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5
IMAGING SPIN-WAVE DAMPING

UNDERNEATH METALS USING

ELECTRON SPINS IN DIAMOND

Spin waves in magnetic insulators are low-damping signal carriers that could enable a
new generation of spintronic devices. The excitation, control, and detection of spin waves
by metal electrodes is crucial for interfacing these devices to electrical circuits. It is there-
fore important to understand metal-induced damping of spin-wave transport, but char-
acterizing this process requires access to the underlying magnetic films. Here we show
that spins in diamond enable imaging of spin waves that propagate underneath metals
in magnetic insulators, and then use this capability to reveal a 100-fold increase in spin-
wave damping. By analyzing spin-wave-induced currents in the metal, we derive an ef-
fective damping parameter that matches these observations well. We furthermore detect
buried scattering centers, highlighting the technique’s power for assessing spintronic de-
vice quality. Our results open new avenues for studying metal - spin-wave interaction and
provide access to interfacial processes such as spin-wave injection via the spin-Hall effect.

This chapter has been published in Advanced quantum technologies 2100094 (2021) by I. Bertelli, B. G. Simon,
T. Yu, J. Aarts, G. E. W. Bauer, Y. M. Blanter, T. van der Sar.
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5.1. INTRODUCTION
Spin waves are collective, wave-like excitations of the spins in magnetic materials[1]. The
field of magnon spintronics aims at using these waves as signal carriers in information
processing devices[2]. Since its recent inception, the field has matured rapidly[3] and
successfully realized prototypical spin-wave devices that implement logical operations[4–
8]. In such devices, the spin waves are typically excited inductively[4–8] or via spin-
pumping based on the spin-Hall effect[9, 10], using electric currents in metal electrodes
that are deposited on top of thin-film magnetic insulators. As such, it is a key challenge
to understand the interaction between the metals and the spin waves in the magnetic in-
sulators, but this requires the ability to study the buried magnetic films and is hampered
by the opacity of the metals to optical probes.

We address this challenge using magnetic imaging based on electron spins in diamond[11].
Metal films of sub-skin-depth thickness are transparent for microwave magnetic fields,
which enables imaging of spin waves traveling underneath the metals by detecting their
magnetic stray fields. We demonstrate this ability by imaging spin waves that travel un-
derneath 200-nm-thick metal electrodes in a thin film of the magnetic insulator yttrium
iron garnet (YIG). We find that the spatial spin-wave profiles under the metals reveal a
surprisingly strong metal-induced spin-wave damping. By introducing the spin-wave-
induced currents in the metal self-consistently into the Landau-Lifshitz-Gilbert (LLG)
equation, we derive an analytical expression for the spin wave damping that matches
our experimental observations without free parameters. We demonstrate that this eddy-
current-induced damping mechanism dominates up to a threshold frequency above
which three-magnon scattering becomes allowed and increases damping further.

Our imaging platform is an ensemble of shallowly implanted nitrogen-vacancy (NV)
centers in diamond (Fig. 5.1a). NV centers are lattice defects with an S = 1 electron
spin that can be polarized by optical excitation, controlled by microwaves, and read out
through spin-dependent photoluminescence[12, 13]. Since NV centers can exist within
∼ 10 nm from the surface of diamond[14], they can be brought within close proximity
to a material of interest. Combined with an excellent sensitivity to magnetic fields[13],
these properties make NV spins well suited for stray-field probing of spins and currents
in condensed matter systems[15].

5.2. RESULTS
To image propagating spin waves, we place a diamond membrane containing a layer of
NV centers implanted ∼ 10−20 nm below the diamond surface onto a YIG film equipped
with 200 nm thick gold microstrips (Methods). Passing a microwave current through a
microstrip generates a magnetic field that excites spin waves in the YIG (Fig. 5.1a). These
waves create a magnetic stray field that interferes with the direct microstrip field, lead-
ing to a spatial standing-wave pattern in the total amplitude of the oscillating magnetic
field[11]. We spatially map this amplitude by locally measuring the contrast of the NV
electron spin resonance (ESR) transitions. By changing the drive frequency while ad-
justing the static magnetic field (B0) to maintain resonance with the NV ESR frequency
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(Methods), we can excite and detect spin waves with wavevectors either along or per-
pendicular to the static magnetization M (Fig. 5.1b-c). The spin waves are clearly visible
both underneath and next to the gold microstrips (Fig. 5.1b-d).
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Figure 5.1: Magnetic imaging of microstrip excited spin waves using electron spins in diamond.
(a) Idea of the experiment. An ensemble of nitrogen-vacancy (NV) centers in a diamond chip is
used to image the magnetic stray fields generated by spin waves in a YIG thin film. The ability
to image spin waves underneath metals is used to study the metal-induced spin-wave damping.
(b)-(d) Spatial maps of the NV electron spin resonance (ESR) contrast when exciting spin waves
resonant with an NV ESR transition. The oscillations result from the interference of the spin-wave
and direct microstrip fields. The magnetization (M) points along z. The directions of the pre-
dominantly excited spin-wave vectors (k) are indicated. Scale bars: 20 µm. (b) Backward volume
waves (k ∥ M), excited by applying a drive frequency ω/2π= 1.934 GHz that is 0.17 GHz below the
FMR at B0 = 33.5 mT. Inset: micrograph of the sample (scale bar: 40 µm). (c) Spin waves in the
Damon-Eshbach configuration (k ⊥ M) excited by applying a drive frequency ω/2π = 2.590 GHz
that is 1.12 GHz above the FMR at B = 15 mT. (d) Spin waves underneath and next to a gold mi-
crostrip used for spin-wave excitation (inset). Scale bars: 20 µm. As the skin depth of a 2.5 GHz
magnetic field in gold is ∼1.6 µm, spin waves are clearly visible underneath the 200 nm gold film.

