-polarity-dependent
modifications of skyrmion properties suggesting possible chirality-dependent modifications of topological
spin textures and motivating future theoretical investigations of the underlying coupling mechanisms.

DOI: 10.1103/thmz-53f2

I. INTRODUCTION

Magnetic skyrmions are nanoscale topological spin
textures [1] that have attracted considerable interest for
next-generation spintronic technologies due to their stability
[2], small size [3], and efficient manipulation by external
stimuli such as magnetic fields and electric currents [4–6].
In parallel, recent advances have demonstrated the existence
of new classes of topological magnetic textures beyond

conventional skyrmions, including electrically generated
magnetic heliknotons and other higher-order topological
states [7], further enriching the landscape of topological
magnetism. Understanding how to control these topologi-
cally nontrivial spin configurations is therefore of both
fundamental and technological importance.
Thin film magnetic systems support nanoscale domain

structures and skyrmions that are particularly relevant for
high-density magnetic storage applications [8–10]. Their
magnetic properties can be engineered through interface
design, multilayer stacking [11], and strain [12], enabling
control over domain formation, stability, and dynamics
[13]. Consequently, magnetic thin films provide a versatile
platform for investigating controllable topological spin
textures.
An emerging direction for controlling magnetic textures

involves the interaction between magnetic materials and
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chiral molecules. The chirality-induced spin selectivity
(CISS) effect demonstrates that electron spin polarization
can depend on molecular handedness [14]. Chiral mole-
cules have been shown to influence magnetic behavior
[15], chemical reactivity, and spin-dependent electron
transport. In particular, enantioselective adsorption of
chiral molecules on ferromagnetic surfaces has been
shown to depend on the substrate magnetization direction,
indicating a coupling between molecular chirality and
magnetic order [16]. Such interactions suggest that
molecular chirality may modify magnetic domain con-
figurations and stabilize specific spin textures, offering
a route toward functional hybrid molecular-magnetic
systems [17].
Recent experiments using magneto-optical Kerr effect

(MOKE) microscopy have explored this interaction in
magnetic multilayer functionalized with chiral polypep-
tides. These studies demonstrate that adsorption of chiral
molecules can modify magnetic properties, such as coer-
civity, domain pinning, and magnetic anisotropy, and can
influence the formation and stability of magnetic domains
[17,18]. However, MOKE imaging primarily probes mag-
netization contrast and does not provide direct, quantitative
information about the stray magnetic fields generated by
the underlying spin textures, limiting access to the local
magnetic energy landscape.
Understanding how chiral molecules influence sky-

rmion properties therefore requires experimental tech-
niques capable of quantitatively mapping stray magnetic
fields associated with magnetic textures over extended
areas. Scanning single N-V magnetometry offers nano-
scale spatial resolution and high magnetic sensitivity,
but the sequential scanning approach typically restricts
the field of view (FOV) to a few micrometers and leads to
long acquisition times when imaging extended magnetic
textures.
Wide-field N-V magnetometry provides a complemen-

tary approach by enabling parallel optical detection of
optically detected magnetic resonance (ODMR) from
ensembles of near-surface N-V− centers in diamond.
This technique allows quantitative imaging of static stray
magnetic fields with sub-micrometer spatial resolution
over FOVs spanning tens of micrometers under ambient
conditions [19,20]. Previous studies combining wide-field
N-V sensing with magneto-optical measurements have
visualized stripe domains in multilayer ferromagnet [21],
while complementary experiments using N-V magnetom-
etry and related nanoscale probes have revealed detailed
properties of skyrmions and domain structures in ultrathin
magnetic films and multilayers [22–26]. More broadly,
N-V magnetometry has been applied to visualize stray
magnetic fields in ferromagnetic films, magnetic nano-
particles, biological systems, and superconducting vorti-
ces, as well as to reconstruct current densities in electronic
and mesoscopic devices [27–34].

In this work, we use wide-field continuous-wave (cw)
N-V− center magnetometry to quantitatively image the
stray magnetic fields of skyrmions in multilayer ferro-
magnet functionalized with chiral α-helix poly-alanine
molecules under ambient conditions. By directly com-
paring molecule-functionalized and nonfunctionalized
regions of the same sample, we access spatial variations
in skyrmion properties through their stray-field signatures,
enabling a quantitative investigation of possible chirality-
dependent modifications of the local magnetic energy
landscape. This approach provides information that is
not accessible with conventional MOKE imaging and
complements scanning probe techniques by combining
quantitative field reconstruction with a large FOV. In the
present implementation, the magnetic image is acquired in
approximately 10 min. While the acquisition time could be
reduced by decreasing the number of sampled frequency
points, we intentionally employ dense spectral sampling
with averaging to enhance the signal-to-noise ratio and
enable robust pixel-wise ODMR fitting, thereby improving
the reliability and quality of the reconstructed magnetic
field maps.

