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INTRODUCTION

1.1. BEYOND CONVENTIONAL ELECTRONICS: MAGNONICS

In the last decades, the ever-increasing technological needs have been pushing elec-
tronic devices towards their speed and size limits [1]. Therefore, researchers have tried
to establish new technologies beyond conventional electronics - which relies on the dif-
fusive motion of electric charges to process and transport information. One field that
emerged is that of spintronics (spin-electronics), established with the discovery of the gi-
ant magneto-resistance (GMR) [2, 3]. The central idea of spintronics is that information
can be encoded in the spin of an electron [4-6]. Spintronics has already delivered a num-
ber of devices that find commercial applications, including GMR-based spin valves [4],
magnetic tunnel junctions based on the giant tunnel magneto-resistance [7, 8] (TMR)
as read heads in storage devices [9]. Recently, the magnetic random-access memory
(MRAM) based on spin-transfer [10-14] or spin-orbit torques [15-19] (STT and SOT, re-
spectively), started replacing conventional static and dynamic random-access memories
(SRAM and DRAM,, respectively), in certain applications [20-22].

Compared to the spin-polarized electric currents used in most of these applications, an
advantage of pure spin currents is that the motion of spins is decoupled from the mo-
tion of charges. Such diffusive charge transport is characterized by electron scattering,
which leads to dissipative effects known as Joule (or Ohmic) heating [23]. The trans-
port of pure spin information can be achieved in magnetic insulators such as yttrium-
iron garnet (YIG), where coherent spin excitations (spin waves, Fig. 1.1) can propagate
with ultralow dissipation [24] (i.e. with propagation distance up to several millimeters
and long spin-wave coherence times [25]). The branch of spintronics that deals with in-
formation transport and processing based on spin waves is called magnonics, from the
name of the quanta of spin waves, the magnons [23, 26].
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Figure 1.1: Spin wave. In a magnetic insulator, the spins (localized at lattice sites) precess around
the static magnetization. The precession of neighbouring spins with a phase difference corre-
sponds to a travelling signal, the spin wave.

1.1.1. SPIN WAVES

Spin waves were first predicted by Bloch almost 100 years ago as collective excitations
of the spins in a ferromagnet [27]. Information transport and processing based on spin
waves hold great promises [28-32], because of the several key properties of spin waves:

¢ Spin-wave frequencies range from the GHz to the THz regime [24], thus being well
matched to the frequency of current electronic devices, but leaving plenty of room
for further speed up.

¢ Spin-wavelengths can be as small as few nanometers, limited only by the lattice
constant of the magnetic material [33], thus allowing device miniaturization.

* Unlike spin-polarized electrons, that retain information only up to the spin diffu-
sion length (typically few tens of nanometers in metallic magnets), spin waves can
propagate coherently over distances up to several millimeters [25].

¢ Because of their wavelike nature, information can be encoded in the phase of spin
waves [34], enabling non-Boolean logic [35-39]. Parallel operation at different fre-
quencies (i.e. multiplexing) is also possible [40-43].

Additionally, spin waves are interesting from a fundamental point of view because they
show a wealth of non-linear [44-46] and non-reciprocal [47-53] effects, and they can
show peculiar phenomena such as magnon condensation [54-57] and magnon super-
currents [56, 58-60].

1.1.2. SPIN-WAVE DETECTION

Because of the large interest in the physics of spin waves and their applications in infor-
mation technology, many techniques have been develop to study spin waves. Among the
non-local (i.e. without imaging capabilities) techniques, the most common are broadband-
FMR [61], inelastic neutron scattering [62—65], the inverse spin-Hall effect [66-72] and,
recently, superconducting qubits [73-76]. The leading techniques to image spin waves
include Brillouin light scattering [77], scattering of x-rays [78, 79], thermal imaging [80,
81], and imaging based on the magneto-optical Kerr effect [82—84].

Because studying spin waves in magnonic devices is so important, in this thesis we de-
velop a new technique to image spin waves relying on the detection of the spin-wave
stray field with a quantum sensor [85]. Besides the high sensitivity that can be achieved
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by such a sensor [86], our method can image spin waves propagating underneath metal-
lic electrodes [87], such as those routinely used to excite spin waves inductively. The sen-

sor we use is the electron spin localized at lattice defects in diamond, known as nitrogen-

vacancy (NV) centers.

1.2. THE NITROGEN-VACANCY CENTER IN DIAMOND

Nitrogen-vacancy centers are color centers in diamond with spin-dependent optical prop-
erties [88-90]. The absence of photobleaching and the long spin lifetime at room tem-
perature, together with the optical addressability of its spin state, have made this defect
one of the most studied in the 25 years after the first report of optically detected magnetic
resonance (ODMR) of individual NV centers at room temperature [91]. The applications
of NV centers in quantum science and technology [92] include quantum communica-
tion [93-100], quantum computation and simulation [101-108], and quantum sensing
[109]. As a quantum sensor, the NV spin has been employed to study a wide variety of
living [110-115] and condensed matter systems [116-120], thanks to the combination of
small size, wide operating temperature and frequency range [121], and high sensitivity
to stress [122-124], temperature [110, 125, 126], electric [127, 128] and magnetic fields
[129-137].

In this thesis, we use NV centers as magnetometers to characterize magnetic stray fields.
A significant part of this thesis is focused on probing spin waves. To do so, we study how
the NV spin dynamics is driven by the GHz spin-wave stray fields. In addition, we explore
magnetic phase transitions by characterizing the stray field-dependent energy structure
of the NV centers.

1.3. THESIS OUTLINE

Chapter 2 provides an introduction to magnetometry with NV centers in diamond. We
start with a short description of the NV’s electronic structure and spin-dependent op-
tical properties. Then, we focus on the detection of magnetic fields, showing how to
characterize static and oscillating magnetic fields, both coherent and incoherent, using
NV centers.

In Chapter 3 we discuss spin waves theoretically, and derive several useful equations,
including the spin-wave dispersion and the coupling between the spin-wave stray fields
and the NV spin, that are necessary to understand the following chapters.

Being able to quantitatively detect coherent spin waves via their microwave stray field
is an alternative and complementary way of studying spin waves compared to existing
techniques. In Chapter 4 we establish a new method to image coherent spin waves using
ensembles of NV spins, that allows to extract the amplitude of the spin-wave precession,
and we show that imaging spin waves in monolayer magnets is within reach of our sen-
sitivity.

Using this newly introduced technique and its ability to image spin waves underneath
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metals, in Chapter 5 we characterize the excess damping caused by metallic electrodes
on spin-wave propagation. We find a damping increase by roughly two orders of magni-
tude, which is well explained by a theoretical model we introduce.

The magnetic noise generated by a system is related to its excitations via the fluctuation-
dissipation theorem, thus providing valuable insights into the spin-spin correlations,
which characterize a particular magnetic phase. In Chapter 6 we detect magnetic field
fluctuations generated by thermal spin waves, finding a good agreement with the model
introduced in chapter 3.

One of the key strengths of NV magnetometry, i.e. its locality, can also be a drawback
when addressing global properties of a system, such as the temperature of a phase tran-
sition. In Chapter 7 we apply statistical tools to overcome this challenge, focusing on the
temperature-driven metamagnetic phase transition of FeRh, between the antiferro- and
ferromagnetic states.
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NV MAGNETOMETRY

Nitrogen-vacancy (NV) centers are atomic defects in diamond, whose electronic spin can
be controlled and readout with a combination of optical and microwave excitation. Their
non-invasive character and sensitivity to GHz magnetic fields makes them well suited to
study the dynamic excitations of magnetic systems, such as spin waves. In Chapters 4-7 we
use these sensors to study thermal and coherent spin waves, and to characterize a meta-
magnetic phase transition. In this chapter we discuss the properties of NV centers that are
required to understand these experiments.

This chapter is divided into two parts. In the first part (Section 2.1) we introduce the
physics and working principles of nitrogen-vacancy centers in diamond, concluding with
a description of the confocal microscope used to optically detect them. In the second part
(Section 2.2) we consider an NV center in a magnetic field and express its Hamiltonian
in a form that is useful to understanding Chapter 3 and the results of Chapters 6-5 (Sec-
tion 2.2.1). We then explain how NV centers can be used as sensors of static (Section 2.2.2),
coherently oscillating (Section 2.2.3-2.2.4) and incoherent (Section 2.2.5) magnetic fields.
All these measurement techniques are the foundation upon which the results of this thesis
are built. We conclude with a description of the electronic setup used to control and detect
the NV spin state (Section 2.2.6).

17
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2.1. NV CENTERS IN DIAMOND

Several extensive reviews treat the physics of NV centers in depth [1-3]. In this section
we briefly describe the electronic structure of an NV center and how this is related to its
spin-dependent optical properties, starting point of understanding the working princi-
ples of NV magnetometry.

2.1.1. ELECTRONIC STRUCTURE

Nitrogen-vacancy (NV) centers are point defects in the diamond lattice consisting of a
substitutional nitrogen atom adjacent to a missing carbon atom (Fig. 2.1a). They can
occur with the N-V axis oriented along any of the four (111) directions of the diamond
lattice. This defect has a C3y symmetry with axis along the N-V direction and can exist in
the neutral NV° or charged NV~ states [4]. The electronic structure of NV0is composed of
five unpaired electrons, two from the nitrogen and three from the carbon atoms nearest-
neighbour to the vacancy [5, 6]. An additional electron can be trapped by the defect,
resulting in NV~ [6]. This charge state is the one typically used for sensing applications
because of its photophysics (see next section). In the rest of this thesis we focus exclu-
sively on the negatively charged state and simply denote it "NV", for clarity.

The energy level scheme of NV centers (Fig. 2.1b) consists of triplet ground and excited
states and intermediate singlet states [7]'. Both S = 1 triplet levels are split into m; = |0)
and m; = | + 1) states (where m; indicates the spin projection along the NV quantization
axis) by the spin-spin interaction, resulting in a ground (excited) state zero-field splitting
D = 2.87 GHz (Dgs = 1.42 GHz).

2.1.2. SPIN-DEPENDENT OPTICAL PROPERTIES
Among many existing lattice defects, NV centers in diamond have gained importance for
sensing because of the relation between their spin and optical properties [10].

The photoluminescence emission spectrum of NVs (Fig. 2.1c) shows a zero-phonon line
(ZPL) at 637 nm and a broad phonon sideband (PSB). The PSB is related to transitions
in which one phonon is excited/absorbed in addition to a photon at the ZPL. Thus, the
PSB allows the non-resonant optical excitation with a green laser. Once excited, the NV
can relax either through a spin-conserving optical transition or non-radiatively by inter-
system crossing (ISC) via the singlet states.

The m; = |0) state has a lower ISC shelving rate to the singlet states than m; = |+ 1)
[7, 11]. Additionally, the singlet states preferentially decay toward mg = |0) [2]. These
spin-selective processes have the net effect of populating the m; = |0) state to a high
degree upon optical pumping, which allows for optical initialization into m; = |0). For
the same reasons, the optical transition is significantly brighter when the spin is in the
mg = |0) state. This spin-dependent photoluminescence forms the basis for the optical
detection of the NV spin state, upon which a large part of the field of NV magnetometry

1The number of singlet states has not been determined clearly, with predictions and experiments reporting
between two [8] and three [9], but the actual number can be generally neglected to the purpose of NV mag-
netometry.
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is built [1-3, 12].
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Figure 2.1: Structural, electronic and optical properties of NV centers. (a) Atomic structure of
an NV defect in the diamond lattice. Carbon atoms are represented as dark grey spheres, while
the vacancy (nitrogen atom) is represented as a light gray (red) sphere. (b) Energy level scheme
of an NV center. The zero-field splitting in the ground (excited) state is D = 2.87 GHz (Dgg =
1.4 GHz) at room temperature. The green arrows represent spin-conserving non-resonant optical
excitation with a green laser (515 nm) from the ground states to the phonon sideband (shaded
in purple). The red wiggly arrows indicate decay via spin-conserving optical transitions, while
the black dashed lines indicate non-radiative relaxation paths via inter-system crossing (ISC). The
weight of the lines indicates the relative strength of the transition. (c) Photoemission spectrum of
NV centers. Red line: spectrum of the NV ensemble used for the measurements of Chapter 4-5
and 7, measured with green excitation at 515 nm. Black line: spectrum of reference NV~ center
[13], showing a zero-phonon line (ZPL) at 637 nm and a broad phonon sideband between 650
and 800 nm. The additional luminescence of the NV ensemble compared to the reference NV~ is
attributed to the presence of centers in the netural NV? state.

2.1.3. DETECTING NV CENTERS: CONFOCAL MICROSCOPY

One way of optically addressing single NV centers is with a confocal microscope [14].
A sketch of one of the two confocal microscopes built to perform the experiments in
this thesis is shown in Fig. 2.2a. A green laser beam (wavelength 515 nm) is focused to
a diffraction-limited spot by an objective with high numerical aperture (NA=0.95, typi-
cally). The excited NV center emits photoluminescence (PL), which is collected via the
same objective and separated from the green excitation by a dichroic mirror and optical
filters. The PL is successively focused through a pinhole (diameter 50 um) before be-
ing focused on the sensor of an avalanche photodiode (APD) with < 250 dark counts per
second. The pinhole ensures that only light emitted from a point in a confocal plane can
reach the APD. Blocking the out-of-focus light increases the signal-to-background ratio,
allowing for the detection of single NV centers (Fig. 2.2b).

The second setup built (with a heating sample-stage, used for the experiments of Chap-
ter 7) employs a fiber-coupled Si-PIN photodiode, instead of an APD. The photodiode
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Figure 2.2: Detecting single NV centers with confocal microscopy. a) Sketch of the setup. A laser
(Cobolt 06-MLD 515 nm) emits green light toward a dichroic mirror (DM, cutoff at 607 nm) af-
ter passing through a beam expander composed of two lenses (L). The dichroic mirror reflects
the green light, which reaches a scanning mirror (Thorlabs GVS212/M) and the NV-diamond after
a second beam-expander and a large-NA objective (Olympus MPlanApo 50X, NA=0.95). The NV
centers emit broadband red light that is collected by the same objective and follows the excitation
path backward until the dichroic mirror, where it is transmitted to the APD single-photon counting
module(Excelitas SPCM-AQRH- 13 and successively Laser Components COUNT-NIR-100) after be-
ing filtered (E long-pass) focused through the pinhole (diameter 50 um). (b) Photoluminescence
image of a diamond containing single NV centers, visible as high-PL circular spots.

has a dark current that corresponds to a higher background signal, but also much higher
saturation power, which is well suited to working with ensembles of NVs. No pinhole is
used because the core of the multimode optical fiber (diameter ~ 50 pm) spatially filters
the incoming light in a similar way.

2.2. MAGNETIC FIELD SENSING WITH NV CENTERS

In this section we describe how to sense static and oscillating magnetic fields using NV
centers. We start by expressing the NV center Hamiltonian in a magnetic field in a form
that is useful to the remainder of this thesis (Section 2.2.1). We then discuss the elec-
tron spin resonance (ESR) technique, used to characterize static fields and to probe the
power of the microwave field driving the NV center (Section 2.2.2). Afterwards, we intro-
duce the idea of a rotating reference frame (Section 2.2.3), which introduces the idea that
a circularly-polarized magnetic field of a certain handedness only drives one of the two
NV ground-state transitions. Additionally, analyzing the action of oscillating fields in the
rotating frame makes it easier to understand pulsed measurement schemes, used to in-
duce Rabi oscillations (Section 2.2.4) and perform T; relaxometry (Section 2.2.5). In the
rest of this thesis, we use both kind of measurements to detect and characterize GHz os-
cillating fields. In Section 2.2.6 we show the electronics setup that allows to manipulate
and probe the NV spin state.
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2.2.1. NV CENTER IN A MAGNETIC FIELD
Both ground and excited states are spin triplets with zero-field splitting between |0) and
| + 1) states. In a static magnetic field B, the m; = |—1) and m; = | + 1) are additionally
split because of the Zeeman interaction [15], so that the NV center energy spectrum in
the electronic ground state is determined by the Hamiltonian (in a reference frame with
z along the NV axis)?

H=DS%+yB-S 2.1)

where y = 27 - 28 MHz/mT is the electronic gyromagnetic ratio and § = [Sy, S, S;] are
the Pauli spin operators for a spin-1 system, with

1 01 0 1 0 —-i O 1 0 O
Sx=—4=[1 0 1], Sy=—10[i 0 =if, S,=|0 0 0. (2.2)
V2 01 0 V2 0 i 0 0 0 -1
Substituting these in Eq. 2.1, we obtain the Hamiltonian in matrix form:
D+yB;  J=(Bi—iBy) 0
= | J5(By+1By) 0 J5(Bx—iBy)|. 2.3)
0 J5(Bx+iBy)  D-yB;

A static magnetic field that is oriented exactly along the NV z axis causes a linear shift of
the two ESR frequencies w. = D+ yB,. At the same field, NV centers belonging to differ-
ent families show a different shift (Fig. 2.3a), because they experience a transverse field.
Diagonalizing the Hamiltonian yields its eigenvalues (1;=1,23), from which the ESR fre-
quencies can be determined as w. () = 1; — Ay(3). These frequencies can be experimen-
tally detected by measuring the electron spin resonance (ESR) spectrum (next section).

