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MAGNETIC RESONANCE IMAGING
OF SPIN-WAVE TRANSPORT AND
INTERFERENCE IN A MAGNETIC

INSULATOR

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 in-
troduce magnetic resonance imaging of the microwave magnetic stray fields that are gen-
erated by spin waves as a new approach for imaging coherent spin-wave transport. We re-
alize this approach 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, visual-
ize spin-wave dispersion and interference, and demonstrate time-domain measurements
of spin-wave packets. We theoretically explain the observed anisotropic spin-wave pat-
terns 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.

This chapter has been published in Science Advances 6, eabd3556 (2020) by L. Bertelli, J. J. Carmiggelt, T. Yu, B.
G. Simon, C. C. Pothoven, G. E. W. Bauer, Y. M. Blanter, J. Aarts, T. van der Sar.
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4.1. 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 information 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 computational speed, spin-based informa-
tion processing may provide the next transformative change in information technology.

Promising signal carriers for low-dissipation information transport are spin waves [1, 2]
— the collective spin excitations of magnetic materials. Spin waves exist even in electri-
cally insulating magnets, where they are able to propagate inherently free of the dissipa-
tive motion of charge. They can have nanometer wavelengths and gigahertz 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
interconnects, interferometers, transistors, amplifiers, and spin-torque oscillators [3-7].

Being able to image coherent spin waves in thin-film magnets is crucial for develop-
ing spin-wave device technology. Leading techniques for imaging coherent spin waves,
such as transmission x-ray microscopy [8, 9], Brillouin light scattering [10], and Kerr mi-
croscopy [11], rely on a spin-dependent optical response of a magnetic material. Here,
we introduce a new approach: phase-sensitive magnetic resonance imaging of the mi-
crowave magnetic stray fields generated by coherent spin waves. We realize this ap-
proach using a layer of electronic sensor spins in a diamond chip as imaging platform
(Fig. 4.1A). 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.

Focusing on a ~200-nm-thick magnetic insulator, we quantify spin-wave amplitudes, vi-
sualize the spin-wave dispersion, and demonstrate time-domain measurements of spin-
wave packets. We observe unidirectional emission of spin waves that autofocus, inter-
fere, and produce chiral magnetic stray fields with a handedness that matches that of
the natural precession of the sensor spins. We present a theoretical analysis of the chiral
spin-wave excitation and stray-field coupling to the sensor spins and show that it accu-
rately 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 initial-
ized 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 skyrmions
[14-16] as well as those of dynamic phenomena such as spin waves [17-21]. Recent ex-
periments demonstrated that NV magnetometry has the sensitivity required for imaging
the static magnetization of monolayer van der Waals magnets [22]. Here, we develop
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NV-based magnetic resonance imaging into a platform for studying coherent spin waves
via the gigahertz magnetic fields that they generate.

4.2. RESULTS

Our imaging platform consists of a diamond chip hosting a dense layer of shallowly im-
planted NV spins. We position this chip onto a thin film of yttrium iron garnet (YIG) —a
ferrimagnetic insulator with record-high magnetic quality (Fig. 4.1A-B) [23]. The typical
distance between the diamond and the magnetic film is ~ 1 um (Supplementary Ma-
terial). We excite spin waves using microwave striplines microfabricated onto the YIG.
When the spin-wave frequency matches an NV electron spin resonance (ESR) frequency,
the oscillating magnetic stray field Bsy, drives NV spin transitions [17, 19] that we detect
through the NV’s spin-dependent photoluminescence (Materials and Methods). By tun-
ing the external static magnetic field By, we sweep the NV ESR frequencies through the
spin-wave band, thereby probing spin waves with different wavelength (Fig. 4.1C).

We start by characterizing the NV photoluminescence as a function of By and the fre-
quency wyw of a microwave drive current sent through the stripline, at a distance of
~ 5 um from the stripline edge (Fig. 4.1D). 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. 4.1A). The dips in the observed NV photoluminescence correspond to the
ESR frequencies of the NV spins in the diamond (Fig. 4.1D; Materials and Methods). We
observe an enhanced contrast for the w_ transition when B < B(()Z). In this region, the
excited spin waves efficiently drive the w_ ESR transition.

We image the spin waves excited by the stripline in the YIG film by characterizing the
contrast of the w_ ESR transition as a function of the distance to the stripline (Fig. 4.2A).
We do so by tuning the magnetic field such that the w_ 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 stray field interfere with an additional, exter-
nally applied microwave magnetic field Brgr that is spatially homogeneous and has the
same frequency (Materials and Methods). As formulated mathematically below, this in-
terference 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 between the NV photo-
luminescence with and without applied microwaves (Fig. 4.2A).

