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% Check for updates Magnon spintronics aims to harness spin waves in magnetic films for infor-

mation technologies. Color center magnetometry is a promising tool for
imaging spin waves, using electronic spins associated with atomic defects in
solid-state materials as sensors. However, two main limitations persist: the
magnetic fields required for spin-wave control detune the sensor-spin detec-
tion frequency, and this frequency is further restricted by the color center
nature. Here, we overcome these limitations by decoupling the sensor spins
from the spin-wave control fields —selecting color centers with intrinsic ani-
sotropy axes orthogonal to the film magnetization- and by using color centers
in diamond and hexagonal boron nitride to operate at complementary fre-
quencies. We demonstrate isofrequency imaging of field-controlled spin
waves in a magnetic half-plane and show how intrinsic magnetic anisotropies
trigger bistable spin textures that govern spin-wave transport at device edges.

Our results establish color center magnetometry as a versatile tool for
advancing spin-wave technologies.

Quantum sensing based on color centers in solid-state hosts, such as
the nitrogen-vacancy (NV) center in diamond and the boron vacancy
(Vp) center in hexagonal boron nitride (hBN), employs the electronic
spin associated with the center for interacting with the environment
and unveiling its physical properties (Fig. 1a, b)". The operation of these
solid-state spin sensors relies on their optically detectable electron
spin resonance (ESR) spectrum, which is sensitive to a range of phy-
sical quantities such as magnetic fields, electric fields, temperature,
and pressure’®. Combined with the ability to place the spin sensors
within nanometers from a material of interest, as required for high-
resolution spatial imaging, this sensitivity has enabled applications in
fields ranging from biology and (bio-)chemistry to condensed matter
physics and geoscience’™’.

Because of its high sensitivity, spatial resolution, and ability to
image both static and dynamic magnetic fields, spin-based magneto-
metry is particularly well suited for high-resolution local probing of
magnetic materials, exemplified by recent experiments probing
atomically-thin magnets'*" and imaging spin-wave dynamics in mag-
netic thin films™™, Such spin waves - collective wave-like spin excita-
tions with quasi-particle excitations called magnons - play a central
role in the thermodynamics of magnetic materials and are promising
as signal carriers for information devices due to their low intrinsic
damping, non-reciprocal transport properties, micrometer wave-
lengths at microwave frequencies, and strong interactions that enable
signal transduction'®"®, A central prospect of magnon spintronics is to
harness spin waves for microwave control in chip-scale devices.
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Fig. 1| Spin wave imaging using solid-state spin sensors that are first-order
decoupled from the spin-wave spectrum. a, b Atomic structure of the nitrogen-
vacancy (NV) center in the diamond carbon (C) lattice (a) and of the boron vacancy
(V) in a hexagonal boron nitride (hBN) layer (b). ¢, d Dispersion of the spin sensors
and the spin waves. Dark blue and red lines: Magnetic field dependence of the
electron spin resonance (ESR) frequencies of the NV (zero-field splitting D =2.87
GHz) and Vg (D = 3.5 GHz) center, respectively. Color map: spin-wave length A. The
red, blue and green arrows above the graphs indicate the spin anisotropy axis,
externally applied magnetic field (B), and easy-plane magnetization (M), respec-
tively. Gray dashed line: the ferromagnetic resonance (FMR) according to Kittel's
law. In (c), the magnetic field B is applied along the spin anisotropy axis, linearly

splitting the ESR frequencies f. and f. while leaving the spin-wave length A unaf-
fected to first order. In (d), B is applied perpendicular to the spin anisotropy axis,
rendering the ESR frequencies decoupled from B to first order while strongly
coupling to the spin-wave length. See Methods for the mathematical derivation.
Inset in (d): sketch illustrating the spin-wave length A. e, f Optically detected ESR
spectrum near zero applied magnetic field for the NV (e) and Vg (f) spins. Mon-
itoring the ESR contrast, defined as C =1 - PLywon/PLmworts, Where PLywon (PLyvworr)
is the photoluminescence (PL) under (in the absence of) microwave driving,
enables spin wave detection. The four-peak structure of the Vg spectrum is asso-
ciated to hyperfine coupling to nearby N spins”.

Developing such devices requires high-resolution, high-sensitivity
sensors that can image both the spin-wave dynamics and the under-
lying spin textures in thin-film magnets®.

Compared to other spin-wave imaging techniques, spin-sensor-
based spin-wave imaging stands out because it detects spin waves by
their magnetic stray fields'". This detection mechanism provides the
ability to image spin waves underneath optically opaque materials and
to image the static spin textures or electrical currents with which the
waves can interact>?°. However, a key challenge for spin-wave imaging
using spin-based magnetometry is the resonance requirement
between the sensor-spin frequency and the frequency of the spin
wave'?>52%: although the sensor spin can be tuned to a target fre-
quency by a magnetic bias field, such a bias field generally also couples
to and thereby changes the spin-wave spectrum of the target sample.
As such, the coupling hampers the ability to image spin waves at
target frequencies, such as the operating frequency of spin-wave
devices.

Here, we overcome this challenge by decoupling, to first order,
the control of the sensor-spin frequency from that of the spin-wave
dynamics in a magnetic thin film. The key concept is to orient the
intrinsic anisotropy axis of the sensor spins along the hard axis of the
magnetic sample. This geometry decouples the magnetic-field control
of the sensor-spin frequency from the magnetic system, enabling
independent tuning of the two systems.