Let us now rewrite the Hamiltonian in a form that is useful when considering oscillating
fields (Section 2.2.3). Because the | — 1) < | + 1) transition is dipole-forbidden?’, we can
treat the three-level system of Eq. 2.3 as two effective two-level systems (selecting the
upper-left or bottom-right corners of the matrix). The full Hamiltonian can then be re-
written using the spin-1/2 Pauli matrices o = (0x,0,0 24 as

W+ Y
H= =5 U£0)+ = (Brou+ Byoy) (2.4)

where [ is the identity matrix.
2.2.2. ELECTRON SPIN RESONANCE

When performing an NV-based measurement, we usually start by detecting and char-
acterizing the strength and direction of the static field at the NV location. This is done

2We neglect strains and electric fields, which lead to additional terms in the Hamiltonian [3, 16, 17]. We neglect
these effects because they play a minor role for the relatively large magnetic fields considered in this thesis.

3These states are coupled by quadrupolar magnetic fields, dipolar electric fields, and mechanical strain [18—
21].

. (0 1y (0o -y (1 o0
9%x=11 0)Y7li 0)%% |0 -1)
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by determining the electron spin resonance (ESR) transitions of the NV center(s) used
for sensing. Characterizing the ESR transitions is also the first step of any procedure
to probe oscillating fields, because knowing the resonances allows to apply microwave
pulses of the appropriate frequencies. Additionally, the contrast of ESR transitions pro-
vides information regarding the strength of the oscillating field that is resonantly driving
the NV center.

DETECTION OF A STATIC FIELD

Transitions between m = |0) and m; = | + 1) (both in the ground and excited states)
can be induced by a GHz magnetic field that is resonant with an ESR transition w. (we
study this in detail in Section 2.2.3). In the easiest implementation, an ESR experiment
consists of the simultaneous and continuous excitation with light and microwaves®, of
which the frequency is varied, while the emitted photons are collected. When the drive
frequency is resonant with either of the ESR transitions, the NV spin is driven from the
bright |0) into the dark |+) states, such that the NV photoluminesce is reduced. Typical
ESR spectra are shown in Fig. 2.3b-c for single NVs and NV ensembles, respectively.

We perform ESR experiments in order to determine the strength and orientation of a
static magnetic field at the NV location, by inverting Eq. 2.1. The resulting magnetic field
components parallel (B) and perpendicular (B ) to the N-V axis can be written as [23]

V-D+wy-20_YD+w_-2w.)D+w; +w_)

By = , (2.5)
: 3yV3D
V-2D-—w; -w_)2D-w; +20w_)2D—-w_ +2w,)
B, = . (2.6)
* 3yv3D

The angle between the NV axis and the field can thus be calculated as 8 = arctan(B, / By).

The procedure of extracting the field strength and angle is used in Chapter 7 to detect
local magnetic field variations due to the presence of magnetic domains and domain
walls. It is also used to calibrate the magnetic field at the NV location (since we always
apply the bias field with a small permanent magnet) whenever a new sample is mounted
in the setup.

CHARACTERIZATION OF THE OSCILLATING FIELD MAGNITUDE
The width and contrast of each ESR dip in the spectrum are influenced by several param-
eters, which include the power of the optical and microwave excitation and the lifetime
of the energy levels. The contrast C of an ESR dip can be expressed as [24]
2
Bac1

2
Byc, +®

C=GC 2.7)

5ESR can also be measured with a pulsed scheme ("dark ESR") in order to avoid broadening of the transitions
induced by the continuous laser excitation [22].
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Figure 2.3: Electron spin resonance. (a) Magnetic field-evolution of the eight ESR transitions of
an NV ensemble. When the field is oriented exactly along one NV family (red lines), the other three
families are degenerate because they experience the same misaligned field (green lines). (b) ESR
spectrum of a single NV center for B ~4 mT, B; ~5mT. (c) ESR spectrum of an NV ensemble for
a field misaligned with all four NV families. (Bx, By, Bz) = (0.6(1),4.0(1),0.5(1)) mT.

where Cy is the maximum attainable contrast of an ESR transition (roughly 20 — 25% for
single NVs and 2 — 3% for ensembles), Bac is the amplitude of the magnetic field os-
cillating at the ESR frequency, perpendicular to the NV axis, and ® is a parameter that
depends on the optical excitation and relaxation time of the NV spin®. For small mi-
crowave power, when all other parameters are constant, the contrast is a sensitive tool
to characterize variations of the strength of the oscillating field. In Chapters 4 and 5 we
use this property to spatially image the stray field of spin waves. To obtain quantitative
results, we measure Rabi oscillations instead (Section 2.2.4).

2.2.3. DETECTING OSCILLATING FIELDS: THE ROTATING FRAME

In this section we transform the NV Hamiltonian into a rotating frame of reference. This
treatment shows that the two NV ESR transitions are driven by circularly-polarized mag-
netic fields of opposite handedness. Additionally, because it removes the time depen-
dence from the Hamiltonian, it facilitates the understanding of the complex motion of a
spin subject to both a static and an oscillating field .

e define a rotating wavefunction wg, = e*?9z/2y and use the time-dependent Schrédinger’s
We defi tating funct , = etiwtoz/2 d use the time-dependent Schroding
equation

oy
ih— = 2.8
Nor =7V 28)
to obtain 5 s ,
Fi WRJr — . 4 Fi
—alf = e“w“’z”—at* Fiwo,yp, /2= _gjfe“w"’z”wi. (2.9)

6For typical values of the 77 and Tz* relaxation rates and optical power Popt, @ = %F plc where T p o)
is the optically-induced polarization (relaxation) rate [24]. They both depend on s = Popt/Psat as T'p() =

F;‘Ec) (ﬁ), where Pgy¢ is the optical power at saturation of the NV luminescence (i.e. half of the maximum

3 (o0)
attainable PL) and I" e

power Popt, @ = 1013 — 1014 Hz [24].

is the polarization (relaxation) rate at saturation [24]. Depending on the optical
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Rewriting this, we can obtain a new Schrddinger’s equation for the rotating wavefunc-
tion:
o i
ot n
Thus, the new Hamiltonian in the frame that is rotating synchronously with the wave-
function is given by

= —i(e*1019:I2 peF 102 3 5, 12 g, = —— AR, W, . (2.10)

JfRaf — eiiwtazlz(]feiiwmzlz $waz/2. (2.11)

We can now analyze the NV center in a static field (along the z axis) and consider what
happens when we apply an oscillating field in the xy plane. Such transverse field can
generally be elliptically polarized, such that it can be written as sum of two counter-
rotating circular components of amplitude Br and Bg::

Bac :%BR [cos(wt)ox +sin(wr)o | + %BR/ [cos(wn)ox —sin(wt)o ] (2.12)
=% cos(wt)ox(Bgr+ Bg) + % sin(wt)oy(Bg — Bp). (2.13)

We can transform the two-level Hamiltonian (Eq. 2.4) in the rotating frame, using Eq. 2.11

I(l)i _ UZAi
F—

,]f_:_ — eilwtaz/Z%ieﬁwmz/Z ¢w02/2 — + etlwnTZIZ(,},BAC)e?lwmz/Zy (2.14)

where A, = w—wy is the detuning between the NV transition and the drive field. Working
out the matrix products, we obtain
Iw 1 1 oA
H, =—— + —Broy+ —Bp [0y cos2wt) — oy sinwt)] - ZT+ (2.15)

2 V2 V2
H! I“"+1B +IB[ (wt) +0,sin(2 t)]+UZA_
 =——+ —Bpox+—=Br|0xc0swt) +0,sin2w
2 \/z X \/E X hd
For A4, (#'_), when |2w—A.| > By (]2w—A_| > Bg/) we can disregard the terms oscil-
lating at 2w (rotating wave approximation [25])”, such that the spin dynamic in the new
frame is driven by the Bgy component, which appears static in the frame rotating at
+w(-w) (Fig. 2.4).

(2.16)

Importantly, Egs. 2.15-2.16 show that the w+ transitions are driven by circularly-polarized
magnetic fields of opposite handedness. This turns out to be crucial to the detection and

characterization of spin waves of Chapters 4-6, because they generate fields that are cir-

cularly polarized (see Chapter 3 for the derivation of spin-wave stray fields), so that spin

waves propagating to the right (left) drive almost exclusively the |0) < |—1) (|0) < |+ 1))

transition.

Since each transition is driven by a circularly-polarized field of a certain handedness,
a linearly-polarized field (such as that of a wire or a microstrip) drives both transitions
equally, because it can be expressed as the sum of two counter-rotating circular compo-
nents.

"These components only cause minor modifications, known as Bloch-Siegert effects [26, 27], which are only
relevant when the amplitude of the oscillating field is strong compared to its detuning from the ESR transition.
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Figure 2.4: Electron spin in a magnetic field. (a) In the laboratory frame, an electron spin sub-
jected to a static magnetic field precesses around it. (b) When a resonant oscillating field is ap-
plied in the transverse plane, the spin rotates around the vector sum of the two fields, following
a complicated trajectory. (c) In a reference frame rotating at the same frequency of the spin and
transverse field, the trajectory is much simpler: the spin "Rabi" precesses around the transverse
field, which in this frame appears static.

2.2.4. RABI OSCILLATIONS

We see from Eqs. 2.15-2.16 that Bg (Bg) has become static in the rotating frame. As such,
this transverse field drives "Rabi" oscillations [28, 29] with frequency

2, 2.17)

where Qg = yBR(Rr)/\/Z At resonance (i.e. Ay =0), Q = Qppy. To ensure resonance
between the ESR transition and the applied oscillating field, we always perform an ESR
measurement before exciting Rabi oscillations. However, when the Rabi frequency is be-
low ~ 5 MHz, we must take into account that the ESR transition is actually split in two
transitions (separated by ~ 3 MHz) by the nuclear hyperfine interaction of the nitrogen
atoms used to create the NV center by > N implantation [30]. Thus, the field we apply
is detuned from each hyperfine-split transition by ~ 1.5 MHz. This situation occurs in
Chapter 4 (Fig. 4.2).

Measuring Rabi oscillations allows to quantify Bg(g), i.e. the amplitude of the oscillating
field driving NV centers. We can perform a Rabi measurement using the pulsed control
scheme shown in Fig. 2.5a. Microwave bursts of increasing duration rotate the NV spin
between the |0) (high luminescence) and the | + 1) states (Fig. 2.5b). We calculate the
Rabi frequency from the period of the luminescence oscillations.

Knowing the Rabi frequency, we can calibrate the duration of a microwave burst that
would prepare the NV spin in the | — 1) or | + 1) state (known as 7t pulse because, in the
rotating frame, a spin prepared along = z rotates by an angle 7t until —z) by choosing
a pulse length that corresponds to the first minimum in the Rabi oscillation measure-
ment (Fig. 2.5). Similarly, a 7t/2 pulse brings the spin on the xy plane, where the spin
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Figure 2.5: Rabi oscillations measurement. (a) Pulse sequence used to measure Rabi oscillations.
Green laser pulses are used to initialize and read out the NV spin state. A resonant microwave burst
of variable duration T induces Rabi rotations of the NV spin. The emitted photons are counted
during the first 400 ns of the second laser pulse. (b) Typical result of a Rabi oscillation experiment.
As a function of the microwave pulse length, the NV spin state rotates between the |0) (high PL)
and the | + 1) (low PL) states. The signal does not start from 1 because the first pulse has non-zero
duration (~ 40 ns).

is dephased by slow variations of the static field® or, in the case of NV ensembles, local
field variations over the detection volume (i.e. the laser spot with size determined by the
diffraction limit).

We use pulsed control of the NV spin in Chapter 4 in a time-of-flight experiment on spin
waves and in Chapter 6 to characterize the longitudinal relaxation time of the NV spin
(this kind of measurements is known as "relaxometry").

2.2.5. T1 RELAXOMETRY

Measuring Rabi oscillations allows the calibration of the duration of pulses used to de-
terministically prepare the NV spin in any coherent state. Measuring the time evolution
of coherent states enables to characterize the source of the magnetic field responsible
for the system dynamics. Advanced sequences of 7t1/2 and 7t pulses can be used to, e.g.,
selectively lock-in to a magnetic field of a certain frequency while filtering out all other
components [10, 31-37], deterministically enable or disable the influence of a system on
the probe [38-41], and characterize dephasing and decoherence processes [38, 42].

In this thesis, we employ 7t pulses to measure the velocity of spin waves (Chapter 4) and
the longitudinal NV relaxation rate as a result of magnetic-noise-induced decoherence

8Here, fields are "slow" when they are quasi-static, i.e. almost constant during a single measurement but
varying over many repetitions. Some examples are the effective field due to the statistical polarization of the
spins in the NV environment, such as the nuclear spins of the neighbouring '3C atoms, as well as the electron
spins of other substitutional nitrogen atoms [43].
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(Chapter 6). The measurement protocol for the NV relaxation rate simply consists of
preparing the NV spin in one of the three eigenstates and monitoring how long it takes
to relax to the stationary situation (i.e. the NV spending 1/3 of time in each state). We
prepare the spin in |0) by optical pumping. We apply a subsequent 7t pulse on the w.
transition to flip the spin into the | + 1) states. The pulse sequence is shown in Fig. 2.6a.

The NV-spin relaxation dynamics can be described by a rate-equation model, where the
time-evolution of the population P(#) of the three ground states can be expressed as
[23, 44]

dP(1) -T-10+T-141) To-1 L1t
_dt =TP(1) = r—l,O —(1"0,_1 +F0,+1) 1"+1,0 P(t) (2.18)
r_1’+1 1—‘0,+1 _(F+1,0 +l"+1y_1)

where I'; j = I';; is the transition rate between states |i) and |j) and we set ['_1 41 =0
because magnetic field noise does not directly couple these states (see previous section).
The system dynamics is therefore described by only two rates (I'g—; :=T'— and Iy 41 :=
I):

T T 0
r=(r. -a@_+ry T, |. (2.19)
0 T, -T,

Fig. 2.6b shows a typical relaxation measurements of the three spin states in a system
where I'_ # I',. Measuring the time-relaxation of the three states and fitting the data to
the model (Eq.2.20) allows to extract the two relaxation rates I'...
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Figure 2.6: Relaxation measurement. (a) Pulse sequence for a relaxometry measurement. A green
laser pulse prepares the NV spin in the |0) state. A 7 pulse (on either transition) can prepare the
NV spin in the +1 states. After a waiting time 7, the spin state is read out during the first 400 ns of a
laser pulse. (b) Typical NV relaxation measurement of the three states. In this case, the relaxation
rate I'_ is much larger than I'; (data from Chapter 6).

The relaxation rates can be expressed in term of field-field correlators’. We start from

9In this thesis we only consider magnetic noise generated by the fluctuations of the magnetic field of thermally-
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Eq. 2.4, considering a static field along the NV z axis and a resonant field oscillating in
the xy plane. Using linear perturbation theory, the relaxation rates are given by [23, 46—
49]

YZ +o00 X
Iy=" f dte’+! (B, (1) Bz (0)). (2.20)

where (...) indicates ensemble averaging over the realizations of the field fluctuations.

In Chapter 3 we derive the NV relaxation rates caused by thermally-excited incoherent
magnons, which generate magnetic fluctuations at the w.. ESR frequencies and result in
a large increase of the NV relaxation rates.