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 magnetom-
etry, however, we accurately 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.
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Figure 4.1: 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 ¢ = 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 By. For any B(()D < B(()Z), w_ is resonant with spin waves of finite

wavelength. At By < Béz), w- is resonant with the ferromagnetic resonance (FMR). (D) Normalized
NV photoluminescence versus By and microwave drive frequency, measured at ~ 5 um from a
2.5 pm-wide stripline. Indicated are the electronic ground-state ESR transitions w+ (NV¢f) of
the NVs aligned (not aligned) with By. An electronic excited-state ESR transition (NVey) is visible
because of the continuous optical and microwave excitation and identified through its location at
w4 /2 [12]. The FMR is calculated from the independently determined saturation magnetization
(Supplementary Material).
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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. 4.2B) in the reference
frame depicted in Fig. 4.1A with transverse magnetization

m.(y) = mj)_Re{ei(kyy""” - inﬁ)} 4.1)

where ky, w, and 7 are the wave number, angular frequency, and ellipticity 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
Material and [24]).

Bsw (y) = —ngRe{e"(kyy*“’” (§+ isgn(ky)f()} 4.2)

where BY,, = pom$ [1+sgn(k,)n| [klde '¥r1X0/2, x, is the NV-YIG distance, and d is the
thickness of the YIG film.

The handedness of Bgyy is opposite to that of m; for a spin wave traveling to the right
(i.e., with ky, > 0; as in Fig. 4.2B), which drives the w_ (rather than the w.) NV spin tran-
sition (Supplementary Material). Moreover, the amplitude B(s)w depends on the propa-
gation 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 w_
transition of NV centers to the right of the stripline in Fig. 4.2B is excited (Supplementary
Material). The resulting NV spin rotation rate (Rabi frequency) wg,p; is determined by
the interference between the spin-wave field and the reference field Bggr

®Rabi = V2y|BYy, cos® (%) e'®rY — Bperl (4.3)

where ¢ = 35° is the angle with respect to (w.r.t.) the film of the NV centers used in Fig. 4.2
and y/2m = 28 GHz/T is the (modulus of the) electron gyromagnetic ratio. Fitting the
data in Fig. 4.2B by Eq. 4.3(including a spatial decay; see the Supplementary Material),
we extract a spin-wave amplitude m; = 0.033(1) M; at the location of the stripline and a
decay length of 1.2(1) mm, corresponding to a Gilbert damping parameter 1.2(1) - 1074,
which is similar to the typically reported 1-10~# 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. 4.3A), as
schematically described in Fig. 4.1C. In Fig. 4.3A-B, we visualize the individual spin-wave
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 depen-
dence of the wavelength (Fig. 4.3C). This dispersion matches the one calculated using
values of the saturation magnetization M; and film thickness d determined by indepen-
dent measurements (Supplementary Material).

Travelling 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 re-
sponse of the spins to an applied control sequence requires knowledge of the spin-wave
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Figure 4.2: Imaging coherent spin waves. (A) Spatial ESR contrast at By = 25 mT when a spin wave
of frequency wsyw = w- =2mx 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 photolumi-
nescence with applied microwaves (PL) is normalized to that without applied microwaves (PLy).
The NV-YIG distance at the stripline was 1.8(2) pm, determined by measuring the field of a DC
stripline current (Supplementary Material). Scale bar, 20 um. (B) Rabi frequency wg,p;/27 versus
distance from the stripline. wgw = w— =27 x 2.11 GHz, By = 27 mT. In (A) and (B), the microwaves
were split between the stripline and a bonding wire, located =100 pm above the YIG and oriented
alongy to generate a spatially homogeneous field Brgr, 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 4.5.3.3). Inset: Measurement sequence. Laser pulses (1 ps) are used to initialize and read
out the NV spins. Microwave pulses (duration 7) drive Rabi oscillations. wg,pj was calculated from

the measured wRap;,0 USING WRabi = ¢/ w%{abi 0~ A2 to account for a A = 27 x 1.5 MHz detuning be-

tween the drive frequency and the two hyperfine-split ESR resonances caused by the °N nuclear
spin.

group velocity. We demonstrate a time-domain characterization of the spin-wave prop-
agation using pulsed control of the NV spins (Fig. 4.3D-E). In our measurement scheme
(Fig. 4.3D), 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), result-
ing 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 m; = +1 due to the first reference pulse. The second reference pulse
subsequently flips the spin back to the bright mg = 0 state, resulting in high photolumi-
nescence 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 extraction of the group velocity (Fig. 4.3E). We find a velocity
of 3.6(2) km/s at a frequency of 2.169 GHz and a wavelength of 12 um, consistent with
the YIG spin-wave dispersion.
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Figure 4.3: Spin-wave dispersion in the space and time domains. (A) NV Rabi frequency versus
microwave drive frequency and distance from the stripline. The feature at 2.2 GHz matches the
first perpendicular spin-wave mode (Supplementary Material). 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) 7 pulses separated by 100 ns
are applied at the 0 — +1 ESR frequency via a wire above the sample. After a time 7 from the end
of the first RF pulse, a spin wave-mediated 7-pulse (SW) is generated at the 0 — —1 ESR frequency.
(E) Normalized NV photoluminescence (PL) during the first 400 ns of the laser readout pulse [see
(D)] versus distance from the stripline and delay time 7. Negative 7 indicates a spin-wave packet
generated before the first RF pulse. For example, for 7 = —100 ns (i.e., the spin-wave pulse is gen-
erated 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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The 2-mm-long stripline used in Figs. 4.2 and 4.3 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. 4.4A). We observe a focused emission
pattern that is dominated by spin-wave beams traveling at specific angles (Fig. 4.4B-C).
Such "caustics" occur when the dispersion is strongly anisotropic [26, 27]. They can be
understood in terms of stationary points in the isofrequency curves in reciprocal space
(Fig. 4.4D). In optics, such an isofrequency curve k. = k;(k,) is called "slowness" curve,
because it is perpendicular to the group velocity vg = Vixw(k). The states for which the
angle of the group velocity 6 = —arctan(dk;(ky)/dk,) is stationary along the curve, i.e.,
when df/dky « d? kz(ky)/ dkf, = 0, dominate emission, generating high-intensity spin-
wave beams. The external magnetic field and the drive frequency can tune the beam di-
rection and intensity [26, 27], providing 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. 4.4, 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 an-
gles with respect to the equilibrium magnetization direction or having large wave num-
bers 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 down-
ward 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 the handedness
of the stripline field excites downward-propagating spin waves more efficiently (Supple-
mentary Material). 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 Ma-
terial. These quantitative measurements of the spin wave—generated rotating magnetic
stray fields illustrate the power of NV-based magnetic resonance imaging in magnonics.