II. TOPOLOGICAL DEFECTS IN ORDERED
MAGNETS

Magnetic materials undergo a transition from a para-
magnetic state with randomly oriented spins to an ordered
phase with finite magnetization below a critical temper-
ature. This spontaneous symmetry breaking establishes
long-range magnetic order and enables the formation of
spatially structured spin textures, including topological
defects [35]. Owing to their nontrivial topology and
nanoscale size, skyrmions are of particular interest
for both fundamental studies and spintronic applications.
A skyrmion is characterized by a continuous rotation
of the magnetization that wraps the unit sphere, leading
to a quantized topological charge (winding number)
[6,13,36]. Their stability results from the competition
among exchange interaction, magnetic anisotropy, Zeeman
energy, and the Dzyaloshinskii-Moriya interaction (DMI),
which favors chiral spin textures. Depending on whether
the DMI is interfacial or bulk in origin, Néel-type or
Bloch-type skyrmions can form. These configurations may
appear either as metastable states or as global energy
minima, depending on material parameters, applied field,
and geometry [3,37–42].

III. MAGNETO-CHIRAL EFFECT

Control of skyrmions through external magnetic fields,
currents, and interfacial engineering is well established
[6]. An emerging approach exploits molecular chirality,
which represents true chirality in the symmetry sense and
introduces structural handedness. In contrast, magnetiza-
tion corresponds to a form of false chirality, and their
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coexistence enables hybrid magneto-chiral systems
[17,43]. Chiral molecules, which are not super-imposable
on their mirror images, can influence spin-dependent
processes through the CISS effect, where electron trans-
mission becomes spin selective [44–46]. While CISS is
commonly studied in transport geometries, chiral molecu-
lar overlayers on magnetic thin films can induce
enantiomer-dependent modifications of magnetic proper-
ties [47]. Within a symmetry-based framework, the broken
spatial inversion symmetry introduced by molecular
chirality can modify effective magnetic coupling to the
magnetic layer and thus affect the spin textures. Consistent
with this picture, enantioselective adsorption of chiral
molecules has been shown to modify magnetic properties
at the surfaces of ferromagnetic materials, including
coercivity, magnetic anisotropy, and domain behavior
[18]. Here, we interpret the handedness- and polarity-
dependent changes in skyrmion properties as being
consistent with chirality-dependent modifications of the
interfacial magnetic energy landscape. Several possible
microscopic mechanisms may contribute to such behavior.
First, adsorption of chiral molecules may induce a finite
interfacial spin density through the CISS effect, leading to
weak exchange coupling with the magnetic layer. Second,
chiral molecules may facilitate anharmonic lattice excita-
tions or chiral phonon modes that mediate coupling across
the molecular overlayer and magnetic film. Third, the
molecular adsorption breaks structural inversion symmetry
and may modify interfacial Rashba spin-orbit coupling and
associated magnetic interactions. At present, however, it is
not possible to determine which of these mechanisms
dominates in our system under study.

IV. MAGNETIC SAMPLES AND CHIRAL
MOLECULES

The materials studied here are thin films with perpen-
dicular magnetic anisotropy (PMA), in which the mag-
netization preferentially aligns normal to the film plane.
They form complex domain patterns under applied bias
fields. The multilayer films were deposited by dc magnet-
ron sputtering using a Singulus Rotaris deposition tool
with the structure Si=Sið100Þ=Tað4Þ=½Co20Fe60B20ð0.9Þ=
Tað0.08Þ=MgOð2Þ=Tað2Þ�2=Tað2Þ, where numbers in
parentheses denote the layer thickness in nanometers
[Fig. 1(a)]. This stack supports PMA and stabilizes
magnetic domains suitable for skyrmion formation. As
the chiral overlayer, we employ α-helix poly-alanine
(AHPA) polypeptide, which is known to induce strong
domain pinning and a localized increase in coercive
field [17]. The molecules have a purity of approximately
95%, terminate in a surface −OH group and possess a
calculated molecular mass of 3008.6 g=mol. The molecu-
lar solution was prepared at a concentration of 1 mM
in ethanol.