To characterize the metal-induced spin-wave damping, we start by analyzing the spa-
tial spin-wave profiles underneath and next to a gold microstrip that we use to excite
spin waves (Fig. 5.2a). We select a section of microstrip that is far away from corners
(> 100 µm) to avoid edge effects. We apply a static magnetic field with in-plane compo-
nent along the microstrip direction and a drive frequency between 100-600 MHz above
the ferromagnetic resonance (FMR), resulting in directional spin-wave emission with a
large (small) spin-wave amplitude to the right (left) of the microstrip (Fig. 5.2a).This di-
rectionality is characteristic of microstrip-driven spin waves traveling perpendicularly
to the magnetization and is a result of the handedness of the microstrip drive field and
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the precessional motion of the spins in the magnet[16, 17]. We spatially quantify the
amplitude of the local microwave magnetic field generated by the spin waves by mea-
suring the rotation rate (Rabi frequency) of the NV spins[18]. The spatial oscillations in
the measured NV Rabi frequency result from the interference between the microstrip
and spin-wave fields[11]. The spin-wavelength is directly visible from the spatial period
of these oscillations. We observe a rapid decay of the oscillations underneath the mi-
crostrip (Fig. 5.2b), even though the microstrip field is approximately constant in this re-
gion (Fig. 5.2c). We can thus conclude that this decay is caused by the decay of the spin-
wave amplitude. In contrast, the decrease of the amplitude away from the microstrip
follows the decay of the direct microstrip field (Fig. 5.2c).

By fitting the measured spatial decay in- and outside the microstrip region we can extract
the additional spin-wave damping caused by the metal (Supplementary Sections 5.5.1
and 5.5.2). An accurate description of the measured NV Rabi frequencies (Fig. 5.2a-c) is
only possible if we allow for different damping constants in- and outside the microstrip
region (see also Supplementary Figure 5.5). We find that the damping underneath the
gold microstrip (Fig. 5.2d, red diamonds) exceeds the damping next to the microstrip
(yellow squares) by approximately two orders of magnitude .

We argue that the observed strong spin-wave damping underneath the metal is caused
by eddy currents that are induced by the oscillating magnetic stray field of the spin
waves. Eddy currents have been reported to cause linewidth broadening of ferromag-
netic resonances in cavity and stripline-based experiments[19–25]. However, revealing
their effect on propagating spin waves, which is important for information transport,
has remained an outstanding challenge. We model the effect of the spin-wave-induced
currents by including their magnetic field self-consistently into the LLG equation (Sup-
plementary Sections 5.5.1.4 and 5.5.1.5). Doing so, we find that a metal film of thickness
t increases the damping to α=αG +αm, with αG the intrinsic "Gilbert" damping and

αm = γµ
2
0Ms g 2(k)th

4ρ

(1+η)2

1+η2 (5.1)

with γ the electron gyromagnetic ratio, µ0 the vacuum permeability, Ms and h the YIG
saturation magnetization and thickness, respectively, k the spin-wavenumber, ρ the metal
resistivity, and η the spin-wave ellipticity. This expression is derived under the assump-
tion of a homogeneous magnetization across the film thickness t , which becomes strictly
valid in the thin-film limit kt ¿ 1. The form factor g (k) = (1− e−kh)(1− e−kt )/(k2th) ≈
1−k(t +h) arises from spatially averaging the dipolar and eddy-current stray fields over
the thicknesses of the YIG and metal films. An analysis equating the magnetic energy
losses to the power dissipated in the metal yields the same expression (Supplementary
Section 5.5.1.7). We plot Eq. 5.1 and its thin-film limit in Fig. 5.2d using ρ = 2.44·10−8 Ωm
for the resistivity of gold[26], finding a good agreement with the damping extracted from
the various sets of data without free parameters. The finite width w of the stripline can
be disregarded when kw À 1 (Supplementary Sections 5.5.1.6 and 5.5.1.7), as is the case
in Fig. 5.2d. Accounting for a non-homogeneous magnetization may be achieved via mi-
cromagnetic simulations[16]
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Figure 5.2: Characterizing metal-induced spin-wave damping. (a) Imaging spin waves under-
neath and next to a gold microstrip located between 0-20 µm vs drive frequency. Color scale:
measured NV Rabi frequency. (b) Linecuts along dashed lines in (a). Black squares: data. Dashed
red (green) lines: fits in (next to) the microstrip region. Traces offset by 10 MHz for clarity. (c) Mea-
sured NV Rabi frequency (black line) and calculated contribution to it from the direct microstrip
field (green line) at drive frequency 2.361 GHz, B0 = 18.2 mT. (d) Extracted spin-wave damping
versus spin-wavelength for different devices. Yellow squares (red diamonds): device in (a-b), next
to (under) the microstrip. Black cross: data from Fig. 5.2e-f. Blue triangles: wavelength-dependent
damping underneath gold structure (Fig. 5.2e, Supplementary Fig. 5.6). Green circles: data from
Fig. 5.3. Error bars: ±1 s.d. fit uncertainty. Dashed black line: theoretical model (Eq. 5.1) with
shaded purple area indicating 10% uncertainty in gold resistivity. Shaded red area: three-magnon
scattering region. (e) Micrograph of microstrip and gold structure used in (f). Scale bar: 10 µm. (f)
ESR contrast along sections of varying length of the gold structure in (e). For each trace, the shaded
yellow area indicates the gold structure length. The right microstrip edge is located at y = 5 µm.
B = 20.3 mT, drive frequency ω/2π = 2.302 GHz, spin-wavelength= 5.6(2) µ. Black squares: data
(for clarity, each trace is offset by 2%). Red lines: fits to a model that calculates the ESR contrast by
summing the microstrip and spin-wave fields (Supplementary Section 5.5.2).
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To corroborate the origin of the damping enhancement, we image spin waves propagat-
ing underneath a 200-nm-thick gold island deposited next to a microstrip (Fig. 5.2e-f).
We observe a progressively decreasing spin-wave amplitude for increasing travel dis-
tance under the gold, with an average characteristic decay length of y0 = 9(1) µm ex-
tracted by fitting the top three traces in Fig. 5.2f. We characterize the wavelength de-
pendence by varying the drive frequency (Supplementary Fig. 5.6). The corresponding
damping values are reported in Fig. 5.2d (black cross and blue triangles) and agree well
with Eq. 5.1.