4.3. 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 the-
oretical analysis explains the NV sensor signals in terms of the rotating stray fields gen-
erated by spin waves that are excited unidirectionally by the stripline magnetic field. In
contrast to other spin-wave imaging techniques, our technique images spin waves by
their microwave magnetic stray fields. This does not require a specific spin-photon or
spin-electron interaction and enables imaging spin waves through optically opaque ma-
terials. These capabilities provide new opportunities, e.g., for studying top-gated mate-
rials and the interaction of spin waves with magnetic and nonmagnetic materials placed
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Figure 4.4: Imaging interference and caustics of spin waves excited by one and two short
striplines. (A) Optical micrograph of the stripline (width of 5 pm) used to excite spin waves. The
dashed red lines indicate the region where (B) is acquired. (B) Rabi frequency map correspond-
ing to the dashed region of (A) for By = 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) Calculated two-dimensional spin-wave dispersion relation
w(ky, kz)/2m at By =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 pm.
The dashed lines indicates the region where (F) is acquired. (F) Rabi frequency map under simul-
taneous 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.
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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 al-
lows high-resolution imaging of electric currents [31], enabling spatial studies of the in-
teraction between spin waves and charge transport.

Both the NV-sample distance and the optical resolution of our microscope limit the res-
olution of our technique. The typical NV-magnet distances are here 0.5 to 2 pm (lim-
ited 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 sensitivity. This requires resonance between the spin waves and
the NV sensors, e.g., by tuning a magnetic field and/or magnetic anisotropies. 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 in-
traband spin-wave transitions using NV spin relaxometry [34]. Phase-sensitive imaging
of spin waves with wavelengths below the diffraction limit could be enabled using spe-
cialized NV control sequences such as phase encoding schemes [35]. Furthermore, the
techniques presented here are directly transferrable to single-NV scanning probe micro-
scopes with real-space resolution on the 10-nm scale [36].

Our results pave the way for studying spin waves in other magnetic 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 temper-
atures such as complex oxide or van der Waals magnets. Because the dipole density per
unit area M;d = 3.6-10% ug/nm? of the YIG film studied here is only about two orders
of magnitude above the 16 pg/nm? of the monolayer van der Waals magnet Crlz [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 spinwave fields is to apply a strong reference field and measure the
variations 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 de-
couples 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.
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4.4. MATERIALS AND METHODS

4.4.1. SAMPLE FABRICATION

The diamond samples used in this work are chemical vapor deposition (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 pm were removed using inductively-coupled plasma (ICP) reactive ion
etching (30 min Ar/Cl, 20 min O») to mitigate polishing damage. The chips were subse-
quently implanted with '°N ions at 6 keV with a dose of 1 x10'3 ions/cm? (INNOViON),
tri-acid cleaned (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 lay-
ers 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 fabricated 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. 4.5).

4.4.2. 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, fo-
cused to a diffraction-limited spot by an Olympus 50x, numerical aperture = 0.95 objec-
tive. The NV luminescence was collected by the same objective, separated from the ex-
citation 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 Com-
ponents). The microwaves signals used for driving NVs and spin waves were generated
using Rohde & Schwarz microwave generators (SGS100A). The reference field Brgr used
to produce the interference pattern in Fig. 4.2 was generated by a wire located ~ 200 pm
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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 acquisition, while a SpinCore programmable pulse gen-
erator (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 us. All measure-
ments were performed at room temperature.

4.4.3. NV MAGNETOMETRY

The NV spins are initialized and read out using nonresonant optical excitation at 515 nm.
To measure NV spin rotations (Rabi oscillations), we first apply a ~ 1 ps green laser pulse
to polarize the NV spin into the mg = 0 state. A subsequently applied microwave mag-
netic field resonant with an NV ESR frequency drives Rabi oscillations between the cor-
responding NV spin states (mg =0 and —1 in Fig. 4.2B). 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. 4.1D) in a magnetic field By are determined by
the NV spin Hamiltonian H = DS2 +yBy-S, where y is the electron gyromagnetic ratio, D
is the zero-field splitting (2.87 GHz), and S(;=y,y,) is the Pauli spin matrices for a spin 1.
We apply the magnetic field By using a small permanent magnet (diameter, 1 cm; height,
2cm).