2.2.6. CONTROLLING NV CENTERS: SETUP ELECTRONICS

The oscillating magnetic field used to induce NV spin transitions in the ground state
is generated inductively, throughout this thesis, by current running through a wire (i.e.
a bonding wire pushed close to the sample, as in Chapters 4, 6, 7) and/or a Ti/Au mi-
crostrip fabricated on a magnetic substrate (as in Chapters 4 and 5). This microwave cur-
rent is generated by two microwave sources and amplified, if necessary. A programmable
pulse generator controls the timing of such microwave bursts, of the laser excitation, and
of the readout window. Additionally, the pulse generator triggers the data acquisition by
the data-acquisition card (DAQ). Fig. 2.7 shows the electronic elements and connections
of the setup.

excited spin waves. In magnetic systems, these fluctuations are typically much larger than other components.
In non-magnetic systems, the dominating noise source can be electronic transport [45].
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Figure 2.7: Sketch of the electronic setup. The whole electronic setup is controlled via a computer
(top left corner), that communicates with a National Instrument data-acquisition (DAQ) card (NI
PCle-6343). This card supplies DC voltages to control the scanning mirror (SM), the in-plane sam-
ple position and the piezo-actuated stage (PIFOC Piezo X-drive) that controls the distance between
the objective (OBJ) and the sample. Additionally, the DAQ card is used to count the pulses gener-
ated by the avalanche photodetector (APD) when a photon is collected. Before reaching the DAQ
card, such pulses pass through a pull-up resistor (G, for "gate"). When the "counter gate" output
of the pulse generator (PG, PulseBlasterESR-PRO-500) is low (high) the APD pulses (don't) reach
the counter on the DAQ card. Additionally, the PG generates pulses to trigger data acquisition (the
DAQ card stores counts until a new trigger is received), and controls the laser and two microwave
sources (MW1 and MW2, both Rohde & Schwarz SGS100A). The signal from MW]1 typically reaches
a microstrip on the sample, while the one from MW2 reaches a bonding wire after being ampli-
fied by a high-power broadband amplifier (AR 30 W 1-6 GHz). After reaching the sample, each
microwave channel is terminated with a 50 Q-impedance attenuator and terminator.
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SPIN-WAVE THEORY

Spin waves are collective excitations of spins in magnetic materials. In this chapter we
derive expressions that are useful and recurrent in Chapters 4-6. We start by calculating
the dipolar field of a planar magnetization (Section 3.1), which we need in the follow-
ing sections. Starting from the Landau-Lifshits-Gilbert (LLG) equation, in Section 3.2 we
derive the spin-wave susceptibility, and from that the spin-wave dispersion. We then ex-
amine which spin-wave modes are efficiently excited inductively (Section 3.3), calculate
the stray fields that spin waves generate (Section 3.4) and finally show how these fields can
be detected using NV magnetometry (Section 3.5) via measuring Rabi oscillations and T}
relaxometry. Importantly, from the last three sections stem equations regarding the cou-
pling of the stray field of a microstrip with the spin waves, and of the spin-wave stray field
with NV centers.
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3.1. STRAY FIELD OF A PLANAR MAGNETIZATION

In this section we calculate the dipolar stray field generated by a planar magnetization.
This result is needed in Sections 3.2 and 3.4, where we derive the spin-wave dispersion
and the stray field of a spin wave, respectively.

The magnetic field of a single magnetic dipole m, located at the origin, is given by
B(r) = pol' (r)m, 3.1

where I'(r) is the dipolar tensor, given by

2x2—y? - 72 3xy 3xz
)= yPwE 3xy 2y —x? - 22 3yz . (3.2)
e 3xz 3yz 27% —x* - y?

For a magnetization M(r), the stray field is given by
B(r) = g f dr'T(r-r M), (3.3)

where the components of the dipolar tensor I'(r — ') are derivatives of the Coulomb’s

kernel
0

1
Tapr—1)= — >
ap(r=1) da 0B 4nlr—v'|

with @, B = x, ¥, z. (3.4)
Later on, we analyze spin waves (in thin films) that are characterized by their wavevector.

Thus, it is convenient here to remove the convolution in Eq. 3.3 by taking the 2D Fourier
transform in the film plane (yz)"

B(k, x) = 1o f dx'T(k, x — M (k,x), (3.5)

where k = k,y + k;Zis in the film plane. Using [1, 2]

1
2 _ /
4xlr—v| =0r-r) (3.6)
and the identity [1-3]
1 dk _ o iin—p
= =2nf—k e~ kIx=x1 pik(p=p) (3.7)

where k and p = yy + zZ are in the infinite yz plane, we obtain the Fourier transform of
Eq.3.4

X e M=l _28(x - x') fora=p=x,
Toplk,x—x') = > —e’k“"x:' k“—kkﬁ fora,f=1y,z, (3.8
—e M =Xlsion(x — x')ik, fora=y,zandB=x.

1\We are considering a thin film with infinite lateral dimensions.
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Because we consider thin films, we assume that the magnetization M = mM; does not
vary across the film thickness?: m(k,x’) = m(k). We can now integrate Eq. 3.5 over the
film thickness ¢, where the only x"-dependent components are the I'yg, so that the dipo-
lar field at x is

0 —
Bk, x) = ungf dxT(k, x — x')m(k) = poM,I'(k, x)m(k), (3.9
—t

where (...) indicates spatial averaging over the film thickness. Carrying out the integra-
tion for r > ¥’ (i.e. above the film)? results in

_ 0 1 -1 ising icos¢p
I‘(k,x):/ dx’r(k,x—x’)zEe*’“m—e*’“) ising  sin?¢p  singcosp |, (3.10)
-t icos¢p singcos¢p  cos’P

where we expressed k in terms of its polar coordinates k and ¢ (¢p = 0 corresponds to the
zZ axis).

Below the magnetic film, sign(x—x') in Eq. 3.8 changes sign, so that T xy» Lyx Txzo T zx also
change sign. It will become clear in Section 3.4 that this result is important to understand
the chirality of NV-based detection of spin waves with ¢ = +7/2.

3.2. SPIN-WAVE DISPERSION

The relation between the frequency of an excitation and its wavelength is known as dis-
persion. The gradient of the dispersion, called group velocity, denotes the direction
in which energy is transported in the system. In this section we derive the transverse
dynamic susceptibility of a thin magnetic film from the Landau-Lifshitz-Gilbert (LLG)
equation. From the susceptibility, we find expressions for the spin-wave dispersion and
damping. The LLG equation phenomenologically describes the damped motion of the
magnetization in an effective magnetic field, composed of several contributions, such as
the Zeeman, exchange, and dipolar interactions. In Section 3.3 we use the spin-wave sus-
ceptibility to calculate the magnetization excited inductively by a microwave stripline.

3.2.1. MAGNETIZATION DYNAMICS: LANDAU-LIFSHITZ-GILBERT EQUATIONS
We consider an external static magnetic field By applied along z (By = Bpz) (Fig. 3.1),
which forces the static magnetization parallel to z*°. The magnetization evolves in time

2This assumption is valid in the limit k¢ <« 1, where ¢ is the film thickness, which is the case for the magneti-
zation profiles in this thesis.

—klx—x’\ :fot kt

, e
3For x> x', we use [0, dx'e dx/ek¥X ek = gmkxlze "

4We disregard the crystalline anisotropy, because it is small for the magnets considered in this thesis (Ni, YIG)
[4].

5In the experiments of Chapters 4-5, the static field is applied along the axis of one NV center family, which
forms a ~ 35° angle with the z axis. However, the fields we apply in spin-wave experiments are always smaller
than ~ 30 mT, such that the out-of-plane component is smaller than ~ 17.3 mT. Since the saturation mag-
netization of YIG is 178 mT at room temperature, the static magnetization tilts out-of-plane by less than
atan(17.3/178) ~ 5.6°. In Chapter 6, the system considered is nickel, whose saturation magnetization is ~5
times higher, but we also apply fields up to ~ 60 mT. We treat the case of a tilted magnetization is Section 3.2.3.
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S 4

y

Figure 3.1: Geometry of the system. A thin film in the yz plane is magnetized along z by the static
magnetic field Bp. Spin waves propagate with wavevector k at angle ¢ from M.

following the Landau-Lifshitz-Gilbert (LLG) equation [5]:

dm dm
qp = TYmxBepp —a- o xm, (3.11)
where «a is the Gilbert damping parameter (we study changes of @ due to increased
damping in Chapter 5) and B is the effective magnetic field (including both static and
dynamic contributions). The first term after the equal sign in Eq. 3.11 induces the pre-
cession of m around Begf (Fig. 3.2). The second term induces a rotation of m toward Beg,
with rate given by a, and is therefore a damping term. Here, B¢ is the sum of the exter-
nal fields and the effective fields due to dipolar and exchange contributions (both static
and oscillating):
Beft = Bo + Bac + Bdem + Bex (3.12)

where Bjc is an external oscillating field used to excite spin waves, Bgepy, is the demag-
netizing (i.e. dipolar) field and B¢y the exchange field. We evaluate each contribution in
the following sections.

ZEEMAN INTERACTION
The Zeeman energy associated with the external magnetic field is

FZ=—M'B0=MSm~B0. (3.13)

Defining wp = y By, the Zeeman contribution to the effective field is

By, =25, (3.14)
Y

)

EXCHANGE INTERACTION
The exchange interaction is short-ranged (i.e. few nanometers) and, in a magnet with
negligible anisotropy constants such as YIG [4], the exchange energy density can be con-
sidered isotropic:
D om;(r) )2
Fex(r) = — . 3.15
ex() = 3 > ( 5 (3.15)

i,j=x,5,2
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Bt -Mx B

Figure 3.2: Time evolution of the magnetization according to the LLG equation. The magnetiza-
tion M precesses around the effective field B¢ (which is static, in this sketch). The damping term
forces M towards Begs.

where D is the exchange constant. Its Fourier transform over the in-plane coordinates
¥, z1is

D om;(k, x) )2
Fex(k,x) = —k°D mz(k,x)+m§(k,x)] +—= Y (L) , (3.16)
Y 2 . 5 0x
where k is the spin-wavevector (in the yz plane). For a constant magnetization over the
film thickness, the last term vanishes. Thus, the exchange energy contributes an effective
field with Cartesian components:

1 OF  wex

Bex,i = ~ M. amn —Tkzmi(k,x), (3.17)

where we defined wex = YD/ Mj

DIPOLAR INTERACTION

The dipolar interaction is long ranged and strongly anisotropic, unlike the short-ranged,
isotropic exchange interaction. Therefore, the dipolar contribution leads to an anisotropic
spin-wave dispersion at long wavelengths: spin waves propagating perpendicularly to
the static magnetization generate a larger stray (i.e. dipolar) field than those propagat-
ing parallel to it, which costs energy.

We use the results of Section 3.1 to calculate the demagnetizing field
Bgem (1) = o Ms f [(r—r)m()dr’, (3.18)
which can be seen as the field felt by a spin, due to the dipolar field of all the other spins

in the system.
In k-space, after averaging over the film thickness, from Eq. 3.9 we obtain

0
Edem(k) = ,LLOMS%/ dxI'(k, x)m(k) = ,uOMsf(k)m(k), (3.19)
—t




40 3. SPIN-WAVE THEORY

where (...) indicates averaging over the thickness. Using Eq. 3.8 and

100 e 2 l—e ¥ 2
;f_tf_[dx dxe = %(1— o )_Ef(kt)' (3.20)
1[0 0 /
;[ f dx'dxsign(x — x")e F**1 =g, (3.21)
—tJ—t
1 0 rO
- f f dx'dx6(x—x") =1, (3.22)
tJ-tJ-t
we arrive at
B flkn—-1 P 0 . ko (o
Biem®) = poMs| 0 = [ty —=fkn || mydo |, (3.23)
- _12
0 l;cyzkz f(kt) k];z f(kt) mz(k)
which can be re-written as
f-1 0 0 my (k)
Baem (&) = o M| 0 —fsin?¢  —fsingcose || m,K) |, (3.24)
0 —fsingcos¢p  —fcos’¢p m (k)

where ¢ is the in-plane angle between m and k. Thus, the dipolar contribution to the
effective field in the LLG equations (Eq. 3.12) reads

Wdem

Bdem (k) = T(km(k), (3.25)

where we defined
Wdem =Y HoMs. (3.26)

3.2.2. SPIN-WAVE DISPERSION AND SUSCEPTIBILITY
Having evaluated the contributions to Beg, we can now calculate the spin-wave disper-
sion. To do so, we Fourier-transform the LLG equation (Eq. 3.11) into the frequency do-

main, and linearize it by assuming that m, = /1 - m2 - m?, = 1, yielding

—iwmy = =Y (Beff,z My — Bet,y) + iawmy, (3.27)
—iwmy = =y (Beff,x — Beff,; Mx) — iawmy. (3.28)

Using Eq. 3.12 and I'y, =T’y = 0 (from Eq. (3.24)) we obtain

Y Bett x = Odem (f — 1) My — Wexk® My +YBac,x» (3.29)
Y Beft,y = _wdemeinz ¢my — wexk2 My +YBac,y (3.30)
Y Bettz = WB. (3.31)
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Defining
Wy = WB + Wexk?, (3.32)
w2 = Wo + Wdem (1 — f), (3.33)
W3 = W0+ Wdem [ sin? o, (3.34)

we obtain Eqns. (3.27-3.28) in matrix form:

» . B
wz_i;aa) . ia) ) (mx) _ Y(BAC,x)' (3.35)
3 —1aw le AC,y

Inverting Eq. (3.35) gives the susceptibility tensor

(3.36)

X Y (w;;—iaw —iw )

T (w2 - iaw) (w3 — iaw) — w? iw w2 —iaw
The matrix elements of the susceptibility tensor describe the response of the magneti-
zation to a transverse magnetic drive field. The prefactor, with a Lorentzian-like form,
peaks at a (k- and ¢p-dependent) resonance frequency, and has a width that is governed
by a@. We can find the spin-wave dispersion by solving

A =0 — (s —iaw)(ws; —iaw) =0, (3.37)

with solutions

. Wt w3 +\/4w2w3—a2(w2 + w3)?

+ 3.38
2(1+a?) 4(1+a?) ( )
The real (imaginary) part of this equation gives the dispersion wg,, (linewidth Awyg,,)
Wsy =/ WorW3, (3.39)
w2 + w3
Awgy ~a 5 (3.40)

where we neglected the a? terms, since usually a < 0.01. The ellipticity of the magneti-
Xax

zation precession is given by
)
~ = (3.41)
Xyx w2

Interestingly, the dispersion of spin waves is strongly anisotropic due to the ¢-dependence
of w3 (Fig. 3.3). We can consider three important cases:

e The mode with k = 0 is spatially uniform, and known as ferromagnetic resonance
(FMR). Its frequency follows from Eq. 3.39, and is given by®

Wsw =V WB(WE +®dem) =Y/ Bo(Bo + po M), (3.42)

which is known as Kittel’s law [6].

A typical way of studying this mode is with microwave absorption measurements,
such as cavity- or broadband-FMR, which often aim at characterizing the width
of the absorption dip to extract the saturation magnetization and (changes in) the
Gilbert damping parameter (see Chapter 4 for an example of such measurements).

8For k=0, f—0,sothat wy — wp +wWgem and w3z — wp.
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* Spin-waves propagating parallel to the magnetization (¢ = 0; 7) are known as backward-
volume spin waves (BVSW), because of the negative group velocity at small k.
Their dispersion reads

s = \/00lwo + Wgem(1 - £, (3.43)
and is plotted in Fig. 3.3b (red line).

* Spin waves propagating perpendicular to the magnetization (¢ = +7/2) are known
as Damon-Eshbach spin waves (DESW) [7, 8], surface spin waves, and often de-
scribed with the adjective "chiral" (blue line in Fig. 3.3b). The reasons for these
names are historical: the article in Ref. [7], by Eshbach and Damon, is the first
to identify and study these modes that are confined to the surface in YIG crystals
of macroscopic dimensions. However, the vertical confinement of these modes
is on the order of the spin-wavelength (they decay exponentially with depth), so
that in films thinner than ~ 1 pum, this confinement is effectively negligible for
micron-sized spin waves. The "chiral" aspect will become clear in this chapter
(Sections 3.4-3.5). Their dispersion reads

s = /100 + fogeml @ + (1 = Noger]. (3.44)

In the rest of this thesis, we use "BV" and "DE" to indicate the propagation direction of
the spin waves with respect to the static magnetization.

a b
2 Inductive excitation range
3.5
. __ 4
E 3 T T
= g C)
© > >
~ 0 2 2
2 258 g3
% =3 >
R [on o
< g g
N N
2
-2 Il 1 1
-2 0 2 0 1 2 3
k, (x10rad/m) wave-vector k (x10”rad/m)

Figure 3.3: Spin-wave dispersion. (a) 2D spin-wave dispersion for By = 30 mT. The frequency of
a spin wave strongly depends on it propagation angle (¢) with respect to the static magnetization
(M). For backward-volume spin waves (along the dashed red line), the frequency decreases with
increasing wavevector (the dispersion slope corresponds to the group velocity, from which the
name "backward"). For Damon-Eshbach spin waves (dashed blue line), the group velocity is al-
ways positive. (b) Linecuts of (a), corresponding to the DE (blue line) and BV (red line) spin waves.
The shaded orange area indicates which wave-vector values are easily excited inductively.
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INTRINSIC HANDEDNESS OF THE MAGNETIZATION PRECESSION

A single, isolated magnetic moment precesses around the static field always with a par-
ticular handedness, performing a circular motion with direction governed by the first
cross-product in the LLG equation (Eq. 3.11). In a magnet, however, a spin also feels
the field generated by its neighbours (demagnetizing field). As a result, the precessional
motion becomes elliptical, as described by Eq. 4.15. However, this motion retains the
same preferential handedness. It is important to keep this in mind before deriving the
spin-wave excitation efficiency by a microstrip (Section 3.3). In that section we shall
find out that such phenomenon has a momentum-locking character that, together with
this preferential handedness of the magnetization precession, results in very spatially-
asymmetric spin-wave excitation.

We can see this preferred precession handedness of the magnetization by disregarding
the terms with a and the dipolar terms in w, and ws’, so that both are equal to wyp, and
the dispersion w ~ wy. From Eq. 3.36 we obtain

my Byxwo — iBywy

= . 3.45
my  iBxwo+ Bywg ( )

Clearly, my = imy: the precession is right-circularly polarized. Considering the dipolar
terms we just disregarded, the polarization becomes right-handed elliptical (i.e. the out-
of-plane component m, is smaller than m,), which can be seen as linear superposition
of right- and left-circularly polarized fields, of which the right- component is larger. We
see in Section 3.3 why this is important.