Both in- and outside the stripline region, we observe a sudden increase in damping
above a threshold frequency ωT/2π∼ 2.39 GHz (Fig. 5.2a). We characterize this increase
in detail by zooming in to the threshold frequency (Fig. 5.3a-b) and extracting the damp-
ing parameter as a function of the wavelength (Fig. 5.2d, green circles). For the spin
waves outside the microstrip region, the increase occurs in a ∼10 MHz frequency range
of the order of the intrinsic spin-wave linewidth.

By analyzing the known spin-wave dispersion of our YIG thin film (Supplementary Sec-
tion 5.5.1.3), it becomes clear that the observed increase in damping above ωT is a result
of three-magnon scattering – a process in which one magnon decays into two of half
the frequency and opposite wavevectors[27] (Fig. 5.3c): When the drive frequency is in-
creased to above ωT, three-magnon scattering becomes allowed because ωT/2 starts to
exceed the bottom of the spin wave band (ωmin) (Fig. 5.3c and Supplementary Fig. 5.7).
The onset of three-magnon scattering was previously identified using Brillouin light scattering[28].
Our real-space imaging approach reveals its dramatic effect on the spatial spin-wave
decay length important for spin-wave transport. These measurements highlight that
damping caused by three-magnon scattering limits the frequency range within which
coherent spin waves in YIG thin films can serve as low-damping carriers to ωmin < ω <
2ωmin.

Finally, we demonstrate that the ability to study spin waves underneath metals also en-
ables the detection of hidden spin-wave scattering centers, highlighting the applicability
of this approach for assessing the quality of buried magnetic films in multilayer systems.
As an example, we show the scattering patterns produced by defects underneath the
metal electrodes used for spin-wave excitation (Fig. 5.4a-b). The defects produce char-
acteristic v-shaped patterns, resulting from preferential scattering into the "caustic" di-
rections that are associated with the anisotropic dispersion[29], making the source of
these spin-wave beams clearly identifiable. NV-based spin-wave imaging could there-
fore be used as a diagnostic tool for magnetic quality, even when the material of interest
is buried under metallic layers in a heterostructure.
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Figure 5.3: Spatial decay of propagating spin waves caused by three-magnon scattering. (a) NV
Rabi frequency vs spin-wave drive frequency and distance from the edge of the microstrip used
for spin-wave excitation. Above a threshold frequency ωT/2π∼ 2.39 GHz, the spin-wave damping
increases strongly. (b) Linecuts of (a) below and above the threshold frequency. When the driving
is below the threshold frequency (orange squares and curve), the decrease of the oscillation am-
plitude follows the decrease of the microstrip field. Above the threshold frequency (blue squares
and curve), the spin-wave propagation distance is strongly reduced. (c) Calculated spin-wave dis-
persion for our 235 nm YIG film. The solid black and white lines show the dispersion along the y
and z directions, respectively. The microwave drive excites spin waves propagating along y (red
dot, Damon-Eshbach configuration). Above the threshold frequency (ωT = 2ωm i n), scattering of
one magnon in this mode into two backward-volume magnons (along z, white dots) near the band
minimum becomes allowed (red dashed line corresponds to ∼ 20 MHz above ωmin).
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Figure 5.4: Imaging defect-induced spin-wave scattering underneath a 200 nm metal film. (a)
Micrograph of the gold microstrip used in (b). Scale bar: 20 µm. (b) Spatial maps of the NV ESR
contrast for B0 = 27.5 mT and drive frequency ω/2π = 2.099 GHz. Two scattering centers (white
arrows) are located near the top edge of the image (not clearly identifiable from (a)), as deduced
by the scattered caustic beams. Dashed black line: edge of the gold structure. The directions of the
magnetization (M) and the predominant wavevector (k) excited by the microstrip are indicated.
Scale bar: 20 µm.
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5.3. DISCUSSION
In conclusion, we characterized the damping enhancement of spin waves that propagate
under metallic electrodes used for spin-wave control, and showed that the increase is
well explained by a model that introduces the spin-wave-induced currents into the LLG
equation. The ability to detect spin waves underneath metals opens up several excit-
ing new possibilities for studying the interaction between metals and magnets. One ex-
ample is studying the spectral properties of temperature- or chemical-potential-driven
magnon condensates underneath gates in magnon transistors[8, 30, 31]. Additionally,
varying the thickness of the metal and/or magnetic films, or using spacer layers, enables
a characterization of interfacial effects such as damping and anti-damping of magnons
controlled by the spin-Hall effect in heavy metal electrodes. Furthermore, characteriz-
ing the screening of the spin-wave stray fields by a metal enables measuring its magnetic
susceptibility at well-defined wavenumbers and extracting material parameters such as
skin depth, conductivity and permeability. Finally, the ability to reveal buried scattering
centers provides a new tool for assessing the quality of magnetic interfaces and spin-
wave devices.