V. EXPERIMENTAL METHODS

To minimize sample-to-sample variations, selectively
functionalized samples containing adjacent molecule-
functionalized and nonfunctionalized regions were
employed. The samples were prepared using a poly-methyl
methacrylate (PMMA)-assisted masking procedure,
whereby one half of the Au-capped magnetic multilayer
was exposed to overnight adsorption of D- or L-AHPA
molecules, while the remaining half served as a reference
region. Molecular adsorption and handedness were veri-
fied by circular dichroism spectroscopy and contact-angle
measurements [Figs. 1(b) and 1(c)].
Magnetic skyrmions were nucleated by applying a

transient in-plane (IP) magnetic field pulse in the presence
of an OOP bias field, resulting in isolated skyrmions
stabilized within the PMA multilayer. The resulting
magnetic textures were imaged using wide-field N-V
magnetometry. Spatially resolved ODMR measurements
were performed by sweeping the MW frequency around
the N-V zero-field splitting and recording fluorescence
images at each frequency point [Fig. 1(d)]. Pixel-wise
fitting of the ODMR spectra enabled reconstruction of
two-dimensional maps of the N-V-projected stray mag-
netic field, BN-V , over the FOV.

VI. RESULTS AND DISCUSSION

Figure 2 presents N-V stray-magnetic field maps of
magnetic domain configurations, illustrating the evolution
from stripe domains to isolated skyrmions under an
applied OOP magnetic field. The measured signal corre-
sponds to the projection of the magnetic field along the
N-V axis, so that the reconstructed maps represent a
weighted combination of IP and OOP stray-field compo-
nents. For thin films with PMA, the stray field above the
sample is dominated by the OOP component, such that
BN-V provides a reliable proxy for Bz up to a geometric
scaling factor. We note that no full vector-field or mag-
netization reconstruction is performed in this work. Such
reconstruction would require measurements along multiple
N-V orientations or inverse modeling, which is beyond the
scope of the present study.
Magnetic stripes are nucleated by applying a brief

(approximately 1 s) IP magnetic field pulse of approx-
imately 30 mT using a laterally movable permanent
magnet while maintaining a constant OOP bias field.
This pulse destabilizes the stripe domain walls (DWs),
enabling the formation of skyrmions. After removal of the
IP field, the resulting magnetic configuration depends on
the OOP field, intrinsic sample parameters, and temper-
ature. The combined use of controlled OOP bias and
transient IP excitation provides a reliable method for
generating the skyrmion phase.
Following this preparation, the domain morphology

undergoes a systematic evolution as the OOP field
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increases. At low fields (Bz ≈ 1.40–1.50 mT), the film
exhibits a dense labyrinthine stripe-domain phase. At
Bz ≈ 1.55 mT, the stripes are narrow and fragment, pro-
ducing a mixed state of broken stripes and emerging
circular textures that signal the onset of skyrmion nucle-
ation. At higher fields (Bz ≈ 1.57–1.59 mT), isolated sky-
rmions dominate the magnetic contrast, appearing as
individual circular textures embedded in a nearly uniform
background and stabilized at defect-induced pinning sites
commonly present in thin magnetic films [10]. When the
field reaches Bz ≈ 1.61 mT, most stripe domains vanish
and only isolated skyrmions remain, indicating a sky-
rmion-dominated phase close to magnetic saturation. At
Bz ≈ 1.68 mT, the magnetic contrast diminishes as the
film approaches magnetic saturation, and the fluorescence
signal becomes nearly uniform. Such field-driven transi-
tions from stripe domains to isolated skyrmions and
ultimately to the saturated state are expected in PMA thin
films and arise from the competition between exchange,
magnetic anisotropy, dipolar interactions, and Zeeman
energy [1,8].

