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APPLIED SCIENCES AND ENGINEERING

Magnetic resonance imaging of spin-wave transport
and interference in a magnetic insulator

lacopo Bertelli'?, Joris J. Carmiggelt’, Tao Yu'3, Brecht G. Simon’, Coosje C. Pothoven',
Gerrit E. W. Bauer'*, Yaroslav M. Blanter', Jan Aarts?, Toeno van der Sar'*

Spin waves—the elementary excitations of magnetic materials—are prime candidate signal carriers for low-dissipation
information processing. Being able to image coherent spin-wave transport is crucial for developing interference-
based spin-wave devices. We introduce magnetic resonance imaging of the microwave magnetic stray fields that
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are generated by spin waves as a new approach for imaging coherent spin-wave transport. We realize this ap-
proach using a dense layer of electronic sensor spins in a diamond chip, which combines the ability to detect small
magnetic fields with a sensitivity to their polarization. Focusing on a thin-film magnetic insulator, we quantify
spin-wave amplitudes, visualize spin-wave dispersion and interference, and demonstrate time-domain measure-
ments of spin-wave packets. We theoretically explain the observed anisotropic spin-wave patterns in terms of
chiral spin-wave excitation and stray-field coupling to the sensor spins. Our results pave the way for probing spin
waves in atomically thin magnets, even when embedded between opaque materials.

INTRODUCTION

Over the last few decades, the desire to understand and control spin
transport, and to use it in information technology, has invigorated
the field of spintronics. A central goal of the field is to provide infor-
mation processing based on the spin of the electron instead of its
charge and thereby avoid the heating associated with charge currents.
As heating is currently the main obstacle for increasing computa-
tional speed, spin-based information processing may provide the
next transformative change in information technology.

Promising signal carriers for low-dissipation information trans-
port are spin waves (1, 2)—the collective spin excitations of magnetic
materials. Spin waves exist even in electrically insulating magnets,
where they are able to propagate inherently free of the dissipative
motion of charge. They can have nanometer wavelengths and giga-
hertz frequencies well suited for chip-scale device technologies and
interference-based spin-wave logic circuits (2). Consequently, a
growing research field focuses on spin-wave devices such as inter-
connects, interferometers, transistors, amplifiers, and spin-torque
oscillators (3-7).

Being able to image coherent spin waves in thin-film magnets is
crucial for developing spin-wave device technology. Leading tech-
niques for imaging coherent spin waves, such as transmission x-ray
microscopy (8, 9), Brillouin light scattering (10), and Kerr micros-
copy (11), rely on a spin-dependent optical response of a magnetic
material. Here, we introduce a new approach: phase-sensitive mag-
netic resonance imaging of the microwave magnetic stray fields
generated by coherent spin waves. We realize this approach using a
layer of electronic sensor spins in a diamond chip as imaging plat-
form (Fig. 1A). These spins enable quantitative measurements of
microwave magnetic fields including their polarization, making the
approach well suited for spin-wave imaging in magnetic thin films.
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Focusing on a ~200-nm-thick magnetic insulator, we quantify spin-
wave amplitudes, visualize the spin-wave dispersion, and demon-
strate time-domain measurements of spin-wave packets. We observe
unidirectional emission of spin waves that autofocus, interfere, and
produce chiral magnetic stray fields with a handedness that matches
that of the natural precession of the sensor spins. We present a theo-
retical analysis of the chiral spin-wave excitation and stray-field
coupling to the sensor spins and show that it accurately describes
the observed spatial spin-wave maps.

We detect the magnetic fields generated by spin waves using
electron spins associated with nitrogen-vacancy (NV) lattice defects
in diamond (12). These spins can be initialized and read out optically
and manipulated with high fidelity by microwaves. Over the last
decade, NV magnetometry has emerged as a powerful platform for
probing static and dynamic magnetic phenomena in condensed
matter systems (13). Key is an NV-sample distance tunable between
10 and 1000 nm that is well matched with the length scales of spin
textures such as magnetic domain walls, cycloids, vortices, and sky-
rmions (14-16) as well as those of dynamic phenomena such as spin
waves (17-21). Recent experiments demonstrated that NV magnetom-
etry has the sensitivity required for imaging the static magnetization
of monolayer van der Waals magnets (22). Here, we develop NV-
based magnetic resonance imaging into a platform for studying coher-
ent spin waves via the gigahertz magnetic fields that they generate.