5.4. MATERIALS AND METHODS

5.4.1. SAMPLE FABRICATION

The diamond chip used in this work measured 2×2×0.05−mm3 and had an estimated
NV density of 103/ µm2 created via ion implantation at a depth of ∼10-20 nm below
the diamond surface (see fabrication details in[11]). The YIG film was 235 nm thick,
grown on a 500 µm-thick GGG substrate via liquid phase epitaxy (Matesy gmbh). The
saturation magnetization was previously measured[11] to be Ms = 1.42 · 105 A/m. To
mount the NV-diamond, we deposit a drop of isopropanol onto the YIG and place the
diamond on top with the NV-surface facing down, while gently pressing down until the
IPA has evaporated. The resulting diamond-YIG distance is limited by small particles
(e.g. dust). We extract an NV-YIG distance of 1.6(1) µm from the measured maps of the
NV Rabi oscillations.

5.4.2. NV-BASED IMAGING OF SPIN WAVES
NV centers are optically addressed using a home-built confocal microscope with a 515 nm
laser, an NA=0.95 objective for laser focusing/photon collection, and an avalanche pho-
todiode for NV photon detection (for details of the setup, see[11]). The ESR transition
of the NV centers used in this work for spin-wave imaging is tuned by a magnetic field
B0 according to ω = D −γB0 where γ/2π = 28 GHz/T is the electron gyromagnetic ratio
and D/2π= 2.87 GHz is the zero-field splitting. In all experiments in Figs. 2-4, the mag-
netic field is oriented at a 54◦ angle with respect to the sample-plane normal and with an
in-plane projection along the microwave stripline, thus aligning it with one of the four
possible crystallographic orientations of the NV centers in the diamond. The fields used
in this work are below ∼25 mT, much smaller than the YIG saturation magnetization
(µ0Ms = 178 mT), therefore the YIG magnetization tilts out of plane by less than 5◦[11].
We measure Rabi oscillations by applying a ∼ 1µs laser pulse to polarize the NV spin into
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the ms = 0 state, applying a microwave magnetic field at the NV ESR frequency, and read-
ing out the final spin state through the NV’s spin-dependent photoluminescence[13].
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5.5. SUPPLEMENTARY MATERIAL

5.5.1. EDDY-CURRENT CONTRIBUTION TO SPIN-WAVE DAMPING
In this section we derive the additional spin-wave damping caused by the spin-wave-
induced eddy currents in a nearby metallic layer. We use the Landau-Lifshitz-Gilbert
(LLG) equation to evaluate the various components of the effective magnetic field and
find solutions in the absence of additional damping. Then, we evaluate the spin-wave
field inside the metal, derive the eddy currents excited by that field, and calculate the
additional field component that acts back on the spin-waves, leading to an expression
for the effective damping. Last, we consider the finite width of the metal film in the y
direction and include this into the effective damping result.
We consider a thin film of a magnetic insulator (i.e. YIG) in the y z plane, between
−t < x < 0, with unit magnetization m(r) oriented along z in equilibrium and saturation
magnetization Ms . The bias magnetic field is applied along z. The system is translation-
ally invariant along z.

LLG EQUATION

The LLG equation is [32]

ṁ =−γm× [Beff +BAC]−αṁ×m, (5.2)

where BAC is the microstrip magnetic field, γ is the gyromagnetic ratio, α is the Gilbert
damping and the effective magnetic field is

Beff,α =− 1

Ms

∂F

∂mα
, (5.3)

whereα= x, y, z. We will now evaluate the various components of the effective magnetic
field. We will assume that the spin-wavelength is much larger than the film thickness
(kt ¿ 1) such that we can approximate the magnetization to be homogeneous across
the film thickness.

The free energy density includes contributions from the external field B0, the demag-
netizing field Bd, and the exchange interaction:

F =−Ms m · (B0 +Bd /2)+ D

2

∑
α,β=x,y,z

(
∂mα

∂β

)2

, (5.4)

with D the spin stiffness. We define, for convenience, ωB = γB0, ωM = γµ0Ms , and

ωD = γD
Ms

.