4.4.4. WAVELENGTH OF THE SPIN WAVES DRIVING NV RABI OSCILLATIONS
We excite spin waves at a frequency that matches the w_ ESR transition 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_/2mx = D —y By to the
spin-wave frequency given by the spin-wave dispersion (eq. 4.14)

w(By, k) | [Bocosb .\ ,  1—e ™4} [B;cosh T k_JZ, - 1—elkyld
yroMs — \[\ poMs |kyld poMs Tk Ikyld

(4.4)
where k is the SW wave number; k, is its in-plane component perpendicular to the static
magnetization; yg is the magnetic permeability of vacuum; and M, @,y =3.0-10716 m?,
and d are the YIG saturation magnetization, exchange constant [23], and thickness, re-

spectively.

4.5. SUPPLEMENTARY MATERIAL

4.5.1. DETERMINATION OF THE NV-YIG DISTANCE

The distance xy between the YIG surface and the NV sensing layer is an important pa-
rameter for the reconstruction of spin-wave amplitude from the detected field (Fig. 4.2)
of the main text). We determined xy by sending a DC current Ip¢ through the stripline
and characterizing the resulting magnetic field Bpc(xp, ) using the NV sensing layer.
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This field causes spatially dependent shifts in the NV ESR frequencies (Fig. 4.5A-B) from
which we can extract xy as described next. Considering an infinitely thin stripline of
width w with its center at x = y = 0, the stripline field is given by

polpe (1 xg +(y+ LU/2)2 R wxo ~
Bpc(xo, ) = —In| 5—— X +arctan| 5————— 45
pc(%0,Y) p— (2 (x§+(y—w/2)2 X x2+y2 — (w/2)? y (4.5)

To facilitate the analysis of the ESR spectra, we also applied a small bias field By to in-
crease the splitting of the 8 ESR transitions of the 4 NV families. From the total field
B = By + Bpc, we calculate the ESR frequencies for the 4 NV families by diagonalizing
the NV spin Hamiltonian H = DSi +7vy(B)S; + B Sy), where By is the projection of B
onto the NV axis and B| = ,/B? —Bﬁ. From the fit to this model (Fig. 4.5C), we extract
Bg = (0.461(3), 3.568(3), 0.626(3)) mT, D = 2.872(1) GHz and xp = 1.8(2) um. For the
sample in Fig. 4 we used an alternative, optical method to determine the distance, focus-
ing the excitation laser first on the YIG surface and then on the NV layer, reading off the
change in the position of the microscope objective from its closed-loop piezo-controller,
measuring Xop,samplez = 1.0(3) pm.

A NV ensemble B
3
diamond

29

frequency (GHz)
(pazijewuou) 1d

-30 0 30
y (um) y (um)

Figure 4.5: Determination of the YIG-NV distance. (A) Idea of the measurement. The diamond
is located at a height x above the current-carrying stripline fabricated on the YIG. ESR spectra
are measured along a line perpendicular to the stripline. The current in the stripline generates a
magnetic field (dashed black line), causing a shift of the NV ESR frequencies. (B) NV ESR spectra
measured along a line oriented perpendicularly to the stripline (which is located between y = 0
and y = 30 um). The eight dips in the photoluminescence (PL) are caused by the ESR transitions
of the four NV families having different orientations in the diamond crystal lattice. (C) Stripline
magnetic field in the NV layer corresponding to the values extracted from the fit.

4.5.2. DETERMINATION OF M AND THICKNESS OF YIG WITH VNA MEA-
SUREMENTS

The YIG saturation magnetization M, and thickness d are important parameters for an-
alyzing the spin-wave dispersion. Here we describe the extraction of these parameters
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using vector network analyzer (VNA) measurements.

We flip-chip a YIG chip on the central conductor of a coplanar waveguide (CPW) and
use a VNA to measure the microwave transmission S»; through the CPW as a function
of a magnetic field By applied in-plane and parallel to the central conductor of the CPW
(Fig. 4.6 A). When the frequency matches the YIG FMR, energy is absorbed and Sy; de-
creases. We extract Mg = 1.42(1) - 10° A/m by fitting the data with the Kittel equation

w =7y+/By(By + o Ms).

We determine the thickness of the YIG chip from the frequency of the first perpendicu-
lar standing spin-wave mode (PSSW) [43].To extract the frequency of the first PSSW, we
measure the spin-wave mediated transmission of microwaves between two striplines
using the VNA (Fig. 4.6 B-C). The PSSW manifests as a small dip in the transmission (in-
dicated by the dashed black line in Fig. 4.6 B and the black arrow in Fig. 4.6 D). To extract
the thickness d, we calculate the PSSW frequency at each field for fixed M, and different
values of the thickness using [44]. The best match is reached for d = 245(5) nm.