RESULTS

Our imaging platform consists of a diamond chip hosting a dense
layer of shallowly implanted NV spins. We position this chip onto a
thin film of yttrium iron garnet (YIG)—a ferrimagnetic insulator
with record-high magnetic quality (Fig. 1, A and B) (23). The typi-
cal distance between the diamond and the magnetic film is ~1 um
(Supplementary Materials). We excite spin waves using microwave
striplines microfabricated onto the YIG. When the spin-wave fre-
quency matches an NV electron spin resonance (ESR) frequency,
the oscillating magnetic stray field Bsw drives NV spin transitions
(17, 19) that we detect through the NV’s spin-dependent photo-
luminescence (Materials and Methods). By tuning the external static

10f7

0202 ‘SZ JaqWanoN uo /610 Bewasualos saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A

Diamond £
NV ensemble
Stripline

RF frequency (GHz)

(‘wiou) dduadsaulwniooyd AN

0.975

Magnetic field B, (mT)

Fig. 1. Imaging spin waves using NV spins in diamond. (A) A diamond hosting a
layer of NV spins implanted at 20 nm below its surface is placed onto a film of YIG
(thickness of 245 nm) grown on gadolinium gallium garnet (GGG). The NVs detect
the magnetic fields of stripline-excited spin waves. (B) NV-containing diamond
(thickness of ~40 um) on YIG with gold stripline. By is applied along the stripline at
o = 35° relative to the sample plane, aligning it with one of the four possible NV
orientations. (C) The NV ESR frequencies w. are swept over the Damon-Eshbach
spin-wave dispersion (black line) by tuning Bo. For any BS’ < Bg), - is resonant
with spin waves of finite wavelength. At By = BY, w_ is resonant with the ferro-
magnetic resonance (FMR). (D) Normalized NV photoluminescence versus By and
microwave drive frequency, measured at ~5 um from a 2.5-um-wide stripline. Indi-
cated are the electronic ground-state ESR transitions w. (NVf) of the NVs aligned
(not aligned) with By. An electronic excited-state ESR transition (NVey) is visible be-
cause of the continuous optical and microwave excitation and identified through
its location at ~®,/2 (72). The FMR is calculated from the independently deter-
mined saturation magnetization (Supplementary Materials).

magnetic field By, we sweep the NV ESR frequencies through the
spin-wave band, thereby probing spin waves with different wave-
length (Fig. 1C).

We start by characterizing the NV photoluminescence as a func-
tion of By and the frequency wyw of a microwave drive current sent
through the stripline, at a distance of ~5 pm from the stripline edge
(Fig. 1D). This microwave current not only generates an oscillating
magnetic field that drives ESR transitions of the NV spins directly
but also excites spin waves in the YIG film that can drive NV ESR
transitions via their magnetic stray field (Fig. 1A). The dips in the
observed NV photoluminescence correspond to the ESR frequencies
of the NV spins in the diamond (Fig. 1D; Materials and Methods).
We observe an enhanced contrast for the @_ transition when B < B(()Z).
In this region, the excited spin waves efficiently drive the @_ ESR
transition.

We image the spin waves excited by the stripline in the YIG film
by characterizing the contrast of the ®_ ESR transition as a function
of the distance to the stripline (Fig. 2A). We do so by tuning the
magnetic field such that the o_ frequency is 2.17 GHz, i.e., 160 MHz
above the bottom of the spin-wave band, thereby exciting spin waves
in the film. To gain the phase sensitivity required for detecting the
individual wavefronts of these propagating spin waves, we let their
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stray field interfere with an additional, externally applied micro-
wave magnetic field Brgp that is spatially homogeneous and has the
same frequency (Materials and Methods). As formulated mathe-
matically below, this interference leads to a spatial standing-wave
pattern in the total magnetic field that drives the NV ESR transition
with a spatial periodicity equal to the spin-wave wavelength. We
can thus rapidly visualize the spin waves by measuring the ratio be-
tween the NV photoluminescence with and without applied micro-
waves (Fig. 2A).