We use this new technique to demonstrate isofrequency imaging
of field-controlled spin waves in a thin-film permalloy magnet, using
spins in both diamond and hexagonal boron-nitride to access com-
plementary frequency ranges. By tuning both the angle and the mag-
nitude of the magnetic bias field, we control the spin-wave
propagation in the inhomogeneous spin textures at the edge of a

permalloy magnetic half-plane, representing a case study of spin-wave
transport in spin textures that arise at the edges of lithographically
patterned magnetic devices. We tune the spin-wave length by a factor
six by applying a magnetic bias field that compensates a small in-plane
anisotropy, and then harness this anisotropy to deterministically
nucleate bistable, curling spin textures at the magnetic edge that
enable different spin-wave transport regimes. We extract the magnetic
curling length (the length over which the spins reorient) and repro-
duce the observed bistable textures via simulations. Our static- and
dynamic-field images reveal the important role of the spin textures
underlying the spin-wave transport in patterned magnetic films —
central elements for spin wave devices — and pinpoint spin-based
magnetometry based on complementary color centers as a versatile
technique for its study.

Results

First-order decoupling of the spin sensors and spin waves

To image spin waves, we use sensor spins associated with NV centers in
diamond and Vg centers in hBN (Fig. 1a, b). Crucially, both the NV and
the Vg color center have an effective spin of magnitude S =1"?. As such,
the crystallographic symmetry of the defect endows the spin with an
intrinsic anisotropy axis. For the NV center, this axis is oriented along
the line connecting the nitrogen and vacancy sites (Fig. 1a)’. For the V;
center, this axis is perpendicular to the layers of the hBN crystal
(Fig. 1b)*. The anisotropy causes the spin energy levels to be split even
at zero magnetic field (by D =2.87 GHz for the NV and D = 3.5 GHz for
the V) and renders the ESR frequencies first-order (second-order)
sensitive to magnetic fields that are oriented parallel (perpendicular)
to the anisotropy axis (Fig. Ic, d and “Methods”). Similarly, the sha-
pe anisotropy of a thin-film magnet renders its spin-wave spectrum
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Fig. 2 | Isofrequency imaging of field-controlled spin waves using color centers.
a Sketch of the experiment: a microwave (MW) current in a 80 nm-thick gold (Au)
microstrip excites spin waves (green arrows) in a 55 nm-thick permalloy (Py) film
(“Methods”). We detect the waves using both an ensemble of V sensor spins in a
hBN flake placed on top of the sample and a single NV sensor spin in a diamond tip
scanned across the sample. b Optical image showing the Vg-containing hBN flake on
top of the Py sample and Au microstrip. Scale bar: 10 pm. ¢ ESR contrast map
showing spin waves traveling perpendicular (Damon-Eshbach spin waves) to the
microstrip with wavevector k. A wavelength of 7.9(8) pm is extracted by fast Fourier
transformation (FFT, Supplementary Section 1.4). An in-plane field B=1.6 mT along
the microstrip and a Vg-resonant drive frequency of 3.52 GHz yields Damon-
Eshbach spin waves. Scale bar: 10 um. d, e Spin-wave maps (bottom panel) and their
average along Y (top panel) for B=1.6 mT applied in-plane along the microstrip

(white arrows). The drive frequency is 3.55 GHz for the Vg measurement in (d) and
2.87 GHz for the NV measurement in (e). The FFT-extracted wavelengths are 8.2(8)
and 10.6(9) um, respectively. The gold microstrip is located between X € [-5,
51pm. Shaded area in top panels: + 1 standard deviation. f, g Isofrequency imaging
of field-controlled spin waves. Measured (left panels) and calculated (right panels)
1D spin-wave maps vs. B. The field B is applied in-plane along the microstrip. Drive
frequency: 3.44 GHz for the Vg measurement in (f) and 2.87 GHz for the NV mea-
surement in (g). An external MW reference field is added in (f) (see Methods) h).
Spin-wave length vs. field strength B. The 1D profiles shown in panels (f) and (g) are
obtained from averaging the 2D spatial contrast maps presented in Supplementary
Section 2.1. The spin-wave length shown in (h) is extracted using a fast Fourier
transform (FFT) applied to these 2D maps, as described in Supplementary
Section 1.4.

first-order sensitive (insensitive) to in-plane (out-of-plane) magnetic
fields (Fig. 1c, d and “Methods”). As such, by selecting sensor spins with
anisotropy axis perpendicular to the magnetic plane, we gain inde-
pendent magnetic-field control of the two systems, enabling iso-
frequency imaging of field-controlled spin waves.

Spin-wave imaging using color centers
Our spin wave imaging method is based on the spin-dependent pho-
toluminescence of the color centers, which decreases under

microwave driving at the ESR frequency (Fig. 1e, f)’*. By placing the
sensor spins close to the sample surface (Fig. 2a, b), the magnetic stray
fields generated by nearby spin waves directly drive the ESR transitions
of the sensors'***%, enabling spin wave imaging by spatially mapping
the ESR contrast (Fig. 2¢c)'>"**?, To achieve proximity to the sample,
we place a flake of hBN on top of the magnetic film and use a single NV
spin in a scanning diamond tip (Fig. 2a). The range of detectable fre-
quencies is set by the width of the ESR spectra of the spin sensors. As
such, the ESR spectrum of the Vg center provides a broader range of
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detectable frequencies than the NV center®, at the cost of a reduced
sensitivity.