4.5.3. EFFECT OF THE SPIN WAVE STRAY FIELD ON THE NV SPINS

In this section we derive the NV Rabi frequency due to the stray fields from spin waves
excited in the YIG by a stripline carrying an oscillating current. In section 4.5.3.2 we
present the magnetization profile excited by the stripline magnetic field, based on the
spin susceptibility of the YIG. In section 4.5.3.3 we provide the dipolar field generated
by the magnetization oscillations at the NV centers and determine their Rabi frequency
by evaluating the efficiency of the field in driving the NV spins, including the chirality of
the spin-wave field. In section 4.5.3.6, we extend the results obtained to the case of two
adjacent striplines and calculate the interference pattern. Our theoretical framework
captures and explains several effects visible in the data, such as the spin wave focussing
and caustics beams, as well as the interference fringes.

MODEL AND PARAMETERS

We use the reference frame depicted in Fig. 4.1 of the main text. Additionally, the length,
width and thickness of the stripline are referred to as [, w and §, respectively, the thick-
ness of the yttrium iron garnet (YIG) film is d, and the NV-YIG distance is xo. The
static magnetic field By is always applied at a ¢=35° angle with respect to the sam-
ple plane and parallel to the striplines. Because By in the experiments of Figs. 4.2-4.4
does not exceed 27 mT, which is much smaller than the YIG saturation magnetization
pnoM; = 178 mT, the static magnetization of the film only tilts out of plane by a small
angle Bysing/(ugMs) < 5°. We therefore disregard the out-of-plane component of the
static magnetizaton and magnetic field By in the calculations. We use the parameters
w=25um, 6 =200 nm, [ =88 um, d = 245 nm and xyp = 1 um. The striplines in
Fig. 4.4E-F of the main text are 110 pm apart and driven with a phase difference of .
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Figure 4.6: VNA-FMR detection of spin waves to determine M and thickness of the YIG chip.
(A) Transmission Sz1 (B, w) through the central conductor of a CPW on top of which a YIG chip
is placed. The absorption of YIG at the FMR (dark blue line in the data) is extremely sharp
(FWHM<10 MHz). The dashed black line is calculated using the extracted value of M; = 1.42-
10° A/m. (B) So1 (B, w) mediated by spin waves across the device shown in (C). The white and black
dashed lines are the calculated frequencies of the FMR and 1st-order PSSW, respectively. The red
dashed line indicates a frequency that is twice that of the calculated band minimum. Above this
frequency, three-magnon scattering becomes allowed, which may contribute to the observed van-
ishing of the spin-wave mediated transmission above this frequency. (C) Device used to obtain
the measurement in (B). The two gold striplines fabricated on YIG and connected to the input and
output of the VNA as indicated by the arrows. Stripline width = 2.5 um, thickness = 200 nm. (D)
Vertical linecut of (B) at 30 mT, showing the FMR absorption dip followed by several oscillations
and the PSSW, indicated by the black arrow.
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MAGNETIZATION EXCITED BY A MICROWAVE STRIPLINE OF FINITE LENGTH
Stripline magnetic field

Two striplines i = {1,2} carrying a current density J; (r, ) with frequency w generate the

vector potentials [45]
o eiklr—r’\
Ai(rw) = — f ar'y; (¢, w) ——-, (4.6)
41 |r—1/|
parallel to the direction of the current (the z-direction). g is the vacuum permeability
and k = w/c. Substituting the Weyl identity [46],

eik\/(x—x’)2+ (y-y)2+(z—2)? eikxlx—x’|+iky (y—y)+ikz(z—2")

i
=— | dk,dk , 4.7
an e ki 4.0

\/(x— )+ (y- y’)2 +(z—2")?

where k = /k% + k% + k2 (and hence ky = |/ k? — k5 — k%), the Fourier components of the

magnetic field po(Hy, Hy)(i) =(0A;/0y, —0A,/0x)% in reciprocal space are

e—ikxx eikxé' -1

. in(k;1;/12) _;i ..
HO (x5 ky, k) = 203 (@) S sin k= | TR bz 4.8
v (X ky, kz) =2i];(w) . I sm( yz) k. e (4.8)
—ikyx ,iky0 :
. X ikl k.1;12) _;
HJ(,’)(x; ky, k) =2iJ; (@) e~ -2 sin(kyz) Me_lkzzi, (4.9)
ke Ky k.

where ky = /(w/c)? - kJZ, — k2, z; are the z-coordinates of the centers of the striplines
and the total current is given by J; wé. The generated magnetic field is perpendicular to
the stripline axis, i.e. H; =0, and kyx Hx(x; ky, k) = ky H) (x; ky, k2). Since [ > w, the mag-
netic field oscillates as function of k, with a short period of 47/, while it oscillates with
ky with a much longer period of 47/ w (Fig. 4.7 A). For a frequency w/(27) ~ 2 GHz, ko =
w/c =4.19 rad/m with characteristic wavelength Ao = 27/ ky = 0.15 m. The wavelength of

the excited spin waves is much smaller than this scale, indicating that 1/ k}z, +k2> wlc.