Quantifying the amplitude of a spin wave is a challenging task for
any technique because the coupling between spin wave and probe is
often not well known. With NV magnetometry, however, we accu-
rately measure the microwave magnetic field generated by a spin wave
as described by Maxwell’s equations. We can therefore determine the
amplitude of a spin wave of known direction and ellipticity with high
confidence by solving a well-defined inverse problem.

To illustrate the concept, we formulate the magnetic stray field
of a spin wave traveling perpendicularly to the static magnetization
(such as the one in Fig. 2B) in the reference frame depicted in
Fig. 1A with transverse magnetization

m,(y) = m)Re{e ™ (§ - inR)} (1)

where ky, ®, and 1 are the wave number, angular frequency, and el-
lipticity of the spin wave, respectively; ¢ is the time; and hats denote
unit vectors. This spin wave produces a magnetic stray field above
the film that rotates in the xy plane [see the Supplementary Materials
and (24)]

Bsw(y) = —BYyRe{e ™ ) + isgn(k,) %) } (2)

where BgW = lo mg(l +sgn(k,)n) [k |de” kylxos, X is the NV-YIG
distance, and d is the thickness of the YIG film.

The handedness of Bgy is opposite to that of m, for a spin wave
traveling to the right (i.e., with k;, > 0; as in Fig. 2B), which drives the
o (rather than the ®,) NV spin transition (Supplementary Materials).
Moreover, the amplitude ng depends on the propagation direction
and degree of ellipticity n of the spin wave: Those traveling to the
right (left) generate a stronger field above (below) the magnetic film.
Therefore, only the «_ transition of NV centers to the right of the
stripline in Fig. 2B is excited (Supplementary Materials). The resulting
NV spin rotation rate (Rabi frequency) og,p; is determined by the
interference between the spin-wave field and the reference field Brgr

() = V27| By cos?(5 ) % ~ B 3)

where ¢ = 35° is the angle with respect to (w.r.t.) the film of the NV
centers used in Fig. 2 and y/2n = 28 GHz/T is the (modulus of the)
electron gyromagnetic ratio. Fitting the data in Fig. 2B by Eq. 3 (in-
cluding a spatial decay; see the Supplementary Materials), we extract
a spin-wave amplitude m’ = 0.033(1)Ms at the location of the stripline
and a decay length of 1.2(1) mm, corresponding to a Gilbert
damping parameter 1.2(1) x 10~%, which is similar to the typically
reported 1 x 107 for films of similar thickness (25).

By tuning the externally applied magnetic field, we sweep the NV
ESR frequency through the spin-wave band and access spin waves
with different wavelengths (Fig. 3A), as schematically described in
Fig. 1C. In Fig. 3 (A and B), we visualize the individual spin-wave
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Fig. 2. Imaging coherent spin waves. (A) Spatial ESR contrast at By =25 mT when a spin wave of frequency wsw = w_ = 21 X 2.17 GHz is excited by a microwave current
in the stripline (length of 2 mm, width of 30 um, and thickness of 200 nm) at the left image edge. The NV photoluminescence with applied microwaves (PL) is normalized
to that without applied microwaves (PLo). The NV-YIG distance at the stripline was 1.8(2) um, determined by measuring the field of a DC stripline current (Supplementary
Materials). Scale bar, 20 um. (B) Rabi frequency wgapi/27 versus distance from the stripline. msw = ®- = 21 X 2.11 GHz, By = 27 mT. In (A) and (B), the microwaves were split
between the stripline and a bonding wire, located ~100 um above the YIG and oriented along y to generate a spatially homogeneous field Bggg, creating an interference
pattern (see text). Red line: Fit to a model including the field of the stripline, the bonding wire, and the spin waves (section $S3.3.2). Inset: Measurement sequence. Laser
pulses (1 ps) are used to initialize and read out the NV spins. Microwave pulses (duration 1) drive Rabi oscillations. wgabi was calculated from the measured mgapi,o Using