3.2.3. STATIC FIELD WITH AN OUT-OF-PLANE COMPONENT

So far we considered By and M along z. We now generalize these results to the case of a
magnetic field applied with out-of-plane angle 85 (from the z axis), which lifts the mag-
netization out of plane by 6. In this case, it is convenient to consider the system in the
magnet frame, i.e. with z’ rotated out-of-plane from z around y by 0 (Fig. 3.4).

The changes to the results of the previous section are to the Zeeman and the dipolar
contributions. The former becomes [3]

Boz= 28— Y8 cos(65-0). (3.46)
Y oy

The demagnetizing field can be obtained applying a rotation matrix
cosf 0 —sinf

RO)=| O 1 0 (3.47)
sin@ 0 cos@

such that m’ = R@@)m and m = RT (9)m’.

7 At very large k, this is a good approximation.
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Figure 3.4: System geometry for a magnetic field along the NV axis. A magnetic field applied at
an out-of-plane angle 6 = 6 yy tilts the magnetization out of plane by a smaller angle 6.

The rotated form of the dipolar tensor I" = RTR” reads

(f—1)cos?0 — fsin?Ocos’>¢  fsinfOsingpcos¢p  sinfcosO(f — 1+ fcos® )
fsinfsin¢cos¢ —fsin?¢ —fcosOsin¢gcos¢ .
sinfcosO(f —1+ fcos?¢p)  —fcosBsingpcosp (f —1)sin?6 — fcos? 6 cos? ¢
(3.48)
This modifies Eqns. 3.29 into

YBegi ¢ = Odem { [(f = 1) cos? 8 — fsin? O cos® | m, + fsind sin(/)cos¢>m3,} — Wexk* M, +YBac,x',

(3.49)
YBigr,y = Odem [f sin@sin¢cospm’, — fsin’ ¢m’y] — wexk? m', +yYByc,y, (3.50)
YBlg; , = 0 cos(0p — 6) — wgem sin® 6, 3.51)

where the last term in Eq. 3.51 is I, (k = 0), since m,, is spatially homogeneous. The LLG
equations in matrix form then read

) _ . ! ,
((1)2 za.w w1 + tw) (mf) _ (BAC,x ), (3.52)
—w1—iw w3-iaw)\m, Buc,y
with

wo =wpcos(@p—0) +wexk2 — Wdem sin®6, (3.53)
W] =Wdem f SinOsing cos o, (3.54)
W2 =W + Wgem [(1— ) cos? O + fsin® O cos® P)], (3.55)
W3 =W + Wdem f sin? o. (3.56)

The susceptibility then reads
Y w3—iaw -w)+iw (3.57)

(w2 —iaw) (w3 — iaw) - w} - w? -1~ i ©2-iew
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and, disregarding the terms with «, the dispersion is given by

Wsw =\ W23 — W3, (3.58)

while the linewidth is unchanged.

3.3. SPIN-WAVE EXCITATION

Spin waves can be excited using several methods, such as thermally [9-11], by light
pulses [12], mechanically via magnetoelastic coupling [13, 14], by spin pumping via the
spin-Hall effect [15, 16] or FMR-driving [17], via spin-orbit [18] and spin-transfer torques
[19, 20], and inductively [21-25]. In this thesis we always use the last method because 1)
we already have the necessary circuit elements, which we use to drive NV centers and 2)
it allows to drive spin-waves that are coherent and monochromatic®.

In the next section we show how certain magnetization patterns and dynamics are ex-
cited using the monochromatic microwave field from a microwave stripline. We shall
find out that only spin waves with specific values of k can be excited, and that the exci-
tation efficiency depends on the direction and handedness/chirality of the modes.

3.3.1. INDUCTIVE EXCITATION OF SPIN-WAVES

We saw previously that the precession of the magnetization around its equilibrium po-
sition possesses a certain intrinsic handedness. In this section we shall find out that a
microstrip stray field is also circularly-polarized with handedness that depends on the
wave-vector k. The combined result of these two phenomena is a strong spatial asym-
metry in the spin-wave excitation.

In this thesis we use current-carrying circuit elements to generate an oscillating mag-
netic field B that excites oscillations of the magnetization M?

M() = ui f dr'y(r,r)B@). (3.59)
0

We can remove the convolution in the yz plane with a 2D Fourier transform that yields,
in the mixed position and momentum space

1 0
M(x, k, ) = — f dX'y (x, ', k, w)B(x', k,w), (3.60)
Hol J-t
where y is the magnetic susceptibility tensor from Eq. 3.36.

We start from the stray field generated by a current distribution J, using Ampere’s law [1]

o /
B(r) = i‘—; f drjryx —L_—Hoyg, f ar I 3.61)

r—r'|3  4n r—r'|’

8The range of k excited depends on the spin-wave linewidth, since the signal generated by the microwave
source is extremely narrow (i.e. ~ kHz width for a GHz signal).
9Strictly speaking, in Eq. 3.59-3.60 B should be substituted by p1oH. However, we use B for simplicity.
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where p is the magnetic permeability of vacuum. Because V-B = 0, B can be written as
the curl of a vector potential A:

B(r) =V x A(r). (3.62)
From Eq. 3.61 we get
/ iklr—r'|
Alr,0) = i‘—o f dr’%, (3.63)
7T r-r

where k = w/c = \/k2+ kJZ, + k2 with ¢ the speed of light. We consider a microstrip of

width w, length L and thickness i with current flowing parallel to z, thus A = AZ, so that
B,=0.

Eq. 3.62 then becomes
(Bx,By) = (0A;/0y,0A;/0x). (3.64)

Substituting the Weyl identitity'® and carrying out the differentiation and integration,
we obtain the Fourier components of the stray field in reciprocal space [28]:

—ikyx eik"h—l e—ikzz

. . wy . L
Bx(y)(x,ky,kz):Zzuo](w)k—mesm(ky?)sm(kzz) .

, (3.65)

where z = 0 is located at the center of the microstrip. At the few-GHz frequency we con-
sider in the experiments, k = w/c < 100 rad/m, while typical spin-wavevectors for our

experiments are 10° — 107 rad/m, so that ky = \/k2 - k§—kz— l\/kJZ, + k2 = ix. Thus,

] e—Kh -1 . wy | I e—ikzz
B, (x, ky, ky)=— 21,“0/((0)6“7 sin (kyz) sm(kzi) P (3.66)
e¥h_1 wy ] e-ikez
By (x,ky, kz) :2“0](w)e1<x1(—ky sin (ky?) sm(kZE) X (3.67)

These expressions for the field of a microstrip are useful for further calculations and offer
the following insights:

¢ Only certain values of the spin-wavevector can be excited with a microstrip.

Specifically, when an integer number of wavelengths fits under the microstrip width
(k= n-2n/w), the excitation efficiency vanishes. A wire that is very long in a cer-
tain direction (z in all experiments) can efficiently excite only large wavenumbers
(i.e. with wavelength ~larger than the length) in the same direction. Similarly, it
is less efficient to excite spin waves with wavelength below 1 um with strips that
are wider than a micrometer (Fig. 3.5). This difficulty in exciting nanometer-sized
spin waves is a drawback of inductive spin-wave excitation.

¢ The polarization of the microstrip field depends on the value of k. Because By =
—iByk,/x (from Egs. 3.66-3.67), we can identify two interesting situations:

oIk =a2+(y=y2 + (=22

\/(x—x’)2+(y—y’]2+[z—z’)2

ikxlx—x'|+iky(y-y)+ikz(z—2)

10The Weyl identity is [26, 27] o

= o [dkydk. ¢
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Figure 3.5: Effect of the microstrip shape on the stray field. A microstrip of length L = 100 pm
(along z) and width w =5 pum (along y) can excite spin waves with large ky (red line) and small k,
(green line).

— When |k;| > |ky| (BV waves), |Bx| < | By, so that the field is linearly polarized
along y.

— When |ky| > |k;| (DE waves), By — —isign(k,)B, represents a circularly po-
larized field!! with opposite handedness for +k, (Fig. 3.6a): Even though the
stripline field is linearly polarized at each location, its right-circular (left-
circular) component couples only to modes propagating with wavevector
+ky (—ky).

* Spin waves are preferentially excited in certain directions, i.e. their amplitude de-
pends on k. For |ky| > | k.| we have

- For +ky, from By, = iBy and Eq. 3.36 follows that my, = im,/n, where n =
|my|/Imy| has been defined in Section 3.2.2, and'?

my = Bywz(1+1). (3.68)
- For —ky, from B), = —iBy follows that m, = —im,/n, with
my = Byw(1-1). (3.69)

Thus, we see from Eq. 3.68-3.69 that the spin-wave amplitude is strongly asymmet-
ric: spin waves with circular precession (i.e. 77 = 1) are exclusively excited with +ky,

B
11Using Jones matrices [29], we can write an oscillating field as B = ( B exi¢p)~ A field for which By = +iBy
y

1

1
+i) = (e vin /2), such that By trails (leads) By by 7/2: the field is right-circularly

can be written as B = By (

(left-circularly) polarized.
12Here we are again disregarding the terms in « in Eq. 3.36.
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thus propagating along +y. As the precession becomes more elliptical, the left-
propagating spin waves are also excited, but with very low efficiency. This strongly
asymmetric excitation of DE waves by a microstrip can be seen in Chapters 4-5.

a +kz b X
s T
‘ ¥ \ /. microstrip
A/ NA O O O _k magnet *k, O O O y
<>
-k,

Figure 3.6: Chiral inductive excitation of DESW by a microstrip field. (a) For k = +k;, the mi-
crostrip field (black arrows) is linearly polarized along y. For k = +ky(—ky), the field is right(left)-
circularly polarized in the xy plane. (b) The right(left)-propagating spin waves (in red) are excited
with large (small) amplitude.

From the susceptibility (Eq. 3.36) and the microstrip field (Egs. 3.66-3.67), we can cal-
culate the dynamic magnetization in k—space using Eq. 3.60, and Fourier-transforming
back into real space yields

Mi(p, 1) = # f f dke™ P~ . (5,10, (3.70)

where p = (¥, 2).

3.4. STRAY FIELD OF A SPIN WAVE

We can now derive the stray field of a spin wave of in-plane wavevector k and frequency
w/2m from Egs. 3.9-3.10:

Bu,x(x,K) =“°TMse"“x(1 —e ) (= my (W) + isingm, (1), 3.71)
Biuw,y(x,K) =“°TMse—km —e ) (isingmy (k) +sin® pmy (K), (3.72)
B,z (x,k) =“°TMse"”(1 — e ) (i cospmy (k) +sinpcos pmy, (k) , (3.73)

where again sin¢ = ky/k and cos¢ = k;/k, so that By, = —i(ky/k)Bsw,x and Bgy,; =
—i(k;/k)Bsuw,x-

Because we use NV centers to study spin waves via their stray fields, these results are
central to this thesis. Let’s examine a few interesting cases:

 For ¢ = 0(m) (BV geometry), Bsy,y = 0 and Bgy,; = —(+)iBsy,x. In the xy plane,
however, this field is linearly polarized.
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¢ In the DE geometry the situation is dramatically different.
For ¢ = +7/2 the spin waves propagate with +k,, therefore m,, = im,/n (from Sec-
tion 3.3) and B,y = —iBsy,x. This field is circularly polarized in the xy plane, with
handedness opposite to that of the microstrip stray field, which excited the spin-
waves along +k in the first place (Egs. 3.66-3.67).

* For ¢p = —m/2, Bsy,y = +iBsy,x. Because these modes propagate toward -k, they
are characterized by my, = —im,/7. Using this relation, we see that both By, x and
Bsw,y vanish (remembering that the formula for the stray fields holds above the
magnetic film, while below the film the terms containing i change sign, see Sec-
tion. 3.1).

Let’s summarize the importance of these results (Fig. 3.7):

* The right-propagating DE spin waves (+k,) generate a stray field above the mag-
netic film that is left-circularly polarized. If there was an ensemble of NV centers
above the film, with axes parallel to the magnetic z axis, the spin-wave field would
have the correct handedness to drive the 0 < —1 NV transition of those NVs on
the right of the microstrip, and would not drive the 0 — +1 transition. However,
there is usually an angle between the two axes, so that the field drives the 0 — +1
transition as well.

» The left-propagating spin waves are not efficiently excited and generate a left-
circularly polarized stray field below the film. Above the film, the field is zero for
1 =1, and non-zero for smaller ellipticity, but with opposite handedness, such that
it can drive the 0 — +1 NV transition.

* BVwaves generate a field in the xz plane. Its projection onto the xy plane (relevant
to NV driving) is a linear field (for any out-of-plane angle between the NV and the
magnet), which drives both transitions with equal efficiency.

3.5. SPIN-WAVE DETECTION WITH NV MAGNETOMETRY

In this section we derive the effect of the stray field of coherent (Section 3.5.1) and ther-
mal (Section 3.5.2) spin waves on the NV center spin state.

3.5.1. DETECTING COHERENT SPIN WAVES: RABI FREQUENCY ENHANCE-

MENT
In Chapter 4 we measure the NV Rabi frequency induced by the stray field of spin waves
to image them and ultimately extract the amplitude of the spin-wave oscillations. In
Chapter 5 we detect a change in spin-wave damping by measuring the spatial variations
of the Rabi frequency. In this section we derive the Rabi frequency induced by the spin-
wave stray field.
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a Backward-volume b Damon-Eshbach

%X O
microstri
- y

’ C _-ky magnet +ky O ‘

Figure 3.7: Momentum-locked spin-wave handedness. (a) Backward-volume spin waves (red ar-
rows) generate fields that are circularly-polarized in the xz plane (black arrows). In the xy plane,
the field is linearly polarized (green arrow). (b) Damon-Eshbach spin waves (red arrows) are ex-
cited with different amplitudes on the two sides of the stripline. The field they generate (black
arrows) is circularly-polarized in the xy plane, with handedness opposite to that of the spin pre-
cession. Right-propagating spin waves generate a large left-circular field above the magnetic film.
Conversely, left-propagating spin waves (less efficiently excited) generate a left-circular field below
the film. If we consider spin waves with an elliptical precession (i.e. 7 < 1), a small field component
is present also below (above) the film, on the right (left) side, that has the opposite handedness of
the component above (below).

We know from 2.17 that the w. transition is driven by a resonant magnetic field that is
circularly polarized in the plane perpendicular to the NV axis, inducing Rabi rotations
with frequency Qﬁ =v|Bx FiByl/ V2. We can use the results of the previous section for
the spin-wave field, but we need to transform them into the NV reference frame (rotated
by Oy from z toward x about y). To do so, we use the rotation matrix of Eq. 3.47 to
obtain the B; component in the NV frame:

IBYY| = |BycosOny — B;sinfyy +iB,|. (3.74)

For spin waves propagating along +ky, we obtain

\/n +sin?
sw y|

where B, = uoMge **(1 - e~*)/2.

Qp= \/(cos Onv £ sing)? +sin? Oy cos? ¢, (3.75)

We see that, for BVSWs (¢ = 0,7), Q;—; = |B?wmyn/\/§|, so that w. are driven equally.
Moreover, when the waves are very elliptical'® (small 1) the spin-wave driving of the NV
transitions decreases correspondingly.

For¢p=m/2, Q; = IB?w my| Vn?+1|cosOyy + 11/v2. As previously introduced, for Oy =
0, the spin-wave field is circularly polarized in the NV-xy axis and only drives w™.

13 At large wavelengths, the out-of-plane component is much smaller than the in-plane one [28].
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In Chapter 4 we build on this model, considering the additional stray field components
of a microwave stripline and of a bonding wire, used as antenna, to extract the preces-
sion amplitude of DE spin waves from experiments. In Chapter 5 we monitor the spatial
decay of the Rabi frequency to characterize the spin-wave damping induced by metallic
electrodes.

3.5.2. MAGNETIC NOISE GENERATED BY THERMALLY-EXCITED SPIN WAVES
Even in absence of direct driving, incoherent spin waves are thermally excited because
of the finite temperature. Such spin waves generate fluctuating magnetic fields that act
as noise and can induce relaxation of the NV spin states. In Chapter 6, we probe these
magnetic fluctuations in a nickel thin film using NV relaxometry. In this section we de-
rive the magnetic field noise generated by these thermal spin-waves, and calculate the
NV relaxation rates they induce.

The system considered is a thin magnetic film in the yz plane. A single NV center is
located at distance d above the film, with axis oriented in the xz plane at an angle 6y
from z. A static field is applied along the NV axis, which lifts the magnetization of the
film out of plane by an angle 6. From Eq. 3.9, 3.10, and the rotation matrix R(8) (Eq. 3.47)
the dipolar field in the NV frame is given by

Byv = MROny) TR (@)m’ () = M lom’ (). (3.76)

Substituting into Eq. 2.20, we can express the relaxation rates as an integral over k-space

(3]

Y2 M? dk
2 (2m)?