To characterize the spatial extent of the observed
magnetic textures, we extract multiple line profiles of
the projected stray magnetic field BN-V across represen-
tative features [Fig. 3]. The extracted full width at half
maximum (FWHM) serves as an effective measure of the
apparent texture size. Since the measured signal represents
a convolution of the underlying magnetization with the
dipolar stray-field response and is further broadened by the
finite N-V-sample stand-off distance and sensing-layer
thickness [48], the FWHM should not be regarded as the
intrinsic skyrmion diameter. Instead, it is employed here
only as an effective quantity for relative comparisons of
magnetic texture sizes under identical experimental con-
ditions. Figure 3 summarizes the distributions of the
extracted FWHM values for the two representative mag-
netic-field conditions.
To evaluate the influence of molecular chirality on

skyrmion properties, we performed a statistical analysis of
the skyrmion density [Fig. 4], effective skyrmion diameter,
nearest-neighbor skyrmion-skyrmion (Sk-Sk) distance,
and shape factor for molecule-functionalized and

FIG. 1. (a) Sample design: Schematic of the multilayer magnetic stack with a approximately 3 nm Au capping layer, where chiral
molecules are deposited on only half of the surface, leaving an adjacent nonfunctionalized region for direct comparison. Molecular
characterization: (b) Circular dichroism (CD) spectra of D- and L-AHPA solutions measured in the UV range (210–280 nm), showing
mirror-symmetric extrema near approximately 240–245 nm that confirm opposite molecular handedness; the ethanol reference
remains close to zero. (c) Contact angle measurements for bare and molecule-functionalized regions, demonstrating the change
in surface wettability after adsorption of D-AHPA and L-AHPA molecules. (d) N-V magnetometry workflow: A sequence of
photoluminescence frames acquired during a microwave (MW) frequency sweep yields pixel-resolved ODMR spectra for the FOV,
and each spectrum is fitted with a Lorentzian function to determine the resonance positions and splitting, enabling quantitative
reconstruction of the stray magnetic field map.
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nonfunctionalized regions under opposite magnetic field
polarities (Bz ¼ �1.6 mT). Because the field is obtained
from the resonance splitting, the absolute sign of the
N-V-projected field is not resolved. The positive and

negative values shown in ΔBN-V therefore represent devia-
tions from the background/reference field rather than the
absolute field direction.
The study was performed using two independently

prepared selectively functionalized samples, one function-
alized with D-AHPA and the other with L-AHPA mole-
cules. For each sample, three independent FOVs were
analyzed over two repeated skyrmion nucleation cycles,
yielding six FOV-by-cycle observations for each exper-
imental condition and magnetic-field polarity. Statistical
comparisons were performed at the FOV-by-cycle level
[Table I], with one value per FOV per nucleation cycle.
Individual skyrmions were used only to calculate the
corresponding FOV-level metrics, including skyrmion
density, mean diameter, mean shape factor, and mean
nearest-neighbor spacing. For each condition, the total
number of analyzed skyrmions is reported together with
the mean and its 95% confidence interval (CI), which
quantify the average value and the uncertainty of the
estimated population mean. Within- and between-cycle
variances are reported to distinguish the intrinsic spatial
variability within a nucleation cycle from the reproduc-
ibility of the measurements between independent nucle-
ation events, thereby assessing experimental stability.
Differences between functionalized and nonfunctionalized
regions were evaluated using the Mann-Whitney U test, a
nonparametric statistical test that determines whether the
two groups originate from the same underlying distribution
without assuming normality. Cohen’s d effect size was
additionally calculated to quantify the magnitude of the
observed differences independently of sample size,

FIG. 3. Statistical distribution of effective magnetic texture
sizes. RepresentativeBN-V maps acquired at OOPmagnetic fields
of 1.40 and 1.61 mT, with inset panels showing magnified views
of representative magnetic textures. Multiple lateral line profiles
were extracted across these textures, and their FWHM was used
as an effective measure of the apparent texture size. Histograms
summarize the extracted FWHM values for both magnetic fields,
with dashed lines indicating the corresponding mean values.

FIG. 2. Evolution of magnetic domains to skyrmion phase in CoFeB thin film under increasing Bz field. Background-subtracted N-V
magnetic field maps (ΔBN-V) reveal the progressive deformation and coalescence of skyrmions together with stripe domains with
increasing out-of-plane (OOP) field. The magnetic contrast is normalized by the standard deviation σ (approximately 1.15 μT) of the
field distribution, so that the color scale reflects statistically significant deviations from the background. The faint concentric ring
pattern originates from optical interference caused by reflections within the diamond.
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thereby distinguishing statistically meaningful changes
from negligible ones. Because the molecule-functionalized
and reference regions coexist on the same substrate, all
comparisons were performed under identical growth,
magnetic-history, and measurement conditions, thereby
minimizing systematic sample-to-sample variations.
Skyrmions were identified from the reconstructed stray-