WRabi = W/‘”ﬁabi,o — A% to account for a A = 21t x 1.5 MHz detuning between the drive frequency and the two hyperfine-split ESR resonances caused by the "*N nuclear spin.
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Fig. 3. Spin-wave dispersion in the space and time domains. (A) NV Rabi fre-
quency versus microwave drive frequency and distance from the stripline. The fea-
ture at 2.2 GHz matches the first perpendicular spin-wave mode (Supplementary
Materials). Inset: Measurement sequence. (B) Linecut of (A) with fit (red line) at
2.119 GHz. (C) Blue dots: Spin-wave frequency versus wave number extracted from
(A). Red line: Calculated spin-wave dispersion. (D) Pulse sequence for studying
spin-wave packets in the time domain [see text for details; data in (E)]: Laser pulses
(1 ps) are used for NV spin initialization and readout. Two reference (RF) © pulses
separated by 100 ns are applied at the 0 <> + 1 ESR frequency via a wire above the
sample. After a time 1 from the end of the first RF pulse, a spin wave-mediated
n-pulse (SW) is generated at the 0 <> — 1 ESR frequency. (E) Normalized NV photo-
luminescence (PL) during the first 400 ns of the laser readout pulse [see (D)] versus
distance from the stripline and delay time 1. Negative t indicates a spin-wave
packet generated before the first RF pulse. For example, for t = —100 ns (i.e., the
spin-wave pulse is generated 100 ns before the first RF pulse), the signal rises at
360 um, indicating a spin-wave group velocity of 3.6 km/s. Circles, data; colored
surface, interpolation.
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fronts using the interference between the direct stripline field and
the stray field of the propagating spin wave. We extract the spin-
wave dispersion from the frequency dependence of the wavelength
(Fig. 3C). This dispersion matches the one calculated using values
of the saturation magnetization M, and film thickness d determined
by independent measurements (Supplementary Materials).

Traveling spin-wave packets can be used for pulsed quantum
control of distant spins such as those of the NV centers (19, 20).
Understanding the distance-dependent response of the spins to
an applied control sequence requires knowledge of the spin-wave
group velocity. We demonstrate a time-domain characterization
of the spin-wave propagation using pulsed control of the NV spins
(Fig. 3, D and E). In our measurement scheme (Fig. 3D), the NV
spins at a target distance from the stripline are prepared in m, = 0
using a green laser pulse. A spin-wave pulse (excited by the stripline)
flips the NV spins into the dark m = — 1 state only if it arrives either
before or after a set of two reference pulses acting on the 0 < + 1
transition (generated by a wire above the sample), resulting in low
photoluminescence upon spin readout. In contrast, if the spin-wave
pulse reaches the NVs between the two reference pulses, then it does
not affect the NV spins because they are in ms = + 1 due to the first
reference pulse. The second reference pulse subsequently flips the spin
back to the bright m; = 0 state, resulting in high photoluminescence
upon spin readout. Measurements as a function of time between
spin-wave and reference pulses and distance from the stripline
reveal the spin-wave packet in the time domain and allow the ex-
traction of the group velocity (Fig. 3E). We find a velocity of 3.6(2)
km/s at a frequency of 2.169 GHz and a wavelength of 12 pm, con-
sistent with the YIG spin-wave dispersion.