I's= Y, THWrS-KC;kws), 3.77)
ij={xy}

where the elements of the dipolar tensor T4 =T+ ; F‘;f.f and C;; is the Fourier transform

l
of the magnetization correlator [3, 30]
Cijte=r, =)= (mje, om) ', 1), (3.78)

The magnetization correlations are governed by the dispersion and the band occupa-
tion, determined by the temperature T. Defining Dy, = akg T/ (y Mst), with kg the Boltz-
mann constant, we can express the C; jas[3]

Cijlkw)=2Dm Y. Xipk o)y jp(-k —w), (3.79)
p={x.y}

where y;; are the elements of the susceptibility in Eq. 3.57 (for 0 = Oyv).

In the next chapter we see that these equations agree quite well with the measured re-
laxation rates. Unlike previous models [17, 31, 32], which only included in-plane oscilla-
tions of the magnetization (thus, the spin-wave fields were linearly polarized, coupling
equally well to both NV ESR transitions), this model includes the handedness of the spin-
waves and their fields, which therefore couple differently to the two NV ESR transitions.
Thus, this model can be applied without arbitrary scaling constant to account for the
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different rates at w+. We use this in Chapter 6 to calculate the NV relaxation rate as a
function of the static field (Fig. 3.8).

50

!
Relaxation rate (kHz)

Magnetic field (mT)

Figure 3.8: NV relaxation rate as a function of magnetic field. Red (blue) lines: calculated relax-
ation rate of the |0) < |—1) (]0) — |+ 1)) transition, for a distance of 200 nm (solid lines) and 300 nm
(dashed lines) between an NV center and a nickel film of thickness 40 nm.
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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.




4. MAGNETIC RESONANCE IMAGING OF SPIN-WAVE TRANSPORT AND INTERFERENCE IN A
66 MAGNETIC INSULATOR

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

polpc (1 (x5 +(y+w/2)?) WXo g
Bpc(xg,v) = — | =-In| 22— " |%+arctan| —————— 4.5
el V) =5 (2 (x§+(y—w/2)2 X Zry2—wi2z )’ “o

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 = /B2 - 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.

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.

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 ko112) .
Hy (x5 Ky, k) = —2i ] ()" —— e sin(ky%)—sm( = ) (e ikm _mikemy (436)
Z
_K6 .
“1 k1/2) .
Hy (xi ky. k) = 2] (@) “——sin &, 5 ) %(e—”% _emikmy (437)
Z

y
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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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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 (Bp) 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).

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 pm. (b) Backward volume
waves (k || M), excited by applying a drive frequency w/2m = 1.934 GHz that is 0.17 GHz below the
FMR at By = 33.5 mT. Inset: micrograph of the sample (scale bar: 40 pm). (c) Spin waves in the
Damon-Eshbach configuration (k L M) excited by applying a drive frequency w/2m = 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 um. As the skin depth of a 2.5 GHz
magnetic field in gold is ~1.6 pum, 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 um) 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
(vellow 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 a = ag + anm, with ag the intrinsic "Gilbert" damping and

paMg?(k)th (1 +n)2

4p 1+n2 (5.1

am =

with y the electron gyromagnetic ratio, yp the vacuum permeability, M and & the YIG
saturation magnetization and thickness, respectively, k the spin-wavenumber, p the metal
resistivity, and 7 the spin-wave ellipticity. This expression is derived under the assump-
tion of a homogeneous magnetization across the film thickness ¢, which becomes strictly
valid in the thin-film limit k¢ < 1. The form factor g(k) = (1 — e *")(1 — e %))/ (K?th) =
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 p = 2.44-10"8 Qm
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 >> 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 um 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, By = 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 pm. (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 um.
B = 20.3 mT, drive frequency w/2m = 2.302 GHz, spin-wavelength= 5.6(2) p. 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 yy = 9(1) pum 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 wt/27 ~ 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 wr 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 wt, three-magnon scattering becomes allowed because wt/2 starts to
exceed the bottom of the spin wave band (wmin) (Fig. 5.3¢ 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 Wmpin < w <
2Wmin.

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 wrt/2n ~ 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 (wT = 2w, in), 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 wyin)-
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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 um. (b) Spatial maps of the NV ESR
contrast for By = 27.5 mT and drive frequency w/27 = 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 pm.
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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 x 2 x 0.05-mm? and had an estimated
NV density of 103/ um? 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 pum-thick GGG substrate via liquid phase epitaxy (Matesy gmbh). The
saturation magnetization was previously measured[11] to be My = 1.42-10° 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) pm 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
By according to w = D —yBy where y/2m = 28 GHz/T is the electron gyromagnetic ratio
and D/2n = 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
(oM = 178 mT), therefore the YIG magnetization tilts out of plane by less than 5°[11].
We measure Rabi oscillations by applying a ~ 1 us laser pulse to polarize the NV spin into
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the mg = 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 yz plane, between
—t < x <0, with unit magnetization m(r) oriented along z in equilibrium and saturation
magnetization M. The bias magnetic field is applied along z. The system is translation-
ally invariant along z.

LLG EQUATION
The LLG equation is [32]

m = —ym x [Begr + Bacl —am x m, (5.2)

where Bjc is the microstrip magnetic field, y is the gyromagnetic ratio, a is the Gilbert
damping and the effective magnetic field is

1 OF
M 0m,’

Befrq = — (5.3)

where a = 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 By, the demag-
netizing field Bq, and the exchange interaction:

omg \?
) ) (5.4)

F=—Mm-(By+Bg/2)+ 2 > (
= sm-(bg d ap

a,f=x,y,z

with D the spin stiffness. We define, for convenience, wp = yBy, wy = yYuoM;, and

D
(UD—M.

EVALUATING THE CONTRIBUTIONS TO THE EFFECTIVE MAGNETIC FIELD
Zeeman energy

The Zeeman energy associated with the external magnetic field By = wpZ/y is

F,=-Mm-B,. (5.5)
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Exchange energy

The exchange energy density in YIG is isotropic

D Omg (1))
Fex(r) = — ( ) . (5.6)
¢ 2 a,ﬁ:zx,y,z 613

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

D
Fex(k, ) = k> D(m (k, x) + m3 (k, x)) + > Y

a=x,y,z

ox (5.7)

(ama(k, x) )2
For a constant magnetization over the film thickness, the exchange energy contributes
an effective field with Cartesian components:

1 OF wp o
Bpg=—— =——k k, x). 5.8
D,a M. oma Y mq (K, x) (5.8)

Demagnetizing field

The magnetic field generated by a magnetization M;m(r) is given by [33]:
B(r) = o M; f I'e—r)Ym@')dr, (5.9)

where I'(r—1’) is the real-space dipolar tensor, with components that are derivatives of
the "Coulomb kernel":

2

T = —_—, ith a,B=x,y,z. 5.10
ap(®) dadp anlr| with - a,f=xy,2 .10)

The 2D Fourier transform of Eq. (5.9) is ':
B(k, x) :,uOMsfl"(k,x—x’)m(k,x/)dx’, (5.11)

where k = (ky, k;) and with magnetization

m(y,z) for-t<x<0
m(r) = . (512)
0 elsewhere
The demagnetizing field, averaged over the film thickness, is given by:
— 1,9 0 —
B(k) = yoMs; f f 'k, x—x"dx' dxm(k) = poM,T (km(k), (5.13)
—tJ-t

1We define g(kx) = [ g(x)e~kx*dx and g(x) = % [ glky)etkx¥ gk,
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where the overline indicates averaging over the thickness. The components of the dipo-
lar tensor in Fourier space are:

e Mk —26(x) fora=p=x,

1 | —pKlxl KaKp _
Taplox)=-4 ¢ °F fora,p =12, (5.14)
2 | —e M¥sign(x)ik, fora=y,zandp=x.
Using
100 e 2 1-ek 2
i “lgxdx==01- ———)==f(kp), 5.15
tf—t/-[e xxk( kt) kf() (5.15)
100 /
;f f sign(x — x")e M *lgx'dx =0, (5.16)
—td-t
1 0 pO
—f f S(x—xNdx'dx=1, (5.17)
tJ-tJ-t
we arrive at
flkn -1 0 0 . (K)
= -k2 —kyk, *
B(k) = po M 0 = [ty —7=fko) || my() |, (5.18)
~kyk; —k2
0 kyz f(kl') kzz f(kl’) mz(k)
with f(kt) — kt/2 for kt < 1.
SPIN-WAVE SUSCEPTIBILITY
The linearized Eq. (5.2) in the frequency domain reads:
—iwmy = —y(B;my— By) +iawmy, (5.19)
—iwmy =—y(Bx — B;my) — iawmy. (5.20)
Using B = Ber + Bac and with 'y, =T’y = 0 (from Eq. (5.18)) we obtain
YBx=wm(f-1)my—wp K? my +YBac x» (5.21)
YBy = —wasin2<pmy—kazmy+yBAc,y, (5.22)
YB; =wg, (5.23)
where ¢ is the angle between the wave vector k and Beg. With
Wy =Wwp +ka2, (5.24)
w2 =wo+wm(l-f), (5.25)
w3 = wo+ (UMf Sin2 ([), (5.26)
we obtain Eqns. (5.19-5.20) in matrix form:
w3 —'iaw iQ )(mx) _ (BAC,x)' (5.27)
) w3 —iaw)\my Bacy
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Inverting Eq. (5.27) gives the susceptibility

x= T @sTra@ o T (5.28)
(wy — iaw) (w3 — iaw) — w? iw wy—iaw
It is singular when:
A= (w2 —iaw)(ws —iaw) —w? =0. (5.29)

The real parts of the solutions of this quadratic equation give the spin wave dispersion
wsw = /w203, 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., ¢ =0 and ¢ = 7) and along +y (i.e.,
¢ = +m/2). The spin-wave linewidth a(w, + w3)/2 follows from the imaginary part of
Eq. (4.14), and the ellipticity of the magnetization precession is given by

w3
=4/—- (5.30)
(w=wsw) w2

Applying the bias field By along 0, = 34° as in the experiments changes wy — wp cosfp,+
wpk?, but does not introduce additional terms in the susceptibility for By much smaller
than the demagnetizing field (By < o Mj), as in this work.

Kax

Xyx

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 yz 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 B, 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 = k,
(thus ¢ = 7/2). Our films are much thinner than the magnetic skin depth (1.7 pm 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)):

_ M1 (" 0 k! .
x:,u()z SE-/(; dxﬁtdx’ke k(x X)(mx_lmy) (5.31)
M.
:%ktg(mx—imy), (5.32)

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

_-e My a-e
- kh kt

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

(5.33)

oM

w — st .
J,=0E;=0—By=w g(my —imy), (5.34)

ky 2
where o is the conductivity and E; the electromotive force. As we will further discuss in
5.5.1.6, this equation is valid in the limit kw > 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 um and A <9 um, such that kw > 14.
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Field generated by the eddy currents

The current J, generates a field B, inside the YIG film. Its average over the YIG thickness
is

— h 2 Mo
e,xﬂ'%g:iw”OTsth-gz(mx—imy), (5.35)
Ee,y =i§e,x; (5.36)
which we can rewrite as
YBex =iwap,(my—imy), (5.37)
YBey = — amw(my—imy), (5.38)
where ,
Mo
am =y . g2 (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 k¢, kh < 1 where g?(k) — 1—k(t+ h). The factor g2 (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
(for4 pm < A <9 um.)

SOLUTIONS TO THE LLG EQUATIONS WITH EDDY CURRENTS
We now incorporate B, into the LLG equation by adding it to Egs. (5.21-5.23) for ¢ = /2

YBy = —(wp(— f) + opk*)my + apmo (imy + my) +YBac,x (5.40)
’)/By = —(a)Mf+ka2)my —amw (mx - lmy) +YBAC,J/7 (541)
vYB, =ws. (5.42)

The linearized LLG equations (5.19-5.20) become

—iwomy =—(w3s—ila+am)w)my—anpwmy+yBac,y, (5.43)

—iwomy = (w2 — i@+ am)w)my — auwmy, —yBac,x, (5.44)
where w, and w3 are given in Egs. (5.24-5.26). In matrix form:

wr—i(a+am,w (i-apw my)\ _ (Bacx (5.45)
—(i—apw w3z —i(a+ap)of\my B BAC,y' '

The resulting susceptibility is singular when

A= (w2 —i(a+a)o) (ws—i@+anw)+ (- any’w®=0. (5.46)
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Solving this quadratic equation and disregarding terms of order a? leads to

a)2+a)3]

w= wgwg—i[am\/w2w3+(a+am) (5.47)

We observe that including the eddy currents yields the same spin-wave dispersion wg;,, =
y/w>w3, but renormalizes the linewidth according to

w2 + w3
a
2

+
W2+ s ] , (5.48)

—»am[\/wzw3+ >

where we assumed a;, > a. The eddy-current-induced damping can thus be included
into Eq. (5.2) by setting
W03+ 5 (142
w2+ —m 2 "
22 3 1+ T)

a=Qe=0p (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:
62 meff
Z
o0y?

= —iwoB.(y), with j,=-0m' 10y, (5.50)
where B, (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))

M,
“02 Sktg(my— imy). (5.51)

B:(y) =

Introducing the notations my,, = mﬂ,ei k¥ the solution of Eq. (5.50) is

eff ik sin kTw
my’ =ag|e™ = [1+iky| —/—=|, (5.52)
2
with Mot
_ . HoMs 0_: 0
A = iwo Y grx(my — zmy). (5.53)
The eddy-current field averaged over the magnetic film thickness, cf. Eq. (5.35) is:
1[0 d ;
Beo(y) = ;f AdxBea(X,Y) :fz—;,Bea(q)e””’, (5.54)
-t

where

M. 0 h 0o . wi2
Bea(q) = ”"—t“‘ f dx f dx’ f dydze' 17y f Ay Tex@r)m77 ).  (5.55)
-t 0 —00 -wl2

w/
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Note that it does not depend on z. Using

!
foo dy'dz e = 2—”ef‘k(x*x/)', (5.56)
—00 Vx—=xN2+y2+22 |kl
from Eq. (5.55) we obtain
sin[(k—q)w/2] sin(qw/2)sin(kw/2)

Bea(q) =qusak|q|hg|q|{ k—q -2 Jwk + (5.57)

2 k
——zsin—w [sinq—w - q—wcosq—w]} (5.58)

wq 2 2 2 2

and Be ,(q) = (iq/1q))Be x(q). In the wide-strip limit lim;, .o k~lsin(kw/2) — nd(k)
such that, back in the real-space and time domains,

iwoiMs . ey 2
Beal7) = ot 010 thim — i) (g™ — 2 5(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 > 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

. M.
™ () :—f(M'Beff) dx:—aGY Sfmzdx, (5.60)

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

acgM,
P =T 07 [l + mf? i, 561

In the limit k¢ < 1, we can replace i by the wave number k of the spin wave in the y
direction. The time (7)-dependent magnetization

_ nicos(ky —wt)
My = mk( sin(ky — wt) (5.62)
leads to the time-averaged dissipation
acM, ,1+n%
pim () = oM Tk f m2 (x, ) dx, (5.63)

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

! 2
akMS 9 1+17k—2

P,(Cm):thwk 5 M (5.64)
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where the over-bar indicates the spatial average over the film thickness ¢. Assuming that
the magnetic skin depth is much larger than the thickness of the strip #, the stray field
averaged over the strip thickness above the film and k > 0 reads

L+ng

BXZMSILL()IIC >

mycos(ky—wr). (5.65)
This field generates an electromotive force (emf) E; according to 4y E, = —0;By:

y _
E;.(y)= _f aerdy' (5.66)
0

1
+nkm_kw [cos(ky —wT) — cos(wT)] +C. (5.67)

= M;pot

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

w
Jz= Utfo E,(y)=0 (5.68)

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

w
P =ho [ () ay (5.69
=0 tm_w)ghw(ZCoskw+k2w2—2 (5.70)
Holmy 5 (kw)2 .
We can now determine the effective damping by setting P](CQ) = P](Cm).
—2 2.2 2
2coskw+k -2(1+
al =yM;htoy Mk ZCOSHW 2w ( le; . (5.71)
m? 2 (kw) 21 +12)
In the long-wavelength and wide-metal-strip regime w™! « k <« t7}, mg> = _i and
Nk =1 )
(1+mn)
L =YMshtoui———"—— 5.72
Qe =7YMs U/~‘04(1+172) (6.72)

agrees with Eq. (5.49). We note that the scalar a}, 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 = (Bac,xX+ Bac,y¥). We then calculate the resulting magnetization
dynamics in Fourier space using m(k) = y(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.