Isofrequency imaging of field-controlled spin waves

We demonstrate that using an orthogonal configuration between the
sensor spins and the spin-wave spectrum enables isofrequency ima-
ging of field-controlled spin waves (Fig. 2). Representative images of
NV and Vg resonant spin waves under a magnetic bias field of
B=1.6mT applied along the microstrip (so-called Damon-Eshbach
configuration) are shown in Fig. 2c-e. By changing the in-plane mag-
netic field strength, we control the spin-wave length while the first-
order decoupling enables keeping the imaging frequencies fixed to the
zero-field splitting of the NV and Vg center (Fig. 2f-h, left panels). Our
experimental observations are captured well by computing the mag-
netic stray field of a spin wave traveling perpendicularly to the static
magnetization (Fig. 2f-h, right panels)™. Although the measurable field
range is limited by the photoluminescence quenching of the color
centers under large off-axis fields*’, we do not reach such fields in these
measurements. Instead, the range is limited by the spin-wave band
being pushed above the ESR detection frequencies by the applied field
(Fig. 1d). This observation emphasizes the relevance of studying off-
axis fields in color centers*~°. We highlight that the spin waves are also
visible underneath the metal as a result of the magnetic nature of the
detection method®. These results demonstrate the ability to decouple
the magnetic-field control of the spin-wave spectrum from the detec-
tion frequency of the color centers, which can be expanded to other
frequencies by employing additional color centers, such as carbon-
related defects in boron nitride of silicon vacancies in silicon

carbide®*,

Spin-wave imaging in a magnetic half-plane with competing
magnetic interactions

Realizing spin-wave circuits and devices relies on patterned magnetic
films. Such patterning generally leads to inhomogeneous spin textures
such as domain walls or curling textures at the device edges®>*.
Equipped with a strategy for isofrequency imaging of field-controlled
spin waves, we now consider a magnetic half-plane as a simple device
model (Fig. 3a, b). We show how the inhomogeneous spin textures
affect the spin-wave transport and that field-balancing the magnetic
anisotropy enables controlling the local spin-wave length® %,

Using a single NV spin in a scanning diamond tip (Fig. 3a), we
image spin waves at the edge of the plane as a function of the angle ¢
of an in-plane magnetic field (Fig. 3c). We employ an NV spin due to its
higher sensitivity to the static magnetic fields generated by the sample.
When the field is oriented along the edge (¢ =90°), we observe spin
waves with a spatially uniform wavelength. This is expected from the
shape anisotropy introduced by the edge, which favors the underlying
magnetization to be uniform and oriented along the edge. Reversing
the field to ¢ =270°, we observe the same wavelength but different
amplitudes, attributed to the non-reciprocity of this Damon-Eshbach
configuration®*°. Rotating the field from @=90° towards ¢=0°
(Fig. 3c-e), we observe that the spin-wave length initially stays con-
stant and then decreases rapidly by a factor -6 towards the few-
micrometer regime. Remarkably, at ¢ = 0°, the spin-wave length varies
spatially (Fig. 3¢ and Supplementary Section 2.2.8), decreasing with
increasing distance to the edge before becoming constant at
X=20 pm. We attribute this change to an underlying, inhomogeneous
spin texture near the film edge, which we corroborate below using
static-field imaging and micromagnetic simulations.

To further investigate the role of anisotropy, we extract the
average spin-wave length via Fourier transformation from the spatial
spin-wave maps (Fig. 3d). Doing so at both B=0.98 mT (Fig. 3e) and
B =0.39 mT (Fig. 3f), we observe a strikingly asymmetric behavior and
a jump in the spin-wave length for ¢ =165° and 345° (most clearly
visible in Fig. 3f), even though our sample is mirror-symmetric w.r.t.

the x-axis. Using the LLG equation to calculate the spin-wave length ina
uniform permalloy film with a 1 mT uniaxial in-plane anisotropy
oriented along ¢ =75° (“Methods” and Supplementary Section 2.2.9),
we are able to accurately reproduce both the asymmetry and the jump
(red lines in Fig. 3e, f), with the jump caused by the magnetization
switch that occurs when the field is perpendicular to the anisotropy
axis. We conclude that in addition to the shape anisotropy introduced
by the edge, our film has a small in-plane anisotropy that breaks the
symmetry of the system, as corroborated by the different spin wave
amplitudes between ¢ = 0° and ¢ =180° in Fig. 3¢ and Supplementary
Section 2.2.8. These differences are attributed to an underlying varia-
tion in the curling magnetic configuration present in each case. Such
small anisotropies are typical in permalloy films grown by various
methods**,

We demonstrate that balancing the magnetic anisotropy by a
submillitesla magnetic field applied in target directions enables a high
degree of control of the spin-wave length. When the field is applied
along the edge (¢ =90°, Fig. 4a), there is only a weak dispersion, in
contrast with the highly dispersive response for ¢ =180° (Fig. 4b). In
this case, the system is in a curling magnetic state, where the spin-wave
length varies spatially, as shown in Supplementary Section 2.2.8. This
configuration does not correspond to a standard backward-volume
geometry due to the non-uniform, spatially rotating magnetization. An
intuitive understanding of the field dependence is as follows: at lower
applied fields, the degree of curling is reduced, resulting in a magne-
tization orientation that is closer to being perpendicular to the k-vec-
tor. This imparts a greater Damon-Eshbach character to the spin wave,
leading to an increased wavelength. Using the LLG-based model to fit
the measured field-dependence of the spin-wave length (Fig. 4c and
“Methods”), we extract an anisotropy field of Bx=1mT. The small
discrepancies with the data can be attributed to the infinite-plane
approximation used in the model.