The 2-mm-long stripline used in Figs. 2 and 3 corresponds to an
effectively one-dimensional situation. We now turn to spin waves
injected by a shorter stripline with a length comparable to the
scanned area (Fig. 4A). We observe a focused emission pattern that
is dominated by spin-wave beams traveling at specific angles (Fig. 4,
B and C). Such “caustics” occur when the dispersion is strongly
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Fig. 4. Imaging interference and caustics of spin waves excited by one and two short striplines. (A) Optical micrograph of the stripline (width of 5 um) used to excite
spin waves. The dashed red lines indicate the region where (B) is acquired. (B) Rabi frequency map corresponding to the dashed region of (A) for Bo=27.1 mT and w/2n =
2.11 GHz. The small asymmetry is attributed to a small misalignment of By with respect to the striplines. (C) Simulation of the emission pattern observed in (B). (D) Calcu-
lated two-dimensional spin-wave dispersion relation w(ky, k;)/2m at B = 20.5 mT. The dashed line is an isofrequency contour at 2.292 GHz, indicating which wave vectors
can be excited at this frequency and field. Red arrows indicate the direction of the spin-wave caustics. (E) Optical micrographs of the two injector striplines of width
2.5 um. The dashed lines indicates the region where (F) is acquired. (F) Rabi frequency map under simultaneous driving of the two striplines, showing unidirectional
excitation of autofocused spin-wave patterns that interfere and drive NV Rabi oscillations via their chiral magnetic stray fields.

anisotropic (26, 27). They can be understood in terms of stationary
points in the isofrequency curves in reciprocal space (Fig. 4D). In
optics, such an isofrequency curve k, = k(k,) is called “slowness”
curve, because it is perpendicular to the group velocity vg = Vio(k).
The states for which the angle of the group velocity 6 = —arctan
(dk.(ky)/dk,) is stationary along the curve, i.e., when d6/dk, o
dzkz(k},)/dk},2 = 0, dominate emission, generating high-intensity
spin-wave beams. The external magnetic field and the drive fre-
quency can tune the beam direction and intensity (26, 27), provid-
ing opportunities to optimize the efficiency of spin wave-mediated
magnetic field driving of distant spins at target locations.

Last, we image the interference between spin waves excited by
two adjacent striplines on the YIG chip (Fig. 4, E and F), which
shows rich interference patterns radiating from the three crossing
points of the main caustics (i.e., ~80 pm from the striplines edge).
The strongly anisotropic spin-wave dispersion causes a triangular
“dark” region between the striplines in which no spin waves are
detected, because spin waves traveling at small angles with respect
to the equilibrium magnetization direction or having large wave
numbers are neither efficiently excited (when the wavelength is
shorter than the half-width of the stripline) nor efficiently detected
due to the ~1-um NV-sample distance. The downward directionality
of the observed spin-wave patterns has two causes: The chiral spin-
wave field has the correct handedness to drive the w_ NV transition, and

Bertelli et al., Sci. Adv. 2020; 6 : eabd3556 11 November 2020

the handedness of the stripline field excites downward-propagating
spin waves more efficiently (Supplementary Materials). We note that
these waves are not intrinsically directional because their wavelength
far exceeds the film thickness (28), in contrast with Damon-Eshbach
surface waves in thick films (29). The observed directionality and
interference patterns agree well with linear response calculations of
the nonlocal dynamic susceptibility and the spatial profile of the
microwave drive field, as described in the Supplementary Materials.
These quantitative measurements of the spin wave-generated rotat-
ing magnetic stray fields illustrate the power of NV-based magnetic
resonance imaging in magnonics.

DISCUSSION

Our results demonstrate that ensembles of NV spins in diamonds
enable quantitative, phase-sensitive magnetic imaging of coherent
spin waves in thin-film magnets. A theoretical analysis explains the
NV sensor signals in terms of the rotating stray fields generated by
spin waves that are excited unidirectionally by the stripline magnetic
field. In contrast to other spin-wave imaging techniques, our tech-
nique images spin waves by their microwave magnetic stray fields.
This does not require a specific spin-photon or spin-electron inter-
action and enables imaging spin waves through optically opaque
materials. These capabilities provide new opportunities, e.g., for
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studying top-gated materials and the interaction of spin waves with
magnetic and nonmagnetic materials placed on top of a magnetic
film, which play an important role for spin-wave excitation and
damping and form the basis for nonreciprocal devices (30). NV
magnetometry also allows high-resolution imaging of electric cur-
rents (31), enabling spatial studies of the interaction between spin
waves and charge transport.