field images using a previously validated U-Net-based
segmentation framework for magnetic texture analysis
[49]. The complete training datasets and pretrained models
are publicly available in the repository of Winkler et al.
[50]. The resulting segmentation masks were used to
determine skyrmion positions and geometrical properties
for subsequent statistical analysis.
Detailed statistical results supporting the quantitative

analysis are provided in Appendix D. Across the inves-
tigated observables, the molecule-functionalized regions
exhibit trends that depend on both molecular handedness
and magnetic-field polarity. However, the magnitude of
these differences is generally comparable to the variability
introduced by stochastic skyrmion nucleation and local

pinning. Consistent with this observation, most 95% CIs
for the mean differences overlap zero, the Mann-Whitney
U tests do not generally satisfy the conventional signifi-
cance criterion (p < 0.05), and the corresponding effect
sizes remain small to moderate. These results indicate
that, within the present dataset, the observed variations
should be interpreted as suggestive trends rather than
statistically conclusive evidence of chirality-induced
modifications.
The analysis further demonstrates that repeated nucle-

ation cycles introduce measurable variations in skyrmion
density and morphology, highlighting the influence of
stochastic nucleation and local pinning. Incorporating
repeated nucleation cycles and independent FOVs there-
fore enables a more reliable evaluation of the observed
chirality- and polarity-dependent trends. In thin films,
skyrmion size, spacing, and morphology are governed by
the interplay between interfacial DMI, PMA, dipolar
interactions, and defect-induced pinning [2,3,51]. The
experimentally observed trends are therefore consistent
with possible chirality-dependent perturbations of the

FIG. 4. Representative N-V magnetic images and statistical comparison of skyrmion densities in chiral-molecule-functionalized
regions. Stray magnetic field maps (ΔBN-V) acquired under Bz ¼ �1.6 mT after application of a approximately 30 mT IP magnetic
pulse are shown for bare and selectively functionalized regions of D-AHPA and L-AHPA samples. The extracted skyrmion density ρ is
indicated in each panel. The lower plots summarize the average skyrmion densities within the corresponding FOVs.
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interfacial magnetic energy landscape. However, the
present measurements do not permit identification of a
unique microscopic mechanism, and distinguishing the
individual contributions from DMI, anisotropy, dipolar
interactions, and pinning will require complementary
experiments, theoretical modeling, and micromagnetic
simulations, which are beyond the scope of the present
work.

VII. CONCLUSIONS

We demonstrate wide-field N-V magnetometry of chi-
ral-molecule-functionalized magnetic thin films with
perpendicular magnetic anisotropy, enabling direct micro-
scale imaging and quantitative analysis of skyrmion
configurations under identical experimental conditions.
Our statistical analysis reveals indications of enantiose-
lective and magnetic-field-polarity-dependent modifica-
tions of skyrmion properties, while also demonstrating
that a significant fraction of the observed variability
originates from stochastic skyrmion nucleation and local
pinning. The observed asymmetry under magnetic-field
reversal suggests that molecular adsorption affects one or
more interfacial magnetic parameters governing skyrmion
formation.
The present results should be regarded as experimen-

tally motivated indications rather than definitive evidence
of a specific magneto-chiral coupling mechanism.
Complementary magneto-optical measurements per-
formed on the same selectively functionalized samples
provide further evidence for chirality-dependent perturba-
tions of the magnetic energy landscape and are currently
being prepared for publication elsewhere. Identifying
the individual contributions from Dzyaloshinskii-Moriya
interaction, magnetic anisotropy, and pinning remains
beyond the scope of the present work. Overall, the present
study establishes wide-field N-V magnetometry as a
versatile platform for probing possible chirality-dependent
modifications of topological spin textures and provides
motivation for future theoretical and experimental
investigations.
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APPENDIX A: N-V WIDE-FIELD MAGNETIC
IMAGING

N-V− centers in diamond possess optically addressable
electron spin states that can be initialized, coherently
manipulated, and read out at room temperature [54,55].
Ensembles of near-surface N-V− centers enable minimally
invasive, real-space magnetic imaging over tens to hun-
dreds of micrometers with sub-micrometer spatial reso-
lution [19,20], providing access to complex magnetic
textures such as skyrmions that are difficult to investigate
using bulk techniques including SQUID, vibrating sample
magnetometry, and x-ray scattering [32,56,57].
Figure 5(a) shows the energy-level structure of the