Spin-wave propagation in bistable, inhomogeneous and field-
rotation-dependent spin-textures

The combination of uniaxial anisotropy, Zeeman interaction, and
shape anisotropy induced by magnetic edges can lead to inhomoge-
neous spin textures such as curling magnetizations or the formation of
Néel domain walls******, In particular, close to the film edge and for
applied fields perpendicular to the edge, such textures are prone to
arise because of the competition between demagnetizing field, ani-
sotropy and Zeeman energies®*. We investigate how this competition
leads to bistable, field-rotation-dependent spin textures and how these
textures can be used to realize different regimes of local spin-wave
transport (Fig. 5).

To do so, we measure (Fig. 5a) an isofrequency spin-wave map for
afield applied perpendicular to the microstrip (¢ = 0°) after initializing
the magnetization with a 20 mT field at either ¢ = 45° (left panel) or at
@ =— 45° (right panel), representing a counterclockwise and clockwise
rotation, respectively. In both cases, the spin wave is clearly visible
beyond X=5um, but with a remarkably different profile: For coun-
terclockwise rotation, the ESR contrast varies smoothly, while in the
clockwise case, there is a sharp contrast peak. In both cases, the
wavelength of the spin wave then changes gradually with further
increasing distance to the edge. This dependence on the magnetiza-
tion history is robust over several rotations and observed at different
field strengths (Supplementary Section 2).

We attribute this history-dependent phenomenology to different
inhomogeneous spin textures underlying the spin-wave transport,
with the small in-plane anisotropy playing a crucial role in breaking the
symmetry of the system. To characterize the spin textures, we measure
the static, out-of-plane field component by spatially mapping the NV
ESR spectrum as a function of x (Supplementary Section 3) and extract
the out-of-plane component of the magnetic field (Fig. 5b), observing
fields up to 3mT at the film edge. These ESR maps do not vary
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Fig. 3 | Isofrequency imaging of anisotropy-governed spin waves under angular
field control. a Sketch of the experiment. A microwave (MW) current in a gold (Au,
yellow) microstrip excites spin waves (green arrows) with wavevector k (white

arrow) ina 50-nm-thick permalloy (Py) half-plane. A single NV spin (lattice structure
shown in Fig. 1a) in a scanning diamond tip images spin waves resonant with the NV
ESR frequency by detecting their microwave magnetic stray fields. b Optical image
of the magnetic half-plane. Scale bar: 2 mm. ¢ Spatial spin-wave maps (bottom

panels) and their average along the vertical direction (top panels) for eight different
angles ¢ (in-plane angle from x towards y as defined in a) of the applied magnetic
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field (B=0.98 mT). Scale bar: 10 pum. d Spin-wave maps vs. field angle ¢ (left panel)
and the corresponding spin-wave number k extracted via fast Fourier transforma-
tion (FFT, right panel) at B=0.98 mT. e, f Spin wave length vs. in-plane field angle ¢
atB=0.98 mT (e) and B=0.39 mT (f). The sudden change in (f) signifies the angle at
which the applied field is perpendicular to the anisotropy axis, enabling us to
extract an anisotropy angle of ¢k = 73(2)° (highlighted with pink dashed line). Red
lines: calculation based on the Landau-Lifshitz equation for an anisotropy field of
By =1mT thatis oriented at @k = 73°. The corresponding spatial spin-wave maps are
shown in Supplementary Section 2.2.

significantly over the y direction, indicating a translationally invariant
system along y.

The smoothly changing static-field profile observed for the
counterclockwise rotation (left panel, Fig. 5b) can be well fitted by a
curling magnetization profile®, yielding a curling length of 19(3) um
(see Supplementary Section 1.5). Such curling arises from the compe-
tition between the Zeeman energy, which favors aligning the spins to
the applied field, and the demagnetizing energy cost of spins pointing
perpendicularly to the film edge. The curling length depends on both
the film thickness and the saturation magnetization (Supplementary