Thus, ky — i\/ k% + k2 = ix. With k8 < 1:

. _ e 01 wy sin(k;1;/12) _ji ..
HO (x;ky, k) = —2i]; (w) " = Sm(kyf)—kzzl e ka7,
‘ e 1 wy sin(kz1i/2) _ip ..
H (x: &y, k2) = 2] (@) - sm(kyg)#e ikezi, (4.10)

The magnetic field distribution in k-space is plotted in Fig. 4.7 A for the sample dimen-
sions specified above, emphasizing the fast k, oscillations. A microwave excitation with
field components hy = +ih,, is circularly polarized. The relation

Hy(x; ky, k) = —i(ky /%) Hy (x; Ky, k2. 4.11)

implies that when |ky| < |k;|, |Hx| < |H,|, so the radiation is nearly linearly-polarized
along the y-direction (in momentum space). On the other hand, when | ky| > | k|, Hy(x;ky, kz) —
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Figure 4.7: Drive field and excited magnetization in reciprocal space. (A) x—component of the
magnetic field generated by the stripline in momentum space. (B)-(C) Resulting transverse mag-
netization amplitude, for &g =1 x 1074, w = 2.29 GHz, uyM;s = 0.178 T, and applied magnetic field
By =20 mT. Note the different scales used for plotting | M| and | My

—isgn(ky) Hy(x; ky, k;) is nearly right- (left-) circularly polarized for positive (negative)
ky. The polarization-momentum locking of the stripline magnetic field is responsible
for the chiral pumping of circularly-polarized spin waves [24, 30, 47].

Excited magnetization

The stripline magnetic field excites spin waves in the YIG film. In the mixed position
and momentum space, the dynamic magnetization M(x,k,w) reads in linear response
[24, 30, 47]

1 r9
Mo (xkw) =~ f dx'yap(x, X', k,w) Hp(x', k, w) (4.12)
—d

where we sum over repeated Cartesian indices a, § = {x, y, z}. 7 is the electron gyromag-
netic ratio and the spin susceptibility reads [24]

1
Xap (%, X', K w) = —y o Msmig (x)mig* (x') ” (4.13)

—wi+ il

Here, mX (x) characterize the ellipticity of the magnetization precession associated with
the spin waves (see Eq. (4.15) and Eq. (4.17)), and I'x = 2agwy is the Gilbert damping of
the spin waves with frequency wy.

For the parameters of our experiments, the spin waves are in the dipolar-exchange regime
with strongly anisotropic dispersion. For the long wavelengths considered here, the
magnetization is homogeneous across the film thickness, which allows for an analyti-
cal treatment. The spin-wave dispersion for free magnetization boundary conditions
reads [24, 30, 47]

W) = WOMS\/[QH+ Gexk? + 1= f(lkyD] [Qr + @exk? + (K21K2) f( Ky D], (4.14)
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where a¢y is the exchange stiffness, Qy = By cos(¢p)/ o Ms, and

1
(lkyD) =1- ——+ ——exp(-lkyld).
I Uky kyld  Tkyld P Y
At long wavelengths, m, and my are homogeneous across the film thickness and given
by
2+1 R 2-1 4.15)
@-1v 7@+ '
with
12 (1/2) (1+K21K2) £ 1Ky D
= > 7772 . (4.16)
w1/ (oY My) — (Qp + @exkd +1/2) + (1/2) (1 - k51 k2) f (I ky )
We define the ellipticity parameter
_myl  2+1 4.17)
Cmyl 2-1 '

In the dipolar regime, the spin waves precess elliptically. Whenk — 0, f(lky[) — 0, wi —
oy Msv/Qr(Qpy + 1) (corresponding to the FMR frequency), 2 — —1-2Qy—2v/QgQpy +1).
When Qg — 0 with a small static magnetic field, 2 — -1 -2y/Qp, [m,| > |my|, leading

to a (nearly) linearly-polarized Kittel mode. When &k is large, the exchange interaction
dominates and the spin waves are right-circularly polarized.

We plot the calculated excited transverse magnetization amplitude in momentum space
in Fig. 4.7B-C with parameters similar to those in Fig. 4F of the main text, i.e. M, =
1.42-10° A/m, ag = 1 x 1074, w/2n = 2.29 GHz. The momentum distribution of the
resonantly excited spin waves reflects the hyperboles formed by the cut through the
anisotropic spin wave dispersion at the given frequency. The excitation becomes unidi-
rectional when the spin waves are circularly-polarized [24, 47], in which case only those
with positive values of k, are excited. Due to the YIG thickness much smaller than the
wavelengths considered, this chirality is not the intrinsic one of Damon-Eshbach surface
modes, which exist only in much thicker films

The real part of the inverse Fourier transform of Eq. (4.12) gives the observable spa-
tiotemporal magnetization

M, (p, 1) = # f f dke'P KOV, (x, k) (4.18)

with p = (y,2). Using this equation, we calculate a snapshot of the dynamic magneti-
zation when spin waves are driven by a stripline as in Fig. 4 of the main text (Fig. 4.8).
We observe interference of spin waves with frequency w. Triangular areas of weak and
strong excitation exist at the sides and in front of the stripline, respectively, with a spin
wave focus point at the vertex of the latter triangle. These features can be understood
from the anisotropy of the spin wave dispersion that leads to a critical opening angle of
available spin wave momenta at a given frequency.
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Figure 4.8: Spatial profile of the excited magnetization. Spatial profile of the out-of-plane (A)
and in-plane (B) of the transverse magnetization oscillations excited by a single stripline, located
at y =0between z/l =—-0.5and z/l = +0.5.