Both the NV-sample distance and the optical resolution of our
microscope limit the resolution of our technique. The typical NV-
magnet distances are here 0.5 to 2 pm (limited by, e.g., dust particles),
comparable to our diffraction-limited optical resolution. Shallow NV
centers in diamond chips that are wafer-bonded to (i.e., in direct
contact with) a magnetic sample should allow the detection of spin
waves with wavelengths comparable to the implantation depth of the
NV centers of a few nanometers (32)— albeit without phase sensi-
tivity. This requires resonance between the spin waves and the NV
sensors, e.g., by tuning a magnetic field and/or magnetic anisotro-
pies. This may be difficult for magnetically hard materials. We can
probe nonresonant spin waves by detecting the Stark shift that they
impart on the sensor spins (33) or by detecting intraband spin-wave
transitions using NV spin relaxometry (34). Phase-sensitive imag-
ing of spin waves with wavelengths below the diffraction limit could
be enabled using specialized NV control sequences such as phase
encoding schemes (35). Furthermore, the techniques presented here
are directly transferrable to single-NV scanning probe microscopes
with real-space resolution on the 10-nm scale (36).

Our results pave the way for studying spin waves in other mag-
netic material systems such as magnetic nanodevices and atomically
thin magnets. NV magnetometry works at cryogenic temperatures
(37-39), allowing studies of magnets with low Curie temperatures
such as complex oxide or van der Waals magnets. Because the
dipole density per unit area Md = 3.6x 10> u/nm? of the YIG film
studied here is only about two orders of magnitude above the 16 y/nm?
of the monolayer van der Waals magnet Crl; (22), the magnetic stray
fields generated by spin waves in such monolayer magnets are within
the sensitivity range of NV-based magnetic imaging. The sensitivity
of our technique is rooted in measuring the sum of a reference field
and the spin-wave field. A good strategy for measuring weak spin-
wave fields is to apply a strong reference field and measure the varia-
tions in the Rabi frequency caused by the spin-wave field, because
Rabi frequency variations of ~100 kHz can easily be detected (the
average error bar in Fig. 2B is 75 kHz). We can further increase the
sensitivity by applying a stronger reference field, which decouples
the NV spin from noise sources (40). Increasing the microwave
drive current and reducing the NV-sample distance [for instance,
by depositing a van der Waals material directly onto the diamond
(41)] would further increase the detection capability.

MATERIALS AND METHODS

Sample fabrication

The diamond samples used in this work are chemical vapor deposi-
tion (CVD)-grown, electronic-grade type Ila diamonds (Element 6),
laser-cut, and polished down to 2 mm x 2 mm X 0.05 mm chips
(Almax easyLab). These chips were cleaned with nitric acid, and the
top ~5 um were removed using inductively-coupled plasma (ICP)
reactive ion etching (30 min Ar/Cl, 20 min O,) to mitigate polishing
damage. The chips were subsequently implanted with "N ions at 6 keV
with a dose of 1 x 10" ions/cm? (INNOViON), tri-acid cleaned

Bertelli et al., Sci. Adv. 2020; 6 : eabd3556 11 November 2020

(mixture of nitric, sulfuric, and perchloric acid, 1:1:1), annealed at
800°C for 4 hours at 10~® mbar, and tri-acid cleaned again to remove
possibly graphitized layers on the surface, resulting in an estimated
density of NV centers of ~1 x 10'' NV/cm? at a depth of ~10 to 20 nm.