EVALUATING THE CONTRIBUTIONS TO THE EFFECTIVE MAGNETIC FIELD

Zeeman energy

The Zeeman energy associated with the external magnetic field B0 =ωB ẑ/γ is

Fz =−Ms m ·B0. (5.5)
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Exchange energy

The exchange energy density in YIG is isotropic

Fex(r) = D

2

∑
α,β=x,y,z

(
∂mα(r)

∂β

)2

. (5.6)

Its Fourier transform over the in-plane coordinates y, z is:

Fex(k, x) =−k2D(m2
y (k, x)+m2

z (k, x))+ D

2

∑
α=x,y,z

(
∂mα(k, x)

∂x

)2

. (5.7)

For a constant magnetization over the film thickness, the exchange energy contributes
an effective field with Cartesian components:

BD,α =− 1

Ms

∂F

∂mα
=−ωD

γ
k2mα(k, x). (5.8)

Demagnetizing field

The magnetic field generated by a magnetization Ms m(r) is given by [33]:

B(r) =µ0Ms

∫
Γ(r− r′)m(r′)dr′, (5.9)

where Γ(r− r′) is the real-space dipolar tensor, with components that are derivatives of
the "Coulomb kernel":

Γαβ(r) = ∂2

∂α∂β

1

4π|r| , with α,β= x, y, z. (5.10)

The 2D Fourier transform of Eq. (5.9) is 1:

B(k, x) =µ0Ms

∫
Γ(k, x −x ′)m(k, x ′)d x ′, (5.11)

where k = (ky ,kz ) and with magnetization

m(r) =
{

m(y, z) for −t < x < 0

0 elsewhere
. (5.12)

The demagnetizing field, averaged over the film thickness, is given by:

B(k) =µ0Ms
1

t

∫ 0

−t

∫ 0

−t
Γ(k, x −x ′)d x ′d xm(k) =µ0MsΓ(k)m(k), (5.13)

1We define g (kx ) = ∫
g (x)e−i kx x d x and g (x) = 1

2π

∫
g (kx )ei kx x dkx
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where the overline indicates averaging over the thickness. The components of the dipo-
lar tensor in Fourier space are:

Γαβ(k, x) = 1

2


e−k|x|k −2δ(x) for α=β= x,

−e−k|x| kαkβ
k for α,β= y, z,

−e−k|x|sign(x)i kα for α= y, z and β= x.
(5.14)

Using

1

t

∫ 0

−t

∫ 0

−t
e−k|x−x′|d x ′d x = 2

k
(1− 1−e−kt

kt
) = 2

k
f (kt ), (5.15)

1

t

∫ 0

−t

∫ 0

−t
sign(x −x ′)e−k|x−x′|d x ′d x = 0, (5.16)

1

t

∫ 0

−t

∫ 0

−t
δ(x −x ′)d x ′d x = 1, (5.17)

we arrive at

B(k) =µ0Ms


f (kt )−1 0 0

0
−k2

y

k2 f (kt )
−ky kz

k2 f (kt )

0
−ky kz

k2 f (kt )
−k2

z
k2 f (kt )


mx (k)

my (k)
mz (k)

 , (5.18)

with f (kt ) → kt/2 for kt ¿ 1.

SPIN-WAVE SUSCEPTIBILITY

The linearized Eq. (5.2) in the frequency domain reads:

−iωmx =−γ(Bz my −By )+ iαωmy , (5.19)

−iωmy =−γ(Bx −Bz mx )− iαωmx . (5.20)

Using B = Beff +BAC and with Γx y = Γy x = 0 (from Eq. (5.18)) we obtain

γBx =ωM ( f −1)mx −ωD k2mx +γBAC,x , (5.21)

γBy =−ωM f sin2φmy −ωD k2my +γBAC,y , (5.22)

γBz =ωB , (5.23)

where φ is the angle between the wave vector k and Beff. With

ω0 =ωB +ωD k2, (5.24)

ω2 =ω0 +ωM (1− f ), (5.25)

ω3 =ω0 +ωM f sin2φ, (5.26)

we obtain Eqns. (5.19-5.20) in matrix form:(
ω2 − iαω iω

−iω ω3 − iαω

)(
mx

my

)
= γ

(
B AC ,x

B AC ,y

)
. (5.27)
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Inverting Eq. (5.27) gives the susceptibility

χ= γ

(ω2 − iαω)(ω3 − iαω)−ω2

(
ω3 − iαω −iω

iω ω2 − iαω

)
. (5.28)

It is singular when:
Λ= (ω2 − iαω)(ω3 − iαω)−ω2 = 0. (5.29)

The real parts of the solutions of this quadratic equation give the spin wave dispersion
ωsw = p

ω2ω3, plotted in Fig. 3c of the main text. In Fig. 3c, the solid lines indicate the
dispersion for spin waves propagating along ±z (i.e., φ= 0 and φ=π) and along ±y (i.e.,
φ = ±π/2). The spin-wave linewidth α(ω2 +ω3)/2 follows from the imaginary part of
Eq. (4.14), and the ellipticity of the magnetization precession is given by

η=
∣∣∣∣χxx

χy x

∣∣∣∣
(ω=ωsw )

=
√
ω3

ω2
. (5.30)

Applying the bias field B0 along θB0 = 34◦ as in the experiments changesω0 →ωB cosθB0+
ωD k2, but does not introduce additional terms in the susceptibility for B0 much smaller
than the demagnetizing field (B0 ¿µ0Ms ), as in this work.