Section 1.5), which can be employed as experimental parameters for
tailoring the curling profile and, consequently, engineering spin-wave
propagation. On the other hand, explaining the doubly-peaked static-
field profile of the clockwise rotation (Fig. 5c) requires micromagnetic
simulations. Using the in-plane anisotropy field extracted above, we
reproduce both situations using Mumax3*¢ (Fig. 5c and Supplementary
Section 1.6): For the counterclockwise rotation case (left panel Fig. 5¢),
we find a curling spin texture (see arrows), whereas the counter-
clockwise case (right panel Fig. 5c) yields a Néel domain wall in addi-
tion to a curling spin texture (sharp switch between purple to green
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with the corresponding wavenumbers extracted via fast Fourier transformation
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Fig. 5| Spin-wave imaging in bistable, inhomogeneous spin textures created by
magnetic-history control. a Spin-wave maps and their Y-averages at B=0.98 mT
and fyy = 2.87 GHz with the bias field along X (white arrows). The left (right) panels
are obtained after rotating the bias field counterclockwise (clockwise), as indicated
by the gray arrows. b Two-dimensional maps of B,, showing translational invariance
along Y, with their Y-averaged profile. The counterclockwise (clockwise) case shows
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a single (double) peak in B,. ¢ Micromagnetic calculations of the spatial spin tex-
tures for counterclockwise (left panel) and clockwise (right panel) rotation of the
applied field, showing curling spin textures (left panel) and the deterministic, field-
rotation controlled nucleation of a domain wall (right panel). The computed out-of-
plane field generated by the spin textures is shown in the top panels. The red area in
the top panels indicates the location of the gold (Au) microstrip.

region). The out-of-plane magnetic field generated by these two spin
textures closely agrees with our measurements (Fig. 5¢). In our calcu-
lations, the position of the domain and the relative field intensity
between the doubly-peaked static-field profile depend sensitively on
the anisotropy constants and, to a lesser extent, on the saturation
magnetization. Nonetheless, across all tested parameter sets, the for-
mation of a domain wall remains a robust feature, as shown in the
Supplementary Section 1.6.

Finally, we study the spin textures at the film edge for other in-
plane field angles. When the field is along the microstrip (¢ = 90° and
@ =270°), we measure a spatially constant ESR frequency (Supple-
mentary Section 3.1). For intermediate angles (as ¢ =45° or ¢ =-45°),
we always observe a curling magnetization and no domain wall,

independently of the history of the magnetic field (Supplementary
Section 3.3). Overall, the magnetic anisotropy enables the controlled
generation of different inhomogeneous spin textures by choosing the
handedness of the in-plane field rotation.

Discussion

The central concept of the spin-based spin-wave imaging approach we
introduced here is the use of sensor spins that have an intrinsic ani-
sotropy axis perpendicular to the magnetic thin-film: this geometry
enables decoupling to first order the magnetic-field control of the spin-
wave spectrum, which is sensitive to in-plane fields, from that of the
spin-resonance frequencies, which are sensitive to out-of-plane fields,
to first order. This approach is general and should be applicable for
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quantum sensing of other systems with intrinsic anisotropy axes. We
used this approach for isofrequency imaging of field-controlled spin
waves in a permalloy magnetic film, using both NV and V; centers to
realize different detection frequencies. Other frequencies can be
accessed by controlling the sensor spins using fields along the spin
anisotropy axis, or by selecting other optically active spin-defects such
as silicon vacancies in silicon carbide®, different spin defects in hBN
(including those with in-plane anisotropy axes)***’, or molecular color
centers*®,

We used the ability to image both static and dynamic magnetic
fields to non-reciprocally nucleate and image target spin textures and
the resulting spin-wave transport at the edge of the magnetic half-
plane used as a device model. From a fundamental point of view, being
able to image both spin waves and the underlying spin textures could
reveal the interplay between coherent spin waves and other non-trivial
spin textures, such as skyrmions or hopfions***°, Regarding applica-
tions, we envision anisotropy-engineering as a key parameter towards
the development of spin wave devices, motivating the development of
selective film growth techniques for tailoring not only the strength but
the angle of the magnetic anisotropy with respect the spin wave pro-
pagation and allowing the design and optimization of devices working
at a single-frequency*.

Methods

Vg centers in hBN thin-layer

Previously we determined that the combination of boron-10 and
nitrogen-15 isotopes are the best combination for quantum sensing”.
Isotopically enriched h'°BPN crystals were grown by the atmospheric
pressure high temperature (APHT) method, previously described in
detail™®*, Briefly, the process starts by mixing high-purity 98% enriched
boron-10, with nickel and chromium with mass ratios of 3.72:48.14:48.14,
respectively. The mixture is then heated at 200 °C/h under 97% enriched
nitrogen-15 and hydrogen gas at pressures of 787 and 60 torr respec-
tively to 1550 °C, to produce a homogeneous molten solution. After
24 h, the solution is slowly cooled at 1 °C/h, to 1500 °C, then at 50 °C/h to
1350°C, and 100°C/h to room temperature. The h'®BSN solubility
decreases as temperature is reduced, causing crystals to precipitate on
the surface of the metal. We subsequently exfoliated the h'°BN flakes
from the metal with thermal release tape. The free-standing h'°B°N
crystalline flakes are typically more than 20 ym thick. To prepare the
boron vacancies (Vg), the isotope enriched h°B"N flakes were neutron
irradiated at the Ohio State University for a cumulative fluence of
2.9 x 10" neutrons/cm?. We then mechanically exfoliated the hBN flakes
from the neutron-irradiated bulk crystals and transferred them on top of
the film by conventional two-dimensional transfer techniques. The hBN
flake shown in the main text has a thickness of 55 nm, as determined by
atomic force microscopy (Supplementary Fig. 1).