DIPOLAR FIELD AND RABI FREQUENCY

When the frequency of the magnetic stray field generated by a spin wave matches an NV
ESR frequency, it can drive Rabi rotations of the NV spin if it has a circularly polarized
component of the correct handedness. Here we describe the spin-wave induced Rabi
driving of the NV spins.

Dipolar field generated by an oscillating magnetization

The magnetic field generated by a magnetization pattern can be calculated using Coulomb’s
law [45]

Ma (l‘ 1)
Bg(r, 1) = aﬁaafd ! Tl (4.19)
By substituting the magnetization from Eq. (4.18) and using the Coulomb integral
eik.p/f(x,) 271 ik- —lx=x'1k
J o = e [ave ), (4.20)

where k = |k|, we obtain the magnetic field above the film (x > 0) [24, 30, 47]
k
Bsw,x(x,k 1) = ‘;0 e kxmiwtq _ pmkd, (Mx(k) - zTyMy(k) : (4.21)

with Bsw,y (k) = —i(ky/k) Bsw,x(k), and Bsw, (k) = —i(k;/k) Bsw,x (k). Thus, when |k,| «
lkyl, Bsw,y(k) = —isign(ky)Bsw,x(k), i.e. the polarization and momentum are locked.
Bsw,(x,) vanishes for negative k, when the spin waves are right circularly-polarized since
My (k) — iMy,(K) k,/k — 0 [24, 47]. The right-forward dipolar field is left-circularly polar-
ized.

In real space, the stray field generated by the spin wave is given by the real part of the
inverse Fourier transform

1 .
BSW(ery t) = @ff elp.kBSW(x; k, t)dk (422)
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A snapshot of the spin-wave stray field at a distance x( above the film is plotted in Fig. 4.9.
Since the distance to the film is much smaller than the relevant wavelengths, the interfer-
ence pattern of the spin waves is well resolved. We note that \Bsw,z| < \Bsw,x| , |B5W,y|
because the excited spin waves propagate almost perpendicular to the stripline. The
strong chirality (unidirectionality) is caused by both the stripline magnetic field (see in
Fig. 4.7) and the stray field from the spin waves [24, 30, 47]. All Cartesian vector compo-
nents exert a torque on the NV center spin, which is oriented at an angle to the film. The
dipolar field shows a focal point with large amplitude, which can be controlled by tun-
ing the magnetic field and stripline frequency, which could be interesting for spintronic
applications.

The field of a spin wave that is characterized by |k,| < |k, | (therefore k L M, correspond-
ing to a Damon-Eshbach geometry and an effectively one-dimensional configuration) is
given by (x > 0)

Bsw (x,k, 1) = -%e"”‘i“"(l —e M) M, (1) (1 +sign(k,)n) (y+ isign(k,)X),  (4.23)

where we used M, = —inM,. To arrive at the equations given in the main text, we calcu-
late the field of a traveling spin wave given by the real part of m; = m‘i el koy=0D (y_ ing).
The Fourier transform of the y-component is

My (ky) = m 215 (ky — ko). 4.24)

Substituting into Eq. (4.23) and taking the inverse Fourier transform, we get Eq.(4.2) of
the main text

0
m .
Bsw(y) = —Re[“oz—L e kolxo pitkoy=wt) (7 _ p=lkoldy (] 4t sign (ko)n) (§ + isign(ko)R)] (4.25)

= —Re[BY,, €'V~ (§ + isign (ko)%)] (4.26)

Calculation of the Rabi frequency

The dynamic magnetic field generated by the spin waves can induce transitions between
the spin states of the NV center when its frequency matches an NV ESR frequency as
described by the NV spin Hamiltonian. We write the dynamic part of the magnetic field
as

Bsw(y) = Re[(ByX+ By + B.2)e '] (4.27)

In the local coordinates of the NV center, with the z’-direction along the applied static
magnetic field (therefore along the NV axis), the field amplitudes becomes
By = Bxcos¢p— B;sin¢, (4.28)
By =By, (4.29)
B, = B;cos¢+ Bysing. (4.30)
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Figure 4.9: Spatial profile of the dipolar field generated by spin waves. Snapshot of the stray field
in real space at ¢ = 0 for a microwave driving with a frequency w = 2.29 GHz and a stripline current
of 0.7 mA at a distance xp above the film. The stripline is located at y = 0, z € [-40,40] pm. The
damping coefficientis ag = 1074,

The Hamiltonian describing the NV spin dynamics is given by
Hyy=DS%+yB'-S (4.31)

where S = (S, Sy, S;) are the Pauli matrices for a spin 1 and D/2x = 2.87 GHz is the
zero-field frequency. The two magnetic-dipole allowed transitions between the m; =0
and the m; = £1 states are driven by magnetic fields of opposite handedness. When the
magnetic-field frequency w matches one of the NV ESR frequencies D +y By, the NV spin
will Rabi oscillate between the corresponding ms = 0 and m; = +1 states with a Rabi
frequency given by

wt = % By +iBy|. (4.32)

We use Eq. (4.32) to calculate the spin-wave induced Rabi frequency caused by the spa-
tial magnetization profile shown in Fig. 4.8. The Rabi frequency closely resembles the
spatial magnetization profile, including the presence of caustic beams and a focal point
(Fig. 4.10).