EDDY-CURRENT-INDUCED SPIN-WAVE DAMPING

In this section, we introduce the field generated by eddy currents into the LLG equation.
We first derive the eddy currents in a metal film (parallel to the y z plane and located be-
tween 0 < x < h) induced by the spin-wave stray field. The eddy currents in turn gener-
ate a magnetic field Be that couples back into the LLG equation, which should be solved
self-consistently. We focus on spin waves travelling in the +y-direction, such that k = ky

(thus φ = π/2). Our films are much thinner than the magnetic skin depth (1.7 µm for
gold at 2 GHz) such that the dipolar stray fields are not screened significantly. Because
the film is thin, we neglect eddy currents in the out-of-plane direction. The in-plane
eddy currents are induced by the out-of-plane component of the magnetic field, given
by (see Eq. (5.14)):

B x =µ0Ms

2

1

h

∫ h

0
d x

∫ 0

−t
d x ′ke−k(x−x′)(mx − i my ) (5.31)

=µ0Ms

2
kt g (mx − i my ), (5.32)

where the overbar denotes an average over the metal (h) thickness. Here,

g = (1−e−kh)

kh

(1−e−kt )

kt
. (5.33)

For an infinitely thin film, g → 1. From Faraday’s law, B x generates a charge current :

Jz =σEz =σ ω

ky
B x =ωσµ0Ms t

2
g (mx − i my ), (5.34)

where σ is the conductivity and Ez the electromotive force. As we will further discuss in
5.5.1.6, this equation is valid in the limit kw À 1, with w the width of the film, since we
used a Fourier transform over y and did not specify boundary conditions. In Fig. 2d of
the main text, w = 20 µm and λ< 9 µm, such that kw > 14.
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Field generated by the eddy currents

The current Jz generates a field Be inside the YIG film. Its average over the YIG thickness
is

B e,x =i
µ0 Jz h

2
g = iω

µ2
0Msσ

4
th · g 2(mx − i my ), (5.35)

B e,y =i B e,x , (5.36)

which we can rewrite as

γB e,x =iωαm(mx − i my ), (5.37)

γB e,y =−αmω(mx − i my ), (5.38)

where

αm = γµ
2
0Msσ

4
th · g 2 (5.39)

is a dimensionless factor that turns out to be the eddy current contribution to the damp-
ing as discussed in the next section. Because the equation was derived under the ap-
proximation of a homogeneous magnetization across the film thickness it is valid in the
thin-film limit kt ,kh ¿ 1 where g 2(k) → 1−k(t+h). The factor g 2(k) arises from averag-
ing the dipolar and eddy current stray fields over the thicknesses of the metal and mag-
net films. Including a non-homogeneous magnetization across the film thickness may
be achieved via micromagnetic simulations. In Fig. 2d of the main text, 0.16 < kt < 0.37
(for 4 µm <λ< 9 µm.)

SOLUTIONS TO THE LLG EQUATIONS WITH EDDY CURRENTS

We now incorporate Be into the LLG equation by adding it to Eqs. (5.21-5.23) for φ=π/2

γBx =−(ωM (1− f )+ωD k2)mx +αmω
(
i mx +my

)+γB AC ,x , (5.40)

γBy =−(ωM f +ωD k2)my −αmω
(
mx − i my

)+γB AC ,y , (5.41)

γBz =ωB . (5.42)

The linearized LLG equations (5.19-5.20) become

−iωmx =−(ω3 − i (α+αm)ω)my −αmωmx +γB AC ,y , (5.43)

−iωmy = (ω2 − i (α+αm)ω)mx −αmωmy −γB AC ,x , (5.44)

where ω2 and ω3 are given in Eqs. (5.24-5.26). In matrix form:(
ω2 − i (α+αm)ω (i −αm)ω

−(i −αm)ω ω3 − i (α+αm)ω

)(
mx

my

)
= γ

(
B AC ,x

B AC ,y

)
. (5.45)

The resulting susceptibility is singular when

Λ= (ω2 − i (α+αm)ω)(ω3 − i (α+αm)ω)+ (i −αm)2ω2 = 0. (5.46)
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Solving this quadratic equation and disregarding terms of order α2 leads to

ω=p
ω2ω3 − i

[
αm

p
ω2ω3 + (α+αm)

ω2 +ω3

2

]
. (5.47)

We observe that including the eddy currents yields the same spin-wave dispersionωsw =p
ω2ω3, but renormalizes the linewidth according to

α
ω2 +ω3

2
→αm

[p
ω2ω3 + ω2 +ω3

2

]
, (5.48)

where we assumed αm À α. The eddy-current-induced damping can thus be included
into Eq. (5.2) by setting

α=αe =αm

p
ω2ω3 + ω2+ω3

2
ω2+ω3

2

=αm
(1+η)2

1+η2 . (5.49)

Substituting Eq. (5.39) leads to Eq. 1 in the main text. In section 5.5.1.7 we find the same
expression using an alternative derivation.