NV centers in diamond

Single out-of-plane (111) NV centers in a diamond incorporated into a
tuning fork are obtained from QZABRE (QST-Q7-S-111-OOP and QST-
Q5-S-111-00P, for the extended and half-plane film, respectively).
Measurements are taken at a sensor-sample separation of ~500 nm
(Py), unless mentioned otherwise, yielding a~-1 micrometer spatial
resolution while filtering out the stray fields of smaller spin waves
potentially generated by spin-wave scattering™. This resolution is
similar to the optical-diffraction-limited resolution of our VB-
measurements. Measurements at different sensor-sample separa-
tions are shown in the Supplementary Section 2.2.5.

Quantum sensing protocol

We focus a 515 nm laser (Cobolt 06-MLD) with an optical power of
40 uW onto the single NV and 360 uW onto the hBN flake and record
the resultant photoluminescence using an avalanche photodiode
(Laser Components COUNT-250n). A microwave source (Rohde &

Schwarz SGS100A) is connected to the microstrip to generate spin
waves and drive the ESR. The magnetic imaging is performed using a
bimodal scheme™: For every pixel, we record the photoluminescence
with the microwave on and off (dwell time of 50 ps), from which we
calculate the ESR contrast C as discussed in the main text. In the case of
the NV and hBN data shown in Fig. 2d, the spatial oscillations arise due
to interference between the microwave magnetic stray fields gener-
ated by the spin waves and the microwave field generated by the
microstrip™. To enhance the contrast of these oscillations, and thereby
speed up the measurements, we apply an additional, auxiliary micro-
wave field of the same frequency for the hBN data shown in Fig. 2c, e, h
and Supplementary Section 2.1.2 using an antenna loop placed at
~ 60 um from the measurement area. Extracting the decay length from
the presented imaging results is challenging because it requires pre-
cise modeling of the local microwave magnetic field amplitude, which
is a result of interference between the spin-wave stray fields and any
additional magnetic fields resonant with the NV center. In addition to
the direct field generated by the current in the microstrip, additional
NV-resonant fields (such as those generated by inductively excited
eddy currents in the metallic film) could be present. Spatial scanning is
performed by placing the magnetic film on XYZ-piezoelectric stages.
Further details on the magnetic field control and data analysis (spin-
wave length determination from FFT transforms and curling analysis)
are given in Supplementary Section 1.3-1.5.

Device fabrication

Permalloy (NiFe 81%19% from Kurt J. Lesker Company, EVMNIFEEXE-D,
99.95% purity for the extended device; NiFe 80%20% from Neyco,
99.95 % purity for the half-plane device) films with 50 nm thicknesses
are evaporated on top of 300 nm-thick SiO,/(100)-Si substrates using
thermal evaporation inside a vacuum chamber (Angstrom Engineering
Nexdep installed inside a glovebox with a base pressure of 7:107 mbar
at a rate of 0.5A/s) or electron beam evaporation. For the extended
films, a 5 nm layer of SiO, is coated from a sputtering source using a 2”
SiO, target (RF power: 90 W; deposition rate: 0.1 A/s; base pressure:
7:107 mbar; deposition pressure: 66.6 mbar.). The SiO, thickness was
calibrated using ellipsometry.

For the spin-wave excitation in the extended films, we fabricated a
3 mm-long and 10 um-wide microstrip (5nm titanium / 80 nm gold)
using electron beam lithography (Raith Pioneer Two) with a double
layer resist (A6 495K / A3 950 K). For the half-plane device, we fabri-
cated a 1 mm-long and 5 um-wide microstrip (5 nm titanium / 205 nm
gold; A6 495K/ A3 950K, Py: A4 495K / A3 950K) at 375 nm from the
half-plane edge (Supplementary Fig. 2), using in the fabrication process
an additional top layer of Elektra92, followed by an O,-plasma descum
and subsequent thin film deposition using electron beam evaporation.
The morphology is characterized by atomic force microscopy (Sup-
plementary Fig. 2), with ~ 2.4 nm roughness (RMS, 11 x 18 pm2).

We characterized the extended Py films at room temperature
using SQUID magnetometry (SQUID magnetometer MPMS-XL-7 from
Quantum Design) under in-plane and out-of-plane fields (Supplemen-
tary Fig. 3), where the linear diamagnetic silicon magnetic response is
subtracted for clarity. The observed small hysteresis is indicative of the
presence of uniaxial magnetic anisotropy, as commonly present in
permalloy films**2,

Micromagnetic simulations

The magnetization of the film was simulated using the Mumax3
micromagnetics package*. Details are given in the Supplementary
Section 1.6.

First-order decoupling the sensor spin frequency from the spin-
wave spectrum

A central concept of our work is to decouple the magnetic-field-control
of the sensor spin frequency from that of the spin-wave spectrum.
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Here, we describe how this can be achieved by using a sensor spin with
an anisotropy axis that is oriented perpendicular to the plane of the
thin-film magnet. Although in this work we focused on a soft magnetic
film with an out-of-plane hard axis determined by shape anisotropy,
the sensing concept we introduce is general: by orienting the easy axis
of the sensor spin along the hard axis of a magnetic system, we
decouple control of the sensor spin frequency from that of the mag-
netic dynamics to first order. This approach enables isofrequency
imaging of field-controlled spin waves as well as spin isowavelength
imaging at different field-controlled sensor frequencies.