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 y;..qy 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

Q*(y)

Cy = Com,

(5.73)

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

Q) = i At K=y0) p=(y=Ystruc)/ Vdecay (5.74)

Y=yl
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Here, yg 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 ygecqy are extracted from
the fits. The spatial decay length y;ecqy is given by the linewidth of the susceptibility in
k-space and can therefore be related to the damping parameter a by Taylor expanding
W (k) = Wy (ko) + vg (k — ko) in Eq. (4.14) to get:

+
A =20, (vg(k— ko) - a2 23] (5.75)
Solving A = 0, we find
+
k=ko+ig 228 (5.76)
2vg
which yields the relation between the spatial decay length and «
__ 2% (5.77)
Ydecay = 2wy +03) .

where we calculate w, and w3 (defined in Egs. (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 (wmjin), 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 w_ NV ESR transition and 2w, 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 2w, (shaded red area), scattering of one DE spin wave
into two BV waves of frequency close to the band minimum (wp,in, solid green line) becomes pos-
sible. Solid black lines (indicated as w+) represent the NV ESR transitions. w— and 2w, 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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SENSING CHIRAL MAGNETIC NOISE
VIA QUANTUM IMPURITY
RELAXOMETRY

Via the fluctuation-dissipation theorem, the magnetic fluctuations of a system are related
to its susceptibility, which provides information about the system’s excitations. Thermally-
excited spin waves are a source of such fluctuating magnetic fields, which can be locally
probed by the electron spin of single NV centers in diamond. Focusing on a nickel thin
film, we study the magnetic-noise spectrum of thermally-excited spin waves via relaxom-
etry measurements. We further analyze the distance- and field-dependence of the mag-
netic fluctuations, finding a good agreement with a theoretical model based on the chiral
coupling between the spin-wave stray fields and the NV transitions. We detect discrepan-
cies at the ferromagnetic resonance frequency of nickel, which we address by performing
additional measurements of coherent spin waves, suggesting the presence of spatial field
inhomogeneities.

Parts of this chapter have been published in Physical Review B 102, 220403 (2020) by A. Rustagi, 1. Bertelli, T.
van der Sar, P Upadhyaya. Helena La provided the code for the magnetic noise calculations.
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6.1. INTRODUCTION

Magnetic noise can be the result of charge[l, 2] and spin[3, 4] fluctuations. Via the
fluctuation-dissipation theorem, such noise can be related to the intrinsic properties
and excitations of a system[5], which are reflected in the conductivity and susceptibility
tensors. Because of their non-invasive and point-like nature, single NV electron spins
in diamond are well suited to probe such fluctuations locally and quantitatively via NV
relaxometry. Therefore, single-NV relaxometry has been proposed as a tool to probe the
normal metal-superconductor transition[6, 7], the antiferromagnet(AFM)-ferromagnet
metamagnetic phase transition[8], the AFM chemical potential[9], AFM domain walls[10],
the electron-phonon instability in graphene [11], the emergence of exotic quantum spin-
liquid phases with topological character[4], magnetic monopoles in spin ice[12], one-
dimensional edge states [13] and magnon sound modes in magnets in the hydrodynamic
regime([14].

In a magnet, quantifying the magnetic field noise can grant access to the spin chemical
potential[15], which indicates the tendency of spins to diffuse, or to the power spec-
tral density of the magnetic field, which reflects the system’s excitations[16, 17, 22]. It
has been predicted that quantifying the distance dependence of magnetic noise in the
spin-wave gap of a magnet is an effective tool in detecting a transition between the diffu-
sive and ballistic-like transport of spin waves[3, 23]. The crossover between the different
transport regimes should take place at a distance similar to the spin diffusion length[3].

Here, we investigate thermal spin waves by characterizing the relaxation rate of single
NV centers at a distance of ~ 0 —300 nm from a nickel thin film. We analyze these re-
sults according to the theoretical model describing the chiral coupling of the spin-wave
fields with the NV transitions, developed in Chapter 3. We find a remarkable agreement
between the measured distance- and field-dependence of the NV relaxation rates with
the theoretical model. In particular, the model accurately predicts the amplitude of the
magnetic-field noise without free parameters. We also detect the unexpected presence
of alarge noise at frequencies below the ferromagnetic resonance (FMR) of nickel, where
the noise should be suppressed. We perform additional measurements of NV Rabi os-
cillations to probe coherent spin waves. Close to the FMR, we observe that the Rabi fre-
quencies of NV centers in nickel-covered areas are strongly modified by the spin-wave
modes in the magnetic film. This indicates that driving the system with a microwave field
excites spin waves whose stray fields add to the direct drive field. The local variations be-
tween NV centers suggest the presence of inhomogeneities of the magnetic surface and
granularity of the spacer layer, possibly causing large local stray fields variations.

6.2. RESULTS

SYSTEM GEOMETRY

To have access to isolated NV defects at different distances from a magnetic film, we fab-
ricate a SiO, spacer layer of increasing thickness on a diamond with shallow single-NV
centers, on top of which we grow a 40 nm-thick layer of nickel (Fig. 6.1a). Individual NV
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spins are addressed from below, using a confocal microscope (Section 2.1.3), both in the
bare diamond and under the nickel layer (Fig. 6.1b). All the NV defects investigated in
this chapter possess the same crystallographic orientation.

a s,

v Nickel
NEYAYELY

Laser Diamond

Photoluminescence (kcps)

\

Luminescence

Figure 6.1: System geometry. (a) A SiO; spacer layer of varying thickness (0-1 pm) is grown on top
of a diamond containing NV centers that can be individually addressed using a confocal micro-
scope. A 40 nm-thick nickel layer is evaporated onto half of the diamond-spacer substrate. Inset:
optical micrograph of the sample. The top half of the diamond is coated with nickel. The spacer
layer thickness changes horizontally, as can be deduced from the optical interference fringes re-
sulting from the commensurability of the light wavelength and the spacer thickness. Scale bar:
500 um. (b) Photoluminescence image of the sample, showing (mostly) single NV centers as bright
spots of ~120 thousands counts per second. Much brighter areas indicate the presence of more
than one NV per diffraction-limited spot. The background signal is higher where the diamond is
coated with the nickel film (top half). Scale bar: 1 pum.

CHARACTERIZING THE EXCITATIONS OF THE SYSTEM

We start characterizing the system by performing electron spin resonance (ESR) mea-
surements (Section 2.2.2), at increasing values of the static field oriented along the NV
center axis, at a location where the SiO; is absent (Fig. 6.2a). When the w_ frequency is
close to the FMR (bottom of the spin-wave band), the |0) — | — 1) transition shows an
increased contrast and width compared to |0) — |+ 1). This indicates an efficient driv-
ing of the NV spins by the stray fields of spin waves with frequencies close to the FMR.
An increased contrast is consistent with the larger driving field (Section 2.2.2.2), and an
increased width is consistent with a lifetime reduction caused by magnetic noise (Sec-
tion 3.5). Surprisingly, at the exact field-and-frequency where the calculated FMR of the
nickel film crosses the w_ ESR transition, we notice a clear and abrupt reduction of the
contrast and width of the ESR dip (Fig. 6.2b). At this moment, we do not know the cause
of such changes.

DETECTING MAGNETIC NOISE BY NV RELAXOMETRY
The magnetic-noise spectrum of a system provides information regarding its excitations.
We probe the magnetic fluctuations of thermal spin waves via NV relaxometry, which en-
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Figure 6.2: Electron spin resonance. (a) When an external microwave field is resonant with the
NV ESR transitions, the NV spin is pumped into the dark | £ 1) states, such that its luminescence
is decreased. In the region close to where the w_ transition crosses the calculated FMR of nickel
(solid red line), the NV transition is additionally driven by the field of resonant spin waves. The
dashed white lines indicate the frequency of ESR transitions in the NV excited states. (b) The full-
width half-maximum (FWHM) of the w_ transition is greatly enhanced close to the FMR of nickel,
at a nickel-NV distance of 40+10 nm. Exactly at resonance (black dashed line), however, a sharp
decrease is present.

tails preparing the NV spin in an eigenstate (|0), |+1)) and monitoring its time-relaxation
caused by magnetic noise (Section 2.2.5). The spectrum of the magnetic noise can be
probed by tuning the ESR transitions via the static field.

Close to the nickel film, the NV lifetime is reduced to few microseconds as a result of
large transverse magnetic fluctuations at the NV ESR transitions (Fig. 6.3a-c). In the re-
gion of the diamond without nickel, the spin lifetime of NV centers is a few milliseconds
(Fig. 6.3d), as expected[18-21] .

The spin-wave induced relaxation rates depends on several parameters, such as the NV-
magnet distance, the spin-wavelength, the angle between the NV axis and the magneti-
zation, the spin-wave propagation direction with respect to the magnetization, and the
NV transition (Section 3.4, 3.5.2). As the distance is increased, the spin-wave stray field
decays exponentially with distance, with a characteristic decay length similar to the spin-
wavelength (Eq. 3.71-3.73). The spin-wave angle with respect with the magnetization,
and the angle between the NV axis and the magnetization, influence the handedness
and ellipticity of the spin-wave stray field at the NV location (Section 3.4). Finally, each
NV transition is driven by a circularly polarized magnetic field, in the plane perpendicu-
lar to the NV axis, of opposite handedness (Section 2.2.4). Based on these considerations,
we can draw some qualitative conclusions which are reflected in the measurements of
Figure 6.3:

e The |0) < | + 1) transition is not efficiently driven by spin-wave fields (Section 3.4-
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Figure 6.3: Probing the spin-wave spectrum via relaxometry. (a)-(c) Relaxation rate of NV centers
at40+10, 175+ 25 and 325+ 25 nm from a nickel film, respectively. Red (blue) circles: T’ (I'y.). The
shaded red (blue) band is a calculations of ' (I';) based on the model of Chapter 3, taking into
consideration the uncertainty on the NV-nickel distance. (d) The lifetime of shallow NV centers
in bare diamond is typically between 0.5 and 5 ms (the latter being the coherence time in non-
isotopically-purified bulk diamond at room temperature[18]). Red (blue) circles: T'— (T'y).
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3.5.2). Additionally, its frequency runs almost parallel to the FMR (in Fig. 6.2a),
such that spin waves of similar wavelength are probed at each field. Therefore, the
relaxation rates I'; is small, and almost constant with field.

e Conversely, the |[0) — | — 1) transition is efficiently driven by the spin-wave field.
Above the FMR, this transition probes spin waves of different wavelength (longer
wavelength towards the FMR), depending on the static field. At ~ 20 mT, w_ crosses
the FMR, such that at larger fields w_ is not resonant with any spin-wave mode.
Thus, I'_ is large at small fields, and becomes much smaller than I, atlarge fields.

All these considerations are captured in the model introduced in Section 3.5.2, which is
used to calculate the expected rates showed in figure 6.3 as shaded bands (which reflect
the uncertainty on the NV-nickel distance). We find a generally good match between the
model and the measurement. However, at the field where w_ crosses the FMR of nickel
(~ 20 mT), we observe discrepancies of unclear origin. Specifically, we detect relaxation
rates for w_ that, close to the FMR, exceeds the predicted ones by a factor 2-4, and that
are dependent on which specific NV center is addressed.

It has been predicted that, below the FMR (i.e. in the spin-wave gap), two-magnon
scattering events become important[3], while they are not captured by our theoretical
model. Thus, this is a possible source of noise for fields larger than ~ 20 mT (i.e. be-
low the FMR), but it does not justify the NV-specific variations. These variations could
be partly explained by spatial inhomogeneities of the field, which we probe with addi-
tional measurements of NV Rabi frequencies (Section 6.5). An explanation of the possi-
ble mechanism responsible for the location-dependent variation of relaxation rates and
Rabi frequency is in Section 6.5, corroborated by measurements of the film morphology
(Section 6.4).

6.3. DISCUSSION

Using single NV sensor spins, we have probed the fluctuating magnetic fields generated
by thermal spin waves in a nickel thin film. Our results are well-explained by the the-
ory of chiral coupling between spin-wave fields and NV spins presented in Chapter 3.
We find unexpected NV-specific variations of the I'_ relaxation rate close to the FMR of
nickel, which we investigate further by measuring NV Rabi frequencies, and that can be
partially explained by local variations of the static field.

6.4. METHODS

The SiO, layer is grown by plasma-enhanced chemical vapor deposition (PECVD) at
room temperature. The ramp is fabricated by shadowing half of the diamond with a
rigid mask (a glass coverslide), suspended 1 pm above the diamond, similar to [1], dur-
ing the SiO, growth. The ramp profile is measured with a profilometer (Fig. 6.4a). The
resulting structure of the SiO, is granular, with grain size increasing with the layer thick-
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ness (Fig. 6.4b-c). This is most likely due to the low temperature of the process, which
was chosen in order to decrease the luminescence of the SiO» layer as much as possible,
because films grown at high-temperature showed high luminescence that hampered the
detection of single NV centers by drastically reducing the signal-to-noise ratio.

The nickel layer is evaporated on top of the diamond-SiO; substrate, masking half of the
sample with tape to retain a nickel-free area of the diamond surface to use as location
for reference measurements of NV relaxation rates.

a 1

Height (um)

Distance (um)

Height (nm)
Height (nm)

Figure 6.4: Ramp profile and structure. (a) Profilometry measurement of the SiO, spacer layer.
(b)-(c) Atomic force microscope (AFM) measurement of the nickel film on a SiO layer of thickness
50 nm and 1 pm, respectively. Scale bar, 100 nm.

6.5. ADDITIONAL MEASUREMENTS

PROBING COHERENT SPIN WAVES VIA RABI-FREQUENCY ENHANCEMENT
Because we find relevant discrepancies between the theoretically calculated and the ex-
perimentally measures relaxation rates, that seem to vary randomly with the specific NV
center investigated, we perform additional measurements to uncover the reason of such
local changes.

To probe the spin-wave driving of the NV spin, we perform Rabi oscillation measure-
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ments (Section 2.2.4), which provide information regarding coherent spin waves. We first
characterize the transmission through the microwave antenna used to excite spin waves
by monitoring the Rabi frequency of an NV center in the bare diamond (Fig. 6.5a), which
we use to normalize the measurements that follow, thereby making sure that the changes
detected are caused by the magnetic film. While NV centers very close (30-50 nm) to the
nickel present a large (~ 5-fold) change of the Rabi frequency (Fig. 6.5b), NVs that are
hundreds of nanometers away show smaller (i.e. close to 20%) changes (Fig. 6.5c-d).

These results qualitatively remind of the Fano lineshape previously observed for NV cen-
ters interacting with a magnetic disk[16]. In the cited work, the variations were consis-
tent with the NV location relative to the magnetic disk: the interference of the direct
driving field and of that of the magnetic disk is position-dependent. In the present ex-
periments we study a (supposedly) homogeneous film, which should induce no such
variations. Thus, we deduce that the nickel film is, in fact, quite strongly not homoge-
neous, which is corroborated by the atomic force microscope measurements of Section
6.4. Assuming a granularity of the film allows to expect the presence of magnetic do-
mains of diverse size and orientation, such that a situation similar to that of Ref. [16] is
realized: the microwave driving field has a projection on the plane perpendicular to the
magnetization that is position-dependent, and therefore a different driving efficiency
(Section 3.2.1) in each domain, such that the amplitude of the spin-wave precession
changes locally. Thus, the spin-wave field interferes with the direct field differently for
each NV center, which can cause changes both in the amplitude and sign of the Fano
lineshape[16].

It is reasonable to think that in our system there is an additional effect that stems from
the domain structure': the projection of the static magnetic field along the equilibrium
magnetization of each domain is different. Thus, each magnetic domain possesses a dis-
tinct FMR frequency (according to Eq.3.42). This accounts for the frequency-shift of the
center of the Fano-like resonances in Fig. 6.5.

INVESTIGATING THE LOCAL STRAY FIELD VARIATIONS

To corroborate the interpretation that the different response of each NV centers to spin-
wave fields is caused by local inhomogeneities, we quantify the spatial variations of the
stray magnetic field of the nickel film. To do so, we detect the local static field at the lo-
cation of several neighbouring NV centers with the same orientation (Fig. 6.6), such that
the field they experience should be equal®. In the space of just few micrometers, we find
variations larger than 3 mT at an applied field of 20.5 mT. This confirms our assumptions
regarding the possible presence of magnetic domains and inhomogeneities.

L1f we assume that the structure of the nickel film is polycristalline, the non-negligible crystalline anisotropy
of nickel results in each domain having the equilibrium magnetization oriented along different directions.

2A small field gradient is present, due to the finite size of the bar magnet used to apply the static field. Over an
area of ~ 6 um, such variations are in the tens of uT range.
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Figure 6.5: Detection of coherent spin-wave fields. (a) We calibrate the frequency-dependent de-
livery of microwaves through the electronics by characterizing the Rabi frequency of an NV center
located in the bare diamond. An NV under the nickel shows a similar microwave transmission
spectrum, on top of which are visible changes due to the magnetic film. Close to 2.87 GHz (the
zero-field splitting of the NV center), the two ESR lines overlap, hindering a clean measurement of
Rabi oscillations. (b) NV centers at 40 + 10 nm from the nickel film show large changes of the Rabi
frequency, between a ~5-fold enhancement and a reduction to almost zero. (c)-(d) At larger NV-Ni
distances (175+25 and 325+25 nm, respectively), the spin-wave-induced changes are smaller. The
variations of such changes, peculiar to each NV center, are discussed in the text.
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Figure 6.6: Local variations of the static stray field. (a) Photoluminescence image showing several
NV centers close to each other. The circled NV centers have the same orientation of the NV axis,
such that the stray field they experience should be the same. Scale bar: 1 um . (b) For an applied
static field of ~ 20.5 mT, the local field shows variations as large as 3 mT for NVs that are closer
than 1 um (top left corner).
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MAGNETIC IMAGING AND
STATISTICAL ANALYSIS OF THE
METAMAGNETIC PHASE
TRANSITION OF FERH

Magnetic imaging based on nitrogen-vacancy (NV) centers in diamond has emerged as a
powerful tool for probing magnetic phenomena in fields ranging from biology to physics.
A key strength of NV sensing is its local-probe nature, enabling high-resolution spatial
images of magnetic stray fields emanating from a sample. However, this local charac-
ter can also form a drawback for analysing the global properties of a system, such as a
phase transition temperature. Here, we address this challenge by using statistical anal-
yses of magnetic-field maps to characterize the first-order temperature-driven metamag-
netic phase transition from the antiferromagnetic to the ferromagnetic state in FeRh. After
imaging the phase transition and identifying the regimes of nucleation, growth, and coa-
lescence of ferromagnetic domains, we statistically characterize the spatial magnetic-field
maps to extract the transition temperature and thermal hysteresis width. By analysing
the spatial correlations of the maps in relation to the magnetocrystalline anisotropy and
external magnetic field, we detect a reorientation of domain walls across the phase tran-
sition. The employed statistical approach can be extended to the study of other magnetic
phenomena with NV magnetometry or other sensing techniques.