N-V− center. The electronic ground state is a spin-triplet
ðS ¼ 1Þ3A2 state with sublevels ms ¼ 0;�1, separated
by a zero-field splitting of D ≈ 2.87 GHz [55]. Optical
excitation at λ ¼ 532 nm polarizes the spin into the
ms ¼ 0 state, while spin-dependent photoluminescence
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(PL) enables optical readout since the ms ¼ 0 state
exhibits higher PL intensity than the ms ¼ �1 states [55].
Applying a magnetic field along the N-V axis [Fig. 5(b)]

lifts the degeneracy of the ms ¼ �1 states through the
Zeeman effect. ODMR is observed by sweeping a MW
field across the spin resonances while monitoring the
PL signal [19]. At zero magnetic field, a small residual
splitting [Fig. 5(c)] may arise from crystal strain or
local electric fields [55,58]. In high-quality diamond
samples, the hyperfine interaction with the 14N nuclear
spin (I ¼ 1) can further produce a characteristic triplet
splitting of approximately 2.16 MHz [55]. In the present

measurements, however, this hyperfine structure is not
resolved.
Wide-field magnetic imaging is performed by recording

spatially resolved ODMR spectra from an ensemble of
near-surface N-V− centers. Continuous-wave 532 nm laser
excitation (approximately 70 mW) polarizes the spins,
while the MW frequency is swept around 2.87 GHz. At
each frequency point, a fluorescence image is recorded
using an sCMOS camera, yielding an ODMR image stack.
To suppress common-mode fluctuations arising from

laser-power variations and camera drifts, each image
is normalized to a reference frame acquired at an

FIG. 5. (a) Energy-level diagram of the N-V− center. The N-V− center has a spin-1 ground-state triplet, 3A2; within this manifold, the
ms ¼ 0 and ms ¼ �1 sublevels are split by the zero-field splitting D ≈ 2.87 GHz at room temperature (this splitting is internal to the
ground triplet). The center also has an excited triplet state, 3E; optical transitions between 3A2 and 3E (zero-phonon line at
approximately 637 nm) are used for optical excitation and readout. Continuous-wave 532 nm green laser excitation pumps population
from 3A2 to 3E. Relaxation back to the ground state occurs either via radiative (optically allowed) decay or via spin-selective
nonradiative decay through intermediate singlet states, which gives rise to spin-dependent fluorescence contrast. Dashed arrows
indicate nonradiative or spin-nonconserving pathways. Spin sublevels are labeled by their magnetic quantum numbers (ms ¼ 0;�1).
MW control enables coherent spin manipulation between these sublevels, and an external magnetic field causes Zeeman splitting of the
ms ¼ �1 sublevels. (b) f100g-cut diamond lattice. The N-V center direction (orange arrow) along h111i and the applied magnetic field
Bz (surface normal) [53]. (c) ODMR spectra of the N-V center; the upper plot shows the resonance at zero magnetic field (B ¼ 0). The
lower plot shows the Zeeman splitting under a finite magnetic field (B > 0), where the resonance splits into two peaks separated by
2γBN-V , where γ is the gyromagnetic ratio (28.024 GHz=T).
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off-resonant MW frequency [59]. Multiple frequency
sweeps are averaged, resulting in an effective integration
time of approximately 100 ms per frequency point.
Pixel-wise Lorentzian fitting is subsequently applied to

extract the resonance frequencies, and the corresponding
frequency shifts are converted into two-dimensional maps
of the N-V-projected stray magnetic field, BN-V , enabling
imaging of magnetic textures over extended FOVs.

APPENDIX B: EXPERIMENTAL SETUP

The N-V-based magnetic field measurements are per-
formed using a custom-built inverted epifluorescence
microscope [Fig. 6(a)]. A 532 nm diode laser (Laser
Quantum, gem 532 nm) provides optical excitation of
the N-V centers. To reduce pointing instability, the laser
beam is coupled into a polarization-maintaining single-
mode fiber (PMC-460Si-3-18E-150). A 50:50 beam-
splitter cube directs the excitation light toward the sample
and separates the reflected and PL signals. Imaging is
performed with an air objective (Newport M− 20×,
NA ¼ 0.40) with an effective focal length of 9 mm.
The sample assembly consists of a custom flexible

printed circuit board (PCB) of thickness 0.11 mm incor-
porating an Ω-shaped MW stripline with a 3 mm central
aperture. The PCB is mounted on a three-dimensional
translation stage for precise positioning. A diamond sensor
containing a near-surface N-V layer is placed on the PCB,
and the magnetic sample is positioned directly on top
of the diamond to minimize the sensor-sample stand-off
distance. The diamond is oriented such that the N-V layer
faces the magnetic film, maximizing magnetic sensitivity.