Magnetic-field dependence of the sensor-spin ESR
Color centers such as the NV center in diamond and the Vg center in
boron nitride have an effective spin of magnitude S=1"?. As a result,
the crystallographic symmetry of the defect endows the spin with an
intrinsic anisotropy axis of which the orientation is defined by the
crystallographic orientation of the defect. Here, we show that this
intrinsic anisotropy renders the electron spin resonance frequencies
first-order (second-order) sensitive to magnetic fields that are oriented
parallel (perpendicular) to the anisotropy axis.

The spin eigenfrequencies of the defect follow from diagonalizing
the spin Hamiltonian

H=DS2+yB-S )

where S=[S,, S,, S;] are the Pauli spin-1 matrices, y is the electron
gyromagnetic ratio, and we have neglected small terms such as
interaction with strain. Diagonalizing this Hamiltonian leads to three
eigenfrequencies f; , ;,, from which we find the ‘upper” and ‘lower’
ESR frequencies depicted in Fig.l, defined as f,=f;—f;, and
f1=f2 —f1. A measurement off {Lu) then yields the magnitude B of
the magnetic field B%

yB= %\/fﬁ +f? —fuf - D @

whereas the angle 6 of B w.r.t the anisotropy axis follows from

_(fu"'fl) "':JBfu"'?’fl"’2D2 % 3)

COS
27Dy2B?

By writing f,, ;=D +6, , and expanding the preceding two equa-
tions to 2" order in 6, ;, we arrive at two equations from which we can
solve for 6, , as a function of the applied field B:

D(6,+6)) — 62 — 6] +46,6,=3y*B*(1 — 3cos0) 4

and

D(6,+6)) +6.+6] — 6,6,=3y*B* 5)

We solve these equations for two cases: (1) If the field is oriented
along the anisotropy axis (6 =0), we find 6, =yB and §,= — yB. l.e., the
ESR frequencies are first-order sensitive to B (see blue and red lines in
Fig. 1c). (2) If, on the other hand, the field is perpendicular to the
anisotropy axis (0 =1/2), we find

Le., the ESR frequencies are decoupled from the magnetic field B to first
order (see blue and red lines in Fig. 1d), resembling a clock transition.
This enables isofrequency imaging of field-controlled spin waves, as
demonstrated in this work.

Magnetic-field dependence of the spin-wave spectrum of a soft
magnetic film
Similarly, soft magnets such as permalloy thin-films have an out-of-
plane hard axis because of the demagnetizing energy cost of the out-
of-plane magnetization configuration. Here we show that this intrinsic
anisotropy renders the spin-wave spectrum first-order sensitive
(insensitive) to in-plane (out-of-plane) magnetic fields, as illustrated in
the color maps of Fig. 1c, d.

The free energy density F of a homogeneously magnetized, soft
magpnetic film with saturation magnetization M can be modeled by

MLS:%M cos?6,, — Bcos(6,, — 6) (8)
where 6,,, and 0 are the angle of the magnetization and of the applied
field w.r.t the plane normal, respectively. For a field applied along the
plane normal (6 0), minimizing this expression with respect to 6,
yields cos 6,,, IR . Le., the out-of-plane component of the magnetiza-
tion increases Imearly with B. In this work, as ,M, ~ 1 T for permalloy
and the applied fields are B~ 0.01 T, the out-of-plane component
remains very small, on the order of 1%.

To show how the dipolar spin-wave dispersion of the soft ferro-
magnetic film depends on the applied field angle, we express the free
energy density as

VMLS = — wgb;m) — %‘”m} / T(r — ¥)ymi(r')dr’ )
where we use Einstein summation over repeated indices, I' is the
dipolar tensor, wg=yB, wy=yiM,, and b'=b,, b, b,, and
m'=m,,m,,m, are unit vectors specifying the direction of the
applied magnetic field and the magnetization in the lab frame,
respectively (note we use a prime (') to specify the lab frame).

To determine the spin-wave dispersion, we define a magnet frame
(x,3,2), in which the equilibrium magnetization m points along z. The
magnetizations in lab and magnet frames are related by m’=Rm,
where the rotation matrix R is

cos(8,) cos(p,,) —sin(¢,) sin(6,)cos(@,)
R0 @) = | cos(By,)sin(¢p,) cos(p,)  sin(6,)sin(@,,)
—sin(6,,) 0 cos(0,,)

10)

so that 6, and ¢,, are the zenith and azimuthal angles of the equili-
brium magnetization in the lab frame, respectively. As we do not
include any in-plane magnetic anisotropy, we can set both the
azimuthal angle of the applied field and magnetization to ¢ =¢,,=0.
Furthermore, we assume wg<w,,, which is the case in this work, as
HoM; ~ 1T for permalloy and the applied fields are B~ 0.01 T.

We find the spin-wave dispersion from the LLG equation, which is
(without the damping term):

y2B? .
6u=2"5- (6) m= — ymx By (11
and The effective field Beg should be calculated in the magnet frame.
Its components are given by
2 p2
5= - 5 @ y OF / e
M, om, =wgbiR;, +wM/ R;,.T; i — ¥)Rmy(x )dr 12)
S
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Taking the Fourier transform over (x,y) and averaging the dipolar
field over the film thickness ¢ (to get the coupling to the lowest-order
perpendicular spin-wave mode), we get

VB, = WgbiRiy + wp Ty (K)my (K) 13)

where k is the in-plane spin-wave vector and T, (k) =R;, l:;j(k)le, with

fcos’p,  fesinggcosg, O
F'k=— |f,sing,cosp,  fsin’ep, 0 (14)
0 0 1-f;

where f, ~ X because k¢<1 for the dipolar spin waves considered in
this work, and ¢, is the in-plane angle of the spin-wave vector.