METAL FILM OF FINITE WIDTH

We now consider a metal strip with finite width w along y . The effective orbital magneti-
zation of the eddy currents induced by the spin-wave field points in the x-direction and
is determined by the Maxwell-Faraday equation:

∂2me f f
z

∂y2 =−iωσB̄x (y), with jz =−∂me f f
z /∂y, (5.50)

where B̄x (y) is the stray field of a spin wave travelling in the +y direction, Fourier trans-
formed over time but not over coordinates. It is given by (c.f. Eq. (5.32))

B̄x (y) = µ0Ms

2
kt g (mx − i my ). (5.51)

Introducing the notations mx,y = m(0)
x,y e i k y , the solution of Eq. (5.50) is

me f f
x =αk

(
e i k y − [

1+ i k y
] sin kw

2
kw

2

)
, (5.52)

with

αk = iωσ
µ0Ms t

2k
gk (m0

x − i m0
y ). (5.53)

The eddy-current field averaged over the magnetic film thickness, cf. Eq. (5.35) is:

Beα(y) = 1

t

∫ 0

−t
d xBeα(x, y) =

∫
d q

2π
Beα(q)e i q y , (5.54)

where

Beα(q) = µ0Ms

t

∫ 0

−t
d x

∫ h

0
d x ′

∫ ∞

−∞
d yd ze ′−i q y

∫ w/2

−w/2
d y ′Γαx (r,r′)me f f

x (r′). (5.55)
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Note that it does not depend on z. Using∫ ∞

−∞
d y ′d z ′ e i k y ′√

(x −x ′)2 + y ′2 + z ′2 = 2π

|k|e−|k(x−x′)|, (5.56)

from Eq. (5.55) we obtain

Beα(q) =µ0Msαk |q |hg |q |
{

sin[(k −q)w/2]

k −q
−2

sin(qw/2)sin(kw/2)

qwk
+ (5.57)

− 2

w q2 sin
kw

2

[
sin

qw

2
− qw

2
cos

qw

2

]}
(5.58)

and Be,y (q) = (i q/|q |)Be,x (q). In the wide-strip limit limw→∞ k−1 sin(kw/2) → πδ(k)
such that, back in the real-space and time domains,

Beα(y,τ) = iωσµ2
0Ms

4
e−iωτth(m0

x − i m0
y )(g 2

k e i k y − 2π

w
δ(k)). (5.59)

The last term reflects that a spatially homogeneous mode does not induce eddy currents.
The finite width can be neglected when kw À 1, in which case we get the same result as
Eq. (5.39). In Fig. 2d of the main text, kw > 14.

EFFECTIVE MAGNETIC DAMPING

The effective damping parameter can be derived alternatively by equating the magnetic
and external energy losses [34]. According to the LLG equation the power density per
area of a dynamic magnetization for a scalar Gilbert damping constant reads

p(m)(y) =−
∫ (

Ṁ ·Beff
)

d x =−αGMs

γ

∫
ṁ2d x, (5.60)

where the integral is over the magnetic film thickness. In our geometry the power loss
density of a spin wave mode mi with index i that solves the linearized LLG with fre-
quency ωi is then

p(m)
i (y) = αGMs

γ
ω2

i

∫
[(m(x)

i )2 + (m(y)
i )2]d x, (5.61)

In the limit kt ¿ 1, we can replace i by the wave number k of the spin wave in the y
direction. The time (τ)-dependent magnetization

mk = mk

(
ηk cos(k y −ωτ)

sin(k y −ωτ)

)
(5.62)

leads to the time-averaged dissipation

p(m)
i (y) = αGMs

γ
ω2

k

1+η2
k

2

∫
m2

k

(
x, y

)
d x, (5.63)

We model the energy loss per unit of length under the strip by a phenomenological
damping parameter α′

k as

P (m)
k = t w

α′
k Ms

γ
ω2

k

1+η2
k

2
m2

k , (5.64)
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where the over-bar indicates the spatial average over the film thickness t . Assuming that
the magnetic skin depth is much larger than the thickness of the strip h, the stray field
averaged over the strip thickness above the film and k > 0 reads

B̄x = Msµ0tk
1+ηk

2
mk cos

(
k y −ωτ) . (5.65)

This field generates an electromotive force (emf) Ez according to ∂y Ez =−∂τB̄x :

Ez (y) =−
∫ y

0
∂τB̄x d y ′ (5.66)

= Msµ0t
1+ηk

2
mkω

[
cos(k y −ωτ)− cos(ωτ)

]+C. (5.67)

The emf does not drive a net charge current since the metal strip is part of a high impedance
circuit.

Jz =σt
∫ w

0
Ez (y) = 0 (5.68)

then fixes the integration constant C. The time-averaged (〈· · · 〉) integrated Ohmic loss
per unit length of the wire then reads

P (Ω)
k = hσ

∫ w

0

〈|Ez |2
〉

d y (5.69)

=σ(
µ0tmkω

)2 hw

(
2coskw +k2w2 −2

2(kw)2

)
. (5.70)

We can now determine the effective damping by setting P (Ω)
k ≡ P (m)

k .

α′
k = γMs htσµ2

0
mk

2

m2
k

2coskw +k2w2 −2

2(kw)2

(1+ηk )2

2(1+η2
k )

. (5.71)

In the long-wavelength and wide-metal-strip regime w−1 ¿ k ¿ t−1, mk
2 ≈ m2

k and
ηk ≈ η,

α′
e = γMs htσµ2

0
(1+η)2

4(1+η2)
(5.72)

agrees with Eq. (5.49). We note that the scalar α′
m should be interpreted as an appro-

priate average over the Gilbert damping tensor elements that can be in principle deter-
mined by the same procedure.