The FOV is aligned with the center of the stripline loop to
ensure uniform MW excitation.
To filter the N-V photoluminescence, a 650 nm long-

pass filter (FEL0650, Thorlabs) is used. A flip mirror
enables switching between imaging and point-detection
configurations. Wide-field detection is performed using an
sCMOS camera (Andor Zyla Wave 5.5 MP) with a camera
sensor pixel size of 6.5 μm2, corresponding to an effective
pixel size of approximately 325 × 325 nm2 in the sample
plane. For time-resolved or high-sensitivity measurements,
an avalanche photodetector (APD440A, Thorlabs) is used,
offering low dark counts and high quantum efficiency in
the N-V emission band.
For wide-field N-V magnetometry, we use a high-

density N-V ensemble located near the diamond surface.
A 100-nm-thick layer of 14N-doped, isotope-purified
diamond (99.9 % 12C) is grown via chemical vapor
deposition on an electronic-grade diamond substrate pro-
vided by Element Six. To create vacancies, the sample
is implanted with 25 keV Heþ ions at a dose of
1012 ions=cm2, followed by vacuum annealing at 900°C
for 2 h to form N-V centers. Subsequently, the sample
undergoes annealing in O2 at 425°C for 2 h to stabilize
the charge state. The resulting N-V ensemble exhibits a
density of approximately 1.2 × 1017 cm−3, determined by
comparing the fluorescence from this layer to that of near-
surface single N-V centers in a reference sample. The
diamond crystal has dimensions of 2 × 2 mm2 with a
thickness of around 90–100 μm [21,60].
Magnetic domains are tuned using a bias magnetic field

Bz generated by a Helmholtz coil (radius ¼ 4 cm)

FIG. 6. Wide-field N-V magnetometry setup. (a) Schematic of the optical and MW setup. (b) Photographs of the experimental setup
showing the sample holder with MW loop and the optical table configuration.
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[Fig. 6(b)], providing a field of approximately 1 mT=A.
The coil is driven by a computer-controlled dc power
supply (Rigol DP-832), allowing magnetic field control
with a resolution of approximately 10 μT during mea-
surements. MW excitation for N-V magnetometry
is provided by a signal generator (SRS SG384). The
MW output is amplified using a 16 W (þ43 dB)
power amplifier (ZHL-16 W-43+) and routed through a
circulator (Pasternack CS-3.000) before delivery to the
50Ω-terminated Ω-shaped stripline integrated into the
sample holder.
In addition to the OOP field, skyrmion nucleation

requires an IP magnetic field component. This field is
generated using a permanent magnet oriented parallel to
the sample surface, producing an IP field of approximately
30 mTat a distance of 1 cm from the sample. The magnet is
mounted on a lateral translation stage, allowing controlled
and reversible application of the IP field. By adjusting its
position, both the magnitude and direction of the IP field
can be tuned without perturbing the optical alignment or
overall experimental configuration.
The resulting skyrmions are expected to be predomi-

nantly Néel-type, stabilized by the interfacial DMI present
in the multilayer stack. Such PMA multilayers are widely
employed for stabilizing relatively large skyrmions and
magnetic bubble textures [1,8].
The performance of the wide-field N-V magnetometer is

characterized by its magnetic field sensitivity, which is
estimated from both shot-noise considerations and exper-
imental noise measurements. The ideal shot-noise-limited
magnetic field sensitivity of the magnetometer is calcu-
lated using the expression [61]

ηcw ¼ 4

3
ffiffiffi

3
p ·

h
geμB

·
Δν

Ccw

ffiffiffiffi

R
p ; (B1)

where Δν is the ODMR linewidth, R is the detected
photon count-rate, and Ccw denotes the cw-ODMR con-
trast. The prefactor 4=3

ffiffiffi

3
p

arises from the maximum
slope of a Lorentzian resonance profile. Apart from the
fundamental constants (h, ge, and μB), the sensitivity is
governed by the ratio Δν=Ccw, which reflects the sharp-
ness of the ODMR resonance and its measurement
contrast, as well as by

ffiffiffiffi

R
p

. Using the experimentally
determined parameters Δν ¼ 2.7 MHz, Ccw ¼ 4.5%, and
R ¼ 1.85 × 108 counts=s, the ideal shot-noise-limited
magnetic field sensitivity per pixel is estimated to be