When the field is oriented out of plane (b’ =(0, 0,1) and 6 =0), the
rotation matrix becomes

cos(6,) O sin(6,)
R= 0 1 0
—sin(6,) O cos(6,)

as)

where cos(6),,) = 5 is the equilibrium orientation of the magnetization
as derived above. We find

W3 =Wo — Wyl =y fSIN*Py 27)

The dispersion is given by the eigenvalues of the LLG equation:

W}, =0,0; — w? (28)

~ (w3 — wB)sin’@,f, 29)
where the approximation holds when kt«1 such that we can neglect
terms scaling with ff. From this last expression, we see that for ¢, = Z
(Damon Eshbach waves), we get

(30)

which shows that the wavenumber of a spin wave with frequency w, is
first-order insensitive to the magnetic field wg. This insensitivity is
illustrated in Fig. 1c.

If, on the other hand, the magnetic field is applied in-plane, such
that 0= 0,,=1/2, we have

_ l-xx == (1 _ft) (31)
YB, = wg cos(0,,) + wyl,,(k=0) (16)
i ) My =T =0 (32)
VB, =0y (rxxmx + Crxymy> a7
Tyy= —f;sin’g; (33)
yB, =y, (ryxmx + ryymy) @18)
r,(k=0)=0 34)
where B, is the static part of the field along z and B, are the dynamic
parts of the transverse fields, needed for formulating the linearized  so that the spin-wave dispersion is
LLG equation. Using T ,,(k) = R;,[(K)R;, we have:
, w3, = (W + Wy (1-£,)) (wB + (‘)Mftsmzfpk) (35
Foo (9 20,) 1) 41—
T=— (wﬁ (fe(1+cos’py) —1) +1 ft) (19) We conclude that, for an in-plane applied magnetic field, the spin-
wave number of the Damon Eshbach spin waves is first-order sensitive
o » to the applied field:
Py =Ty = = Bf e sin gy cos @y (20)
M w?w wB 36
. ft ~ @ - @ ( )
L= —fesin’gy @
5 Low-field spin-wave dispersion of a ferromagnetic film with a
I,(k=0)= — “’_g (22) small in-plane anisotropy
Wy In Fig. 3 (Fig. 4), we demonstrated isofrequency imaging of spin waves
) in the permalloy film as a function of the in-plane angle (magnitude) of
The LLG equation becomes: an applied magnetic field. Here, we describe the model used to analyze
the observed field dependence of the spin-wave length in Figs. 3, 4.
® m, _i —w; W3] |my 23) Including an in-plane anisotropy of magnitude yBy = wj oriented
m, —w, @ ]|m, along y, the free energy density is
where we defined F > , ®
yﬁs = TKmy, — wghim; — TMm} / [y — ©)ym(x')dr’ (37)
wo =yB, =wg cos(6,,) + wyl,,(k=0)=0 (24)
When the applied magnetic field is in-plane, as defined by
o :le:xy = — wyf, sin gy cos Py 25) b =.(cos ¢, sin ¢, 0), the equilibrium njlagnfet'lzatlon 'lles in-plane, with
an in-plane angle that follows from minimizing F with respect to ¢,,,
yielding
— 0)2
Wy =Wy — Wyl =0y [ £ (f +fcosz¢k—1)+1—f) (26) O . )
xx ((u@ e t 7’(sm 2¢,= — wgsin(¢ — ¢,,) (38)
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This equation needs to be solved numerically except when ¢p=7
or ¢=0, in which cases we find ¢,=% and cos¢= min %'1
respectively. Importantly, the magnetization angle makes a jump when
the field crosses the hard axis, which manifests itself in the jump
observed in Fig. 3e-f.

Following the same procedure as in the previous section, we find
the spin-wave dispersion from the LLG equation:

wk, = {wksinztp +wg COS (@ — @) + Wy (1 fft)} .

(39)
[~k €052+ 05 COS(9 — Ppn) + Onef sin* (@ — )]

When wy, wg<w,,, solving for the spin-wave number f, ~ & yields

W, _wg g P
fi~ 7(‘)%4 —wM —wM for ¢p=¢ 3 (40)
w?, — w} wg
fe for ¢z=0, cos¢p=—"> (41)

Similarly to before, the spin wavenumber scales linearly with field
if the field is oriented along the easy axis (¢ = §), whereas if a small
field (wz<wy) is applied perpendicular to the easy axis (¢ =0), the
spin-wave number is insensitive to the applied field and scales quad-
ratically. If on the other hand the applied field becomes comparable to
the anisotropy field (wg ~ wy), the spin-wave number changes rapidly
with field, as can be seen from the last equation. This is demonstrated
in Fig. 4. This shows how small intrinsic anisotropies enable tuning the
sensitivity of the spin-wave lengths to a magnetic control field.

Data availability
Data is publicly available at Zenodo (https://doi.org/10.5281/zenodo.
17612464).
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