This chapter has been published in Journal of Applied Physics 129, 223904 (2021) by G. Nava Antonio*, L.
Bertelli*, B. G. Simon, R. Medapalli, D. Afanasiev, T. van der Sar. * indicates equal contribution.
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7.1. INTRODUCTION

Nitrogen-vacancy (NV) centers are point-like defects in the diamond lattice hosting an
electron spin that can be used as a sensor of magnetic fields[1]. In the last decade, NV
centers have been developed into powerful tools for probing magnetic phenomena in
both condensed-matter and biological systems[2, 3]. Key strengths of the technique are
its nanoscale spatial resolution[4], high magnetic field sensitivity[5], and its operabil-
ity under cryogenic conditions to above room temperature[6]. However, its local-probe
nature can also form a challenge for extracting quantities related to the macroscopic
properties of a system such as its phase transition temperature and hysteresis width.
In addition, while real-space images provide a powerful visualization of spatial textures
such as domain structures, extracting the temperature- or field-driven evolution of im-
portant parameters such as domain sizes requires defining suitable figures of merit. On
the other hand, global techniques for probing phase transitions are typically less sensi-
tive to a sample’s microscopic structure. Being able to combine the acquisition of local
information with a simultaneous monitoring of macroscopic sample properties would
provide insight into how microscopic mechanisms undetrlie the global sample behavior.

In this work, we image the magnetic stray fields generated by an FeRh thin film using an
ensemble of NV centers in a diamond chip (Fig. 7.1a) and employ statistical methods[7]
to characterize its temperature-driven metamagnetic phase transition (MMPT)[8]. By
analyzing the spatial variations and correlations of measured stray fields as a function
of temperature, we extract the transition temperature and hysteresis width of the phase
transition. Furthermore, we identify a reorientation of ferromagnetic (FM) domain walls
during the MMPT triggered by the application of a bias field along a magnetic hard axis.
Our study of the MMPT in FeRh shows how combining real-space imaging with statis-
tical figures of merit can enable a better understanding of how macroscopic properties
arise from the local state of a system.

The alloy FeRh undergoes a first-order phase transition from an antiferromagnetic (AFM)
to a FM state when increasing its temperature (Fig. 7.1b) above a transition temper-
ature (T; = 370 K) that depends on the strain[9], bias field[10], and stoichiometry of
the sample[11]. This MMPT is accompanied by a volume expansion of ~ 1% and an
abrupt decrease in the resistivity[12], as well as an interplay between AFM and FM do-
mains that was recently shown to lead to an intricate domain structure[13]. As such,
FeRh constitutes a platform that is well suited for investigating the interaction between
magnetic, electronic, and structural degrees of freedom. The MMPT of FeRh is also
of practical interest due to its potential for data storage technologies, such as AFM re-
sistive memories[14], heat-assisted magnetic recording[15], and low-power spintronic
devices[16].
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NV IMAGING OF THE MMPT IN FERH

Our sensing platform is based on an NV-containing diamond chip positioned on top of
a 20-nm-thick epitaxial FeRh film that is grown on MgO (Fig. 7.1a) by DC magnetron
sputtering[17]. As shown by vibrating sample magnetometry, the transition temperature
of the film is ~ 370 Kwith a hysteresis width of approximately 20 Kunder an in-plane bias
field of 150 mT (Fig. 7.1b). The temperature-dependent changes of the FeRh magneti-
zation cause variations of the stray magnetic field above the film, which, in turn, induce
Zeeman shifts in the electron spin resonance (ESR) frequencies of the NV centers[1]. We
polarize the NV spins by optical pumping and detect ESR transitions between their |0)
and |+ 1) spin sublevels by applying a microwave (MW) field using a nearby bonding wire
and monitoring the spin-dependent photoluminescence (Fig. 7.1c). A DC bias field By
is applied along one of the four possible NV orientations (i.e., the (111) directions of the
diamond lattice) to select two ESR transitions among the eight possible ones and to mag-
netize the FeRh film. Specifically, the bias field is oriented at ~ 35° out of plane and has
anin-plane component Bil) that we orient alternatively along a magnetic easy or hard axis
of FeRh. The out-of-plane magnetization of FeRh induced by the field is negligible since
the shape anisotropy of the film favors in-plane magnetization and the bias fields used in
this work are much smaller than the saturation magnetization (uoMs ~ 1.5 T[18]). This,
together with the magnetocrystalline anisotropy of FeRh, results in four in-plane (100)
easy axes[19].

To determine the magnetic field , we measure the two ESR transition frequencies of the
selected NV family (Fig. 7.1d), which yield the projection Bny of the stray field onto the
NV axis[1]. Performing this measurement at each pixel by sweeping the MW frequency
while detecting the photoluminescence takes several hours for images of 100x100 pix-
els. Instead, we employ a feedback scheme[20] in which, at each pixel, the photolumi-
nescence is only measured at two frequencies v, (Fig. 7.1d), thereby speeding up the
data collection by about an order of magnitude.

Using this method, we map the stray field generated by the FeRh thin film across the
MMPT, and in this way we image the evolution of its magnetic order, when Bl‘) is applied
along a hard (Fig. 7.2a — g) or easy (see Supplementary Fig. 7.5)axis. Below the phase
transition temperature (7;), we observe a mostly vanishing Byy, since AFM and nano-
metric FM domains generate negligible magnetic fields at the NV location. This is be-
cause the stray field of these features decays exponentially with the NV-FeRh distance[2],
which is around 1 micrometer in our experiments. Thus, we cannot address the presence
or absence of residual ferromagnetic domains of nanometric size at the FeRh/Pt inter-
face reported in the literature[13, 19]. The appearance of regions of non-zero field at
~ 368 K indicates the nucleation of FM domains, which grow and coalesce as the tem-
perature is increased further. The magnetization direction results from a competition
between the Zeeman energy and the anisotropy energy, the former favoring the align-
ment of spins with the bias field and the latter with the in-plane easy axes.
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Figure 7.1: NV detection of the FeRh stray field. (a) Schematic of the experimental setup. The
stray field of the FeRh film is detected by the NV sensing layer in a diamond chip. Scanning the
laser allows to spatially map the FeRh stray field. (b) Temperature dependence of the magnetic
moment of the 20-nm-thick FeRh film measured by vibrating sample magnetometry under an in-
plane bias field of 150 mT, parallel to the [100] FeRh crystalline direction (easy axis). Below the
transition temperature T; ~ 370 K, the Fe spins are ordered in an AFM configuration and the Rh
atoms carry no net magnetic moment (left inset). Above T}, the Rh atoms gain a finite moment and
align ferromagnetically parallel to the Fe spins (right inset)[8]. (¢) Simplified energy level diagram
of an NV center. The NV is optically excited with a green laser and its spin state monitored via
spin-dependent photoluminescence. Microwaves drive ESR transitions between the m; = |0) and
| +1) spin states. The magnetic field is extracted by measuring the Zeeman-split ESR frequencies.
(d) Feedback measurement of NV ESR frequencies. Top: at the first pixel, we measure the full ESR
spectrum, obtained by sweeping the MW frequency while recording the NV photoluminescence.
The center frequency is used as an estimate for the next pixel. Bottom: error function employed
to extract the ESR frequency with a feedback algorithm (D = 0 when vV = vggg). The error D is
derived by modelling the ESR spectrum in the top panel as a Lorentzian and Taylor expanding
D(v) = PL(v4) — PL(v-) about v = vggp to first order. In the feedback protocol, only two MW
pulses are applied with frequencies v+, symmetric around an estimate v of the ESR frequency
visr- The photoluminescence difference at these frequencies, denoted D(V), is proportional to
the error Vv — vggg, which we use as feedback signal to adjust the MW pulse frequencies while
scanning.
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Upon decreasing the temperature, we observe thermal hysteresis (i.e., by comparing Fig.
7.2a and 7.2g). This hysteretic behavior, together with the coexistence of different mag-
netic phases represented in Fig. 7.2a-b, are in line with the well-known first-order char-
acter of this phase transition[8].
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Figure 7.2: Imaging the meta-magnetic phase transition (MMPT) of FeRh with NV magnetom-
etry. (a)-(g) Magnetic-field maps measured across the MMPT after subtraction of the bias field,
in the heating (a - e) and cooling (e - g) branches of the experiment. The in-plane component of
the bias field is parallel to the [110] FeRh direction. All maps in this work contain 100 x 100 pix-
els with a pixel size of 0.5 um. Scale bar, 10 um. By = 34.0 mT. (h) Temperature evolution of the
normalized RMS deviation of the measured stray-field maps. The blue (red) line corresponds to
the in-plane component of the bias field being oriented along an easy (hard) axis and By = 8.2 mT
(Bg = 34.0 mT).

QUANTITATIVE DETERMINATION OF Ty AND HYSTERESIS WIDTH

To quantitatively analyze the evolution of the stray field and the underlying changes in
the magnetization of the FeRh film, we calculate the root-mean-square (RMS) deviation
of the measured magnetic-field maps. This figure of merit, which gauges the spatial vari-
ations of the field, is computed as[7]

1 n
Brus = \/; Y (Bnv,i — (Bnv))?, (7.1)
i=1

where Byy; is the field along the selected NV axis at pixel i, n is the total number of
pixels, and (Byv) is the average field over the region of interest. The temperature de-
pendence of Bgyss (Fig. 7.2h) exhibits an abrupt increase at ~ 373 K, which gives a clear
quantitative indication of the transition temperature, unlike the spatial magnetic-field
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maps discussed previously.

Below T%, Bgryss vanishes as there are no detectable FM domains within the AFM matrix[2].
As the FM domains start to appear, the homogeneity of the stray field is reduced, result-
ing in an increase of Bryss between 368 K and 388 K. With Bll) parallel to an easy axis
([100]), the existing FM regions are expected to be magnetized along this direction and
grow in size with increasing temperature, making the Byy maps more uniform. The
observed reduction of Brpss with further increasing temperatures is expected as a con-
sequence of the magnetization decrease due to thermally excited magnons.

For Bil) || [110], the anisotropy and in-plane bias fields point along different directions.
The magnetization direction of the FM domains results from a balance between these
two contributions, which evolve in a non-trivial way as function of the sample temper-
ature, leading to a non-monotonous T dependence of Bgyss above 388 K, which will
be further investigated in the next sections. The quantitative character of the applied
statistical tools enables detecting small differences between the Bll) [ [100] or [110] mea-
surements. It also provides a figure of merit for quantifying the hysteresis of the MMPT:
upon cooling the sample, the extracted RMS deviation of the magnetic-field maps shows
a similar behavior as along the heating branch, but the curve is shifted ~ 20 K lower. This
value agrees well with the hysteresis width extracted from the temperature-dependent
vibrating-sample magnetometry measurements (Fig. 7.1b).

STATISTICAL ANALYSIS OF THE ANISOTROPY

Recent numerical studies have concluded that the magnetocrystalline anisotropy (MCA)
of FeRh thin films depends on epitaxial strain[21, 22]. Indeed, samples fabricated un-
der different experimental conditions have been found to exhibit different degrees of
MCA[22-24]. We analyze the magnetocrystalline anisotropy of the sample using the two-
dimensional autocorrelation function

Rpp =) Bnv(x+8x,y+8y)Byv(x,y), (7.2)
X,y
where we sum over each pixel, identified by its coordinates (x, y), and 6 x and d y are dis-
placements in the X and ¥ directions. This quantity gauges how similar the field at (x, y)
is to thatat (x+9dx, y+6y) and is therefore a useful tool for quantifying the characteristic
length scales of a magnetic-field map.

For a relatively low bias field (~ 10 mT) and a temperature ~ 20 K above T; (Fig. 7.3a-b),
the measured Byy maps display patterns with diagonal or vertical stripe-like features,
when B(") is aligned with a magnetic easy or hard axis of the material, respectively. These
directional features are reflected in the corresponding autocorrelation maps (Fig. 7.3e-
f). Note that the vertical and diagonal stripes in Fig. 7.3a-b (and equivalently Fig. 7.3e-f)
reflect a similarly oriented domain structure since the edges of the maps in Fig. 7.3a and
7.3e are parallel to the (100) directions, while those of the maps in Fig. 7.3b and 7.3f are
parallel to the (110) directions.
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Figure 7.3: Statistical characterization of the magnetocrystalline anisotropy of FeRh. (a)-(d)
Stray-field maps for small bias field and temperature moderately above T; (a-b), and large bias
field and temperature well above T (c-d). In (a), (c) the in-plane component of the bias field is
parallel to an easy axis, while in (b), (d) it is parallel to a hard axis. Black arrows indicate crystalline
directions of the FeRh lattice. Scale bar, 10 um. (e)-(h) Normalized two-dimensional autocorrela-
tion maps corresponding to the magnetic field distributions in (a) — (d), respectively. The scarlet
dashed line in (h) indicates the FWHM of the central peak of the autocorrelation map, measured
along [100]. Scale bar, 20 pm.

For temperatures well above (~ 40 K) T; and relatively hiFh magnetic field (~ 35 mT),
the stray-field maps become nearly homogeneous when Bl) | [100] (easy axis), as FM do-
mains start to occupy areas comparable to or larger than the imaged region (Fig. 7.3c).
This translates into a broad central peak in the associated autocorrelation map (Fig.
7.3g), representing the large uniformity of the stray field. On the other hand, when
Bl‘, | [110] (hard axis), the measured field distributions also become smoother, but with
well-defined diagonal features (Fig. 7.3d), which are manifested in the autocorrelation
maps as sharp central peaks elongated along a magnetic easy axis (Fig. 7.3h). This result
agrees with the energy competition discussed in section 7.2 and highlights how the sta-
tistical approach strengthens the interpretation of real-space images.

MAGNETIC-FIELD DEPENDENCE OF THE MMPT

Next, we investigate the effect of the magnitude of the bias field on the magnetic con-
figuration and show how the autocorrelation function enables a systematic study of the
size and (re)orientation of FM domains. We find that while changing the magnitude of
Bi‘, | [110] does not significantly affect the RMS deviation (Fig. 7.4a), it does alter the
length scale of the spatial correlations (Fig. 7.4b). We evaluate this length scale by con-
sidering the full width at half maximum FWHM|;o; of the central peak of the autocorre-
lation maps taken along the [100] direction (dashed line in Fig. 7.3h). Since FWHM{; o
is a measure of the typical size of the features in the stray-field maps, it provides a figure
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of merit that is well suited to study the evolution of the size of the magnetic domains.
Below T;, FWHMj g is large because of the presence of extensive AFM regions. At the
onset of the phase transition, FWHM];¢¢; drops as small FM domains emerge and start
producing highly granular stray-field configurations. This corresponds to the nucleation
stage of the MMPT and is consistent with previous imaging studies of FeRh[19, 24, 25].

For higher temperatures, the growth and coalescence of FM domains cause an incre-
ment of FWHM|;q¢; that is larger for stronger bias fields. We interpret this as a result of
the dominance of the Zeeman energy over the MCA energy in this temperature regime:
as the bias field increases, FM domains with magnetization having a significant projec-
tion along the bias field start to expand to lower the Zeeman energy. These domains are
predominantly elongated along [100] and, therefore, lead to higher FWHMj¢g; values.
This interpretation could be corroborated by determining the magnetization direction of
the FM domains via e.g. scanning electron microscopy with polarization analysis[24] or
X-ray photoemission electron microscopy[19]. We note that NV magnetometry does not
allow an unambiguous reconstruction of the magnetization orientation from the mea-
sured stray field, as such reconstruction is an underconstrained inverse problem[2].

Interestingly, we detect a reorientation of the domain walls across the MMPT when the
bias field is applied along a hard axis (Fig. 7.4c). This can be seen by analyzing the FWHM
along different directions, which indicates the preferred direction of the spatial correla-
tions in the stray-field maps. Specifically, by taking the ratio FWHM|;10;/FWHM[100;,
we observe domain walls that align with a hard axis from the start of the MMPT up to
T ~ 388 K, as seen in Fig. 7.3b. Above this temperature, domain walls parallel to an
easy axis start to become more recurrent. When the phase transition is completed, the
orientation parallel to [100] is dominant in the case of relatively high By (~ 35 mT), as
illustrated in Fig. 7.3d.