The YIG films were 245 nm thick, grown on gadolinium gallium
garnet (GGG) substrates by liquid-phase epitaxy (Matesy GmbH).
Before stripline fabrication, the YIG/GGG chips were sonicated in
acetone and cleaned for a few seconds in an O, descum plasma to
remove contaminants. Striplines for spin-wave excitation were fab-
ricated directly onto the YIG films by e-beam lithography using a
PMMA (A8 495)/PMMA(A3 950) double-layer resist and subsequent
e-beam evaporation of Cr/Au (5 nm/200 nm). To attach an NV-
containing diamond to the YIG film, a small droplet of isopropanol
was deposited onto the YIG, on top of which a diamond chip was
placed, with the NV surface facing down. The diamond chip was
gently pressed down until the isopropyl alcohol had evaporated
(42). The resulting NV-YIG distance was measured to be 1.8(2) um
(see fig. S1).

Measurement setup

The optical setup used for all the measurements was a homebuilt
confocal microscope. A 515-nm laser (Cobolt 06-MLD) was used for
optical excitation of the NV centers, focused to a diffraction-limited
spot by an Olympus 50x, numerical aperture = 0.95 objective. The
NV luminescence was collected by the same objective, separated from
the excitation light by a Semrock dichroic mirror and long-pass filter
(617-nm cutoff), spatially filtered by a pinhole, and detected using a
single-photon counting module (Laser Components). The micro-
waves signals used for driving NVs and spin waves were generated
using Rohde & Schwarz microwave generators (SGS100A). The ref-
erence field Brgr used to produce the interference pattern in Fig. 2
was generated by a wire located ~200 um above the diamond and
oriented perpendicularly to the stripline. To simultaneously drive
the pair of striplines in Fig. 4, the microwave excitation was split
using a Mini-Circuits power combiner (ZFRSC-123-S+). A National
Instruments data acquisition card was used for triggering the data acqui-
sition, while a SpinCore programmable pulse generator (PulseBlaster
ESR-PRO 500) was used to control the timing sequences of the laser
excitation, microwaves, and detection window. The photons were
collected during the first 300 to 400 ns of the laser readout pulse,
which was kept fixed to 1 ps. All measurements were performed at
room temperature.

NV magnetometry

The NV spins are initialized and read out using nonresonant optical
excitation at 515 nm. To measure NV spin rotations (Rabi oscilla-
tions), we first apply a ~1-us green laser pulse to polarize the NV
spin into the m; = 0 state. A subsequently applied microwave mag-
netic field resonant with an NV ESR frequency drives Rabi oscilla-
tions between the corresponding NV spin states (m, = 0 and -1 in
Fig. 2B). The NV spin state is read out by applying a laser pulse and
measuring the spin-dependent photoluminescence that results from
spin-selective nonradiative decay via a metastable singlet state. The
ESR frequencies of the four NV families (Fig. 1D) in a magnetic field
By are determined by the NV spin Hamiltonian H = DS; +yBy - S,
where vy is the electron gyromagnetic ratio, D is the zero-field split-
ting (2.87 GHz), and S; -, , ) is the Pauli spin matrices for a spin 1.
We apply the magnetic field By using a small permanent magnet
(diameter, 1 cm; height, 2 cm).
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Wavelength of the spin waves driving NV Rabi oscillations
We excite spin waves at a frequency that matches the w_ ESR tran-
sition of the NV spins, allowing us to detect the spin waves via the
resulting NV Rabi oscillations. Hence, for a given field By applied
along the NV axis, the wave number of the spin waves driving Rabi
oscillations is determined by equating the NV frequency w_/2r =
D — yB, to the spin-wave frequency given by the spin-wave dispersion
(eq. S10)

(O(Bo,k) _
YHoMsh
2
BOCOSG 2 lfei‘ky‘d B()COSS 2 k}, lie*‘ky\d
+ Ok + + 0k + (1 -————
< HoMs |k,|d Ho Ms K> [k, d

where k is the SW wave number; k, is its in-plane component per-
pendicular to the static magnetization; 1y is the magnetic permea-
bility of vacuum; and M, Oy = 3.0 X 107! m?, and d are the YIG
saturation magnetization, exchange constant (23), and thickness,
respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabd3556/DC1
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