ηidealcw ≈ 0.1 μT=
ffiffiffiffiffiffi

Hz
p

:

Practically, however, the magnetic field sensitivity per
pixel determined from the noise spectral density measure-
ments yields

ηexpcw ≈ 10.0–20.0 μT=
ffiffiffiffiffiffi

Hz
p

;

which is two orders of magnitude above the ideal shot-
noise limit. To further quantify the origin of the discrep-
ancy between the ideal and experimental sensitivity,
we note that the dominant noise contributions arise from
a combination of camera readout noise, laser intensity
fluctuations, and MW amplitude/frequency instability.
Based on the measured noise spectral density, the effective
magnetic field noise floor per pixel is on the order of
approximately 10 μT=

ffiffiffiffiffiffi

Hz
p

. Among these contributions,
technical noise sources (laser and MW fluctuations)
dominate over photon shot noise under the present oper-
ating conditions. This noise level sets the minimum
detectable magnetic field variation in the reconstructed
images. For an effective integration time ðTÞ of approx-
imately 100 ms per frequency point, the magnetic field
noise per pixel is estimated as σB ≈ η=

ffiffiffiffi

T
p

≈ 30–60 μT.
Given that the typical stray-field contrast associated with
skyrmions is on the order of 0.3–1 mT, this corresponds to
a signal-to-noise ratio of roughly 5–30, which is sufficient
to reliably resolve skyrmion features. Consequently, under
the present measurement conditions, the extraction of
skyrmion properties is generally more strongly limited
by spatial resolution and segmentation accuracy than by
magnetic sensitivity.
However, the finite sensitivity contributes to uncertainty

in the precise determination of skyrmion boundaries,
particularly for low-contrast regions or near the edges
of the skyrmions, where the magnetic field gradients are
smaller. This leads to a small systematic uncertainty in the
extracted geometrical parameters, which is mitigated in the
present work by statistical averaging over large skyrmion
ensembles.
The finite N-V-sample stand-off distance and the spatial

extent of the N-V layer lead to a convolution of the
measured magnetic field, effectively smoothing high-
spatial-frequency features, slightly overestimating charac-
teristic length scales, and reducing peak field amplitudes.
To determine the N-V-sample separation, we fit the
measured stray-field profiles across DWs using the ana-
lytical two-edge stripe model [62], where a uniformly
OOP magnetized domain is modeled as two anti-parallel
bound currents at its edges and the resulting field is
projected onto the N-V axis. The stand-off distance z is
obtained as a fitting parameter and represents an effective
magnetic distance that includes both the physical gap and
the finite N-V depth distribution, yielding a value of
z ≈ 1–2 μm, consistent with the average magnetic domain
width of approximately 6 μm. This extracted value is in
good agreement with the experimentally observed mag-
netic field profiles.
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APPENDIX C: SAMPLE PREPARATION AND
MOLECULAR FUNCTIONALIZATION

To selectively functionalize the magnetic thin
films while retaining an internal reference region, each
sample was first coated with a protective PMMA layer.
One half of the sample surface was subsequently masked
using Kapton tape, and the exposed region was cleaned
by dissolving the PMMA in acetone, producing a well-
defined boundary between protected and unprotected
regions.
After removal of the Kapton mask, the samples were

immersed overnight in 1 mM solutions containing either
D-AHPA or L-AHPA molecules, enabling selective
adsorption on the exposed Au surface. The molecules
bind to the gold surface via chemisorption of the terminal
cysteine thiol group (Au—S bond) and adopt a tilted
orientation with an angle of approximately 46° relative to
the surface normal [63]. The resulting self-assembled
monolayer provides dense surface coverage with an
intermolecular spacing of approximately 12 Angstrom
and remains stable against brief acetone exposure at room
temperature.
Finally, the remaining PMMA layer was removed by

a short acetone bath (approximately 2 min), yielding
samples containing adjacent molecule-functionalized
and nonfunctionalized regions on the same substrate.
Because the two enantiomers are chemically identical
and undergo identical processing procedures,
differences between D- and L-functionalized samples
are unlikely to originate solely from ordinary surface-
treatment effects.

APPENDIX D: STATISTICAL SUMMARY

The table below provides the complete statistical sum-
mary supporting the quantitative analysis presented in
Sec. VI. The statistics compare skyrmion properties in
molecule-functionalized and adjacent nonfunctionalized
(bare) regions under opposite OOP magnetic field polar-
ities (Bz ¼ �1.6 mT).
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