5.5.2. DATA FITTING PROCEDURES

EXTRACTING THE DAMPING FROM THE MEASURED RABI FREQUENCY TRACES

To fit the measured Rabi frequencies (Fig. 2a-c of the main text) and extract the spin-
wave damping, we follow the procedure described in [11]. In this procedure, we first cal-
culate the magnetic field generated by a microwave current in a microstrip propagating
along z, given by BAC = (B AC ,x x̂+B AC ,y ŷ). We then calculate the resulting magnetization
dynamics in Fourier space using m(k) = χ(k)BAC(k). From m(k), we calculate the stray
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field of the spin waves at the location of the NV sensing layer. We then sum (vectori-
ally) the spin-wave and microstrip fields and calculate the resulting NV Rabi frequency.
Free fitting parameters are the microwave current through the microstrip, the spin-wave
damping, and a ∼ 1 MHz spatially homogeneous offset to account for the field generated
by the leads delivering the current to the stripline.
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Figure 5.5: Highlighting the different spin-wave damping underneath and next to the mi-
crostrip. Solid blue lines: data trace from Fig. 2c of the main text. Dashed red lines: calculated
Rabi frequencies for high (A) and low (B) values of the damping. The calculations use a single value
of the damping for the entire spatial range. The high-damping calculation (panel A) only matches
the data well in the microstrip region. The low-damping calculation (panel B) only matches the
data next to the microstrip. The microstrip is indicated by shaded yellow color.

Figure 5.5 shows two example traces calculated using this procedure (red dashed lines)
and compares these to a measured trace (blue line) of Fig. 2c of the main text. In both
A and B, the calculated traces use a single value of the damping for the entire spatial
range. These plots highlight that the measured data in the microstrip region are only
described well for a large value of the damping, while the data next to the microstrip are
only described well for a low value of the damping.

EXTRACTING THE DAMPING UNDER THE GOLD STRUCTURE

To extract the spatial decay length of the spin waves ydecay underneath the gold struc-
ture from spatial measurements of the ESR contrast C (y) (Fig. 2e-f of the main text and
Supplementary Fig. 5.6) we describe C (y) using

C (y) =C0
Ω2(y)

Ω2(y)+1
, (5.73)

where C0 is the known maximum ESR contrast and Ω(y) is a normalized NV Rabi fre-
quency resulting from the sum of the spin-wave and direct microstrip fields:

Ω(y) =
∣∣∣∣i Ae i (k(y−y0)e−(y−ystruct)/ydecay + B

y − y0

∣∣∣∣ . (5.74)
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Here, y0 and ystruct are the known locations of the edges of the microstrip and gold struc-
ture, respectively (see Fig. 2e of the main text), and A, B , and ydecay are extracted from
the fits. The spatial decay length ydecay is given by the linewidth of the susceptibility in
k-space and can therefore be related to the damping parameter α by Taylor expanding
ωsw (k) ≈ωsw (k0)+ vg (k −k0) in Eq. (4.14) to get:

Λ= 2ωsw

(
vg (k −k0)− iα

ω2 +ω3

2

)
. (5.75)

SolvingΛ= 0, we find

k = k0 + iα
ω2 +ω3

2vg
, (5.76)

which yields the relation between the spatial decay length and α

ydecay =
2vg

α(ω2 +ω3)
, (5.77)

where we calculateω2 andω3 (defined in Eqs. (5.25) and (5.26)) and the spin-wave group
velocity vg from the spin-wave dispersion.
This fit procedure is used to extract the damping from the data in Fig. 2f of the main text,
as well as to determine the frequency dependence of the damping underneath the gold
structure, for which the data traces and fits are shown in Fig. 5.6. The extracted values of
the damping are plotted in Fig. 2d of the main text.
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Figure 5.6: Spin-wave damping under gold structure. (A) ESR contrast vs distance for different
spin-wave frequencies under the gold structure shown in Fig. 2e of the main text. Dashed black
lines: linecuts shown in (B). (B) Colored lines: linecuts of (A). Dashed black lines: fits. The fitting
range was chosen such that it starts at the first peak for which a decay is visible.

THREE-MAGNON SCATTERING THRESHOLD

The three-magnon scattering process is enabled for spin waves of frequency at least
twice that of the bottom of the spin-wave band (ωmin), which shifts with the applied
magnetic field. In the main text, we see this threshold at ∼2.39 GHz (Fig. 3). From the
spin-wave dispersion (Eq. (4.14)), we find that this frequency corresponds to the fre-
quency at which the ω− NV ESR transition and 2ωmin cross (Fig. 5.7).
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Figure 5.7: Calculated three-magnon scattering threshold frequency vs magnetic field applied
along the NV axis. For frequencies above 2ωmin (shaded red area), scattering of one DE spin wave
into two BV waves of frequency close to the band minimum (ωmin, solid green line) becomes pos-
sible. Solid black lines (indicated as ω±) represent the NV ESR transitions. ω− and 2ωmin cross at
a frequency close to 2.39 GHz, as shown in Fig. 3 of the main text. Solid blue line: FMR of YIG.
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