When the NV w_ transition is driven by a resonant Damon-Eshbach spin wave with ky >
0, we get
X

wp= \/Z}/ng cos 3 (4.33)
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Figure 4.10: Calculated spatial map of the Rabi frequency for a single stripline. (A) Rabi fre-
quency calculated from the dipolar field without the (small) direct contribution from the stripline
aty=0and z/l € [-0.5,0.5]. (B) Schematics indicating the emergence of caustic spin-wave beams
and the "hot spot" where energy gets focussed.

If the NV spin is also driven by a magnetic field that is given by Re[Brgre™'“’], we get

Wg . (4.34)

_ 0 ik 2 .
= ﬁ ‘ZBSWQI Y cos E + BREF,x’ — lBREF,y’
from which follows Eq. 4.3 of the main text. Including a damping parameter into Eq. (4.34),
we fit the data of Fig. 2B of the main text, from which we extract the spin-wave ampli-
tude mg (using the ellipticity parameter calculated with Eq. (4.17)) and the spin-wave
damping:

Wy 2B e 0¥V 1¥0 cos? % + " Breg|. (4.35)

Y '

V2
Here, yj is the spin-wave decay length from which the Gilbert damping parameter is ex-
tracted using yo = v/ (2wag), with vg the group velocity, leading to ag = 1.2(1) - 1074,
The main contribution to the uncertainty is caused by the uncertainty in the NV-YIG
distance, which we measured to be 1.8(2) um (see section 4.5.1) at the location of the
stripline and which increases by about 0.4 pum/mm as estimated from the optical in-
terference fringes visible in Fig. 1B of the main text (the distance change between two
fringes is given by 1¢/2, with 1y the wavelength of the light in air). Using Eq. (4.35), we
also fitted the data shown in Fig. 3B of the main text, with Brgr given by Eq. (4.5).

EFFECT OF MAGNETIC FIELD MISALIGNMENT ON THE OBSERVED SPIN-WAVE PATTERNS

To explain the asymmetry along z of the observed spin-wave patterns in Fig. 4, we repeat
the calculation of Fig. 4C with the introduction of a 5° misalignment between the static
field and the stripline (Fig. 4.11). The tilt is from the Z toward the —¥ axis.

INFLUENCE OF THE SPIN-WAVE PROPAGATION DIRECTION ON THE FIELD PROFILE

As previously explained (Eq. (4.32)), right(left)-propagating spin waves generate a circularly-
polarized field with handedness that drives the w_ (w,) transition. Moreover, for per-
fectly circular polarization, the right(left)-propagating waves only generate a field above
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Figure 4.11: Effect of a small angle between the stripline and the in-plane component of the
static field Bg. Calculated spatial map of the Rabi frequency when the in-plane projection of the
static field (Byp) is oriented at a 5° angle from the stripline.

(below) the film, which can be simply explained by cancellation of the field contribu-

tions of neighbouring spins (Fig. 4.12). For elliptical polarization, the field suppression
is not complete.
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Figure 4.12: Magnetic field generated by spin waves propagating to the left and right. The mag-
netic stray field generated by a spin wave is the sum of the fields generated by the individual pre-
cessing spins in the magnet. The phases of the spin waves traveling to the right interfere construc-
tively/destructively above/below the film, and vice versa for spin waves traveling to the left.

INTERFERENCE BETWEEN SPIN WAVES GENERATED BY TWO ADJACENT STRIPLINES

Finally, we calculate the interference pattern generated by two striplines on the YIG film,
with centers separated by 200 pm. With /; = 100 pm and /; = —100 pm in Eq. (4.10) and
considering the 7 phase difference between the two striplines

6 .
-1 k,12) .
Hy (x5 Ky, k) = —2i ] ()" —— e sin(ky%)—sm( = ) e ikm _gmikemy (436)
Z
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4. MAGNETIC RESONANCE IMAGING OF SPIN-WAVE TRANSPORT AND INTERFERENCE IN A
80 MAGNETIC INSULATOR

By substitution into Eqs. (4.12) and (4.21), we obtain the Rabi frequencies of the NV cen-
ter in Figure 4.13. The spin-wave interference is clearly reflected in the Rabi frequency.

H
40

Figure 4.13: Calculated spatial map of the Rabi frequency induced by two adjacent striplines.
We observe interference of spin waves generated by two striplines located at y = 0 for z €
+[0.5,1.5].
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