The domain-wall realignment is concomitant with the sudden decrease of the RMS de-
viation (Fig. 7.2h). This decrease indicates a reorientation of the FM domains into a state
that decreases the stray field. Thus, our results suggest that a reorientation of the FM
domains is behind the domain-wall realignment. Such a rearrangement results from
the changing balance between the anisotropy and Zeeman energies and could also be
affected by the exchange coupling between FM and AFM regions that pins the FM do-
mains in the first stages of the MMPT[13].

Our analysis demonstrates how the autocorrelation function and its width in different
directions provide figures of merit that are well suited for tracking the evolution and ori-
entation of magnetic domain walls as a function of control parameters (here, the bias
field strength and its direction).

7.3. CONCLUSIONS

Our results show how imaging the local state of a system and simultaneously quantifying
the corresponding global behavior using statistical tools yield complementary insight
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Figure 7.4: Magnetic-field dependence of the metamagnetic phase transition of FeRh. (a) RMS
deviation of the measured stray field distributions as a function of temperature, for different values
of the bias field along a hard axis. Each series of measurements is taken at a fixed bias field in the
heating branch of the experiment. (b) Temperature dependence of the FWHM, measured along
the [100] direction, of the central peak of the autocorrelation maps for the same values of the bias
field as in (a). (c) Analysis of the rotation of domain walls in the magnetic texture of FeRh across
the phase transition done by calculating the ratio of the FWHM of the central peak along [110] to
the FWHM along [100], for the same bias field values of (a) and (b).
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into the temperature- and bias-field dependence of phase transitions in a magnetic ma-
terial. In particular, we extracted the transition temperature and hysteresis width of the
MMPT in an FeRh thin film by means of a statistical analysis of spatial stray-field images.
Furthermore, we characterized the spatial correlations of the measured stray-field maps
and proposed a simple way of gauging the alignment and reorientation of ferromagnetic
domain walls, based on quantifying the FWHM of the autocorrelation function.

The statistical methods employed here could be extended to characterize spatial correla-
tions of stray fields generated by e.g. coherent[26] and incoherent spin-wave excitations[27,
28]. For maps of coherent spin waves, we anticipate that the spatial autocorrelation
function could provide a useful figure of merit for assessing the predominant spin-wave
directions and spatial periodicities. For incoherent spin waves, spatial maps of NV re-
laxation rates could provide insight into spatial variations of spin-wave densities. The
methods could also be implemented in scanning-probe NV magnetometers to gain nano-
metric spatial resolution[29]. This would enable studying spatial correlations and phase
separation and coexistence at the nanoscale, paving the way for the imaging and char-
acterization of phase transitions in e.g. Kagome lattices[30], spin glasses[31] and mono-
layer magnets[32]. In such systems, the spatial autocorrelation function could, for in-
stance, provide a figure of merit for assessing the spatial periodicity of the spin textures.
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7.4. MATERIALS AND METHODS

7.4.1. SAMPLE FABRICATION

The diamond preparation procedure is described in [26]. We use CVD-grown, electronic-
grade type Ila diamonds (Element 6), which are laser-cut and polished down to 2x2x0.05-
mm chips (Almax easylabs). These chips were cleaned with nitric acid and the top ~ 5 pm
were removed using ICP reactive-ion etching (30 min Ar/Cl, 20 min O,) to mitigate pol-
ishing damage. The chips were subsequently implanted with >N ions at 6 keV with a
dose of 1 x 10'3 ions/cm? (Innovion), tri-acid cleaned (mixture of nitric, sulphuric and
perchloric acid 1:1:1), annealed at 800°C for 4 hours at 10~® mbar, and tri-acid cleaned
again to remove possibly graphitized layers on the surface, resulting in an estimated den-
sity of NV centers of ~ 1 x 10'! NV/cm? at a depth of ~ 10— 20 nm.
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The FeRh film is 20 nm thick, grown on an MgO substrate by DC magnetron sputtering
at 450°C and under an Ar pressure of 2 x 10~ mbar[17]. The sample was post-annealed
at 800°C and capped with 4 nm of Pt. Due to the mismatch between the lattice constants
of FeRh and MgO, the [100] direction of MgO is parallel to the [110] direction of FeRh.

To attach an NV-containing diamond to the FeRh sample, a small droplet of isopropanol
was deposited onto the FeRh, on top of which a diamond chip was placed with the NV-
surface facing down. The diamond chip was gently pressed down until the IPA had evap-
orated. The typical resulting NV-FeRh distance is around 1-2 pm (limited by e.g. dust
particles) as reflected by the spatial resolution of our measurements.

7.4.2. MEASUREMENT SETUP

The optical setup used for all the measurements was a home-built confocal microscope.
A 532 nm laser was used for optical excitation of the NV centers, focused to a diffraction
limited spot by a 100X, NA=0.95 objective. The NV luminescence was collected by the
same objective, separated from the excitation light by a dichroic mirror and long-pass
filter (633 nm cutoff), spatially filtered by a multi-mode optical fiber with a 50 um di-
ameter core and detected using a Si-PIN photodiode. The laser beam was scanned by
a dual-axis galvanometer mirror. The microwave field was generated by a wire located
~100 um above the diamond.

7.4.3. NV MAGNETOMETRY

The NV spins are initialized and read out using non-resonant optical excitation at 532 nm.
A microwave magnetic field drives ESR transitions between the NV spin states (725 = |0)
and m; = |+ 1)). The NV spin state is read out by applying a laser pulse and measuring
the spin-dependent photoluminescence that results from spin-selective non-radiative
decay via a metastable singlet state. The ESR frequencies of the NV families in a mag-
netic field B are determined by the NV spin Hamiltonian H = DS2 + yB-S where v is the
electron gyromagnetic ratio, D the zero-field splitting (2.87 GHz) and S(;=y,,) the Pauli
spin matrices for spin 1[33]. We apply the bias magnetic field By using a small perma-
nent magnet (diameter 1 cm, height 2 cm).

All magnetic images in Figs. 2-3 are composed of 100x100 pixels (pixel size 0.5 um).
Both the |0) < | —1) and the |0) — | + 1) ESR transitions are measured at each pixel, from
which we extract the field components parallel (Byy) and orthogonal to the NV axis,
using a feedback algorithm[20]: At the first pixel we measure a full ESR spectrum (Fig.
7.1d, top panel), which we fit with a Lorentzian curve to extract its amplitude, width
and ESR frequency vgsg. This ESR frequency is then used as an estimate (v) for the ESR
frequency at the next pixel. At this pixel, we measure the photoluminescence (PL) at two
frequencies (v:) symmetric around the estimated value v. We then calculate the error
signal D(V) = PL(v,) — PL(v_). The difference between the estimated value v and the
real ESR frequency is, to first order, proportional to this error signal. This allows us to
calculate vgsg, which we then use to change the two measurements frequencies v, and
v_ when repeating the procedure on the following pixel.




7. MAGNETIC IMAGING AND STATISTICAL ANALYSIS OF THE METAMAGNETIC PHASE
132 TRANSITION OF FERH

7.5. SUPPLEMENTARY MATERIAL

Figure 7.5: Imaging the meta-magnetic phase transition (MMPT) of FeRh with NV magnetome-
try with in-plane component of the bias field parallel to an easy axis. (a-g) Magnetic-field maps
measured across the MMPT after subtraction of the bias field, in the heating (a - d) and cooling (d
- @) branches of the experiment. The in-plane component of the bias field is parallel to the [100]
FeRh direction. Scale bar, 10 pm. By = 8.2 mT. (h) Temperature evolution of the normalized root-
mean-squared (RMS) deviation of the measured stray-field maps. This curve is the same as the
blue line in Fig. 7.2h of the main text, where the temperature dependence of the spatial variations
of the stray field is explained.

Figure 7.6: Effect of a magnetic field along the easy axis. (a-c) Magnetic field maps with the in-
plane component of the bias field along the easy axis ([100] FeRh direction) for T = 393 K. Increas-
ing the bias field does not produce a visible reorientation of domain walls. In (c), some features
are more pronounced, but the shape of the domains is qualitatively similar. Scale bar, 20 pm.
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CONCLUSION

This chapter summarizes the most important results obtained throughout this thesis, and
indicates possible future research directions.
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8.1. CONCLUSION

The majority of this thesis is devoted to the investigation of spin waves and their prop-
erties. In Chapter 4 we established a new technique to image coherent spin waves using
nitrogen-vacancy centers in diamond. We showed that such technique can be used to
extract quantitative information - such as the spin-wave amplitude - and to measure the
spin-wave velocity in real space. Our results suggest that the sensitivity of the technique
should allow the detection of spin waves in monolayer magnets, such as Van der Waals
materials.

In Chapter 5 we used such technique to study the spin-wave damping caused by metal-
lic electrodes. We modelled the damping as being induced by eddy currents in the metal,
which dissipate energy, obtaining a good match with the experimental results. We showed
that the capability of our technique for imaging spin waves underneath optically opaque
material (such as metals) makes it possible to characterize the quality of a buried inter-
face.

In Chapter 6 we characterized the magnetic noise caused by thermally excited spin waves
using NV relaxometry. We found a good agreement with a model based on the chiral cou-
pling between the spin-wave fields and the NV spin, but we detected discrepancies at the
ferromagnetic resonance (FMR) frequency, ascribed to local variations of the static field.

In Chapter 7 we studied a metamagnetic phase transition, showing that the use of statis-
tical methods can enable the characterization of the global properties of a system, even
using a local technique such as NV magnetometry.

Unlike the most common spin-wave imaging techniques, NV magnetometry detects spin
waves via their stray magnetic field. While this could introduce uncertainty (reconstruct-
ing a magnetization pattern from the magnetic field is an underdefined problem), it also
opens up several research directions. Additionally, some constrains on our technique
can be addressed and made less severe. In the next section we will describe both as-
pects.

8.2. OUTLOOK

This thesis focused on establishing a new technique to image spin waves and using it to
characterize various aspects of spin-wave propagation, rather than maximizing the spa-
tial resolution or the magnetic field sensitivity. Future research can therefore improve on
our results by implementing NV-based imaging of spin waves in a scanning geometry,
i.e. embedding a single NV center into a pillar at the apex of a diamond AFM cantilever.
The achievable NV-magnet distance should be of a few tens of nanometers, resulting in
a spatial resolution on a similar scale, and an enhancement in magnetic field sensitivity
of several orders of magnitude, since the spin-wave stray magnetic fields typically decay
exponentially with the ratio of the distance over the wavelength. Additionally, the sensi-
tivity could be increased by using NV ensembles in a wide-field setup, in which an image
can be recorded at once, such that measurement time can be devoted to reducing noise
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rather than scanning the laser spot on the diamond.

These advancements will enable several new research directions. The improved spa-
tial resolution will allow to study spin waves with much shorter wavelength (i.e. tens
of nanometers). These waves are more interesting for technological purposes, but also
harder to excite inductively. New excitation strategies, effective at the nanoscale, could
be designed and tested.

Investigating magnetic van der Waals materials (i.e. Crl3 and Cr,Ge,Teg) could provide
information regarding spin waves in truly two-dimensional systems, which might be dif-
ferent (e.g. a different dispersion) from conventional ones. Even though it seems already
possible to detect spin waves in such monolayer magnets (from the estimated sensitivity
of our approach), an improved sensitivity would be beneficial to this end.

Additionally, detecting spin waves via their stray magnetic fields enables several research
directions because it grants the possibility of imaging underneath non-magnetic mate-
rial. Opportunities that appear within reach include studying the interactions of spin
waves with electrical currents, with superconductors, and with van der Waals materials.
In the first case, depositing a platinum electrode on YIG enables injecting spin waves
via the spin-Hall effect. Imaging underneath the contacts could shed new light on the
physical processes at play, including spin-wave damping via the inverse spin-Hall effect.
Interesting phenomena stemming from the interactions of superconductors and spin
waves could include the motion of superconducting vortices coupled to spin waves and
the partial screening of the spin-wave fields by AC currents in the superconductor. De-
positing a van der Waals material on another magnet (e.g. YIG) could lead to a coupling
between the valley pseudo-spin and (coherent) spin waves propagating in YIG.

One constraint of our technique is the need for the resonance between the frequency
of the NV electron spin resonance (ESR) and that of the spin waves. One possible fu-
ture research direction involves trying to address this challenge, relaxing the constraint.
One possibility is to rely on non-linear processes, such as four-magnon scattering, to re-
veal the presence of high-frequency modes (non resonant with the ESR): two spin waves
of frequency above the ESR can simultaneously scatter to the ESR and to a higher fre-
quency, if both modes are allowed in the magnet, and if the scattering event conserves
frequency and momentum. When the high-frequency mode is populated to a higher
degree, the scattering rate increases (similar to a stimulated emission process) and the
contrast of the ESR increases as a consequence. A large population of the high-frequency
mode could be the result of coupling the magnet with a different system - e.g. a mag-
net of unknown saturation magnetization where the ferromagnetic resonance (FMR) is
driven - resulting in a signature at the ESR. This phenomenon could be used to detect
any signals of frequency above the ESR, provided that it couples to existing modes in the
magnet in which the non-linear scattering is taking place. Besides the extended capabil-
ities of NV magnetometry, understanding non-linear scattering processes of spin waves
is interesting per se. We could start by studying this process in YIG, i.e. characterizing the
frequency range (and its power-dependence) and if higher-order processes are allowed



140 8. CONCLUSION

as well.

While it is interesting to improve the technique we developed, trying to compete with
other spin-wave imaging techniques is not necessary. For example, performing time-
resolved measurement is best left to techniques such as Brilouin light scattering (BLS)
and magneto-optical Kerr effect (MOKE) microscopy, which can work with pump-probe
schemes and reach femtosecond time resolution. Rather, NV-based imaging of spin
waves should focus on the tasks that are virtually impossible to achieve with other tech-
niques, such as studying phenomena at buried interfaces, characterizing the interaction
of spin waves with other excitations that generate a magnetic stray field (i.e. currents,
superconducting vortices), and exploiting the high sensitivity to probe monolayer van
der Waals magnets.



SUMMARY

The elementary excitations of magnets are called spin waves, and their corresponding
quasi-particles are known as magnons. The rapidly growing field of Magnonics aims at
using them as information carriers in a new generation of electronic devices, (almost)
free of electric currents. Encoding information in the amplitude and/or phase of these
coherent waves could lead to a drastic decrease in dissipated power, typically related to
the motion of electrons ("Joule" or "Ohmic" heating).

This dissertation describes the development and use of a new technique to study spin
waves. This technique uses the electronic spins associated with nitrogen-vacancy (NV)
centers as magnetic field sensors. An NV center is a light-emitting defect in the crystal
lattice of diamond. Remarkably, the brightness of its emission depends on its spin state,
sensitive to magnetic fields. This way, magnetic information can be investigated opti-
cally.

The aforementioned field of magnonics is described in Chapter 1, where we discuss its
large potential for technological innovation, that in turn leads to several research direc-
tions and the development of magnetic imaging techniques. In Chapter 2 we present the
structural, electronic and optical properties of NV centers and introduce the NV-based
experimental techniques that are used throughout this thesis to sense static and oscil-
lating magnetic fields.

In Chapter 3, we present a theoretical treatment of spin waves that encompasses de-
riving their dispersion from the equations of magnetization dynamics (Landau-Lifshitz-
Gilbert equation). We then show the equations that govern the inductive excitation of
spin waves (relevant to chapter 4-5), and the stray magnetic fields they generate, step-
ping stone for understanding the NV-based measurements of spin waves.

In Chapter 4 we establish a technique for imaging coherent spin waves via their magnetic
stray field with phase sensitivity. This relies on the interference between the spin-wave
field and the homogeneous field of an additional antenna, which are of the same fre-
quency and phase-locked, such that their interference is stationary. This way, we can
image the amplitude of spin waves resonant with the NV spin. Having knowledge of the
auxiliary field allows to reconstruct the spin-wave field, such that in model configura-
tions we can measure the spin-wave amplitude quantitatively.

Using the developed technique and its "see-through" capability, in Chapter 5 we im-
age spin waves propagating underneath metallic electrodes and quantify the additional
damping these cause. This phenomenon is relevant for devices in which spin-wave ex-
citation, control and detection are achieved via metallic gates. We reveal a 100-fold in-
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crease in spin-wave damping and show that this matches the effective damping calcu-
lated by including the eddy currents field into the LLG equations self-consistently.

In Chapter 6 we focus on thermally-excited spin waves and characterize the spectrum of
the magnetic noise they generate via NV relaxometry - which involves preparing the NV
spin in a determined state and measuring its decoherence over time. Such noise is re-
lated to the excitations of the system via the fluctuation-dissipation theorem. The results
are well matched by a theoretical model based on the chiral coupling between spin-wave
fields and NV spin. However, we find surprising discrepancies at the ferromagnetic res-
onance frequency, which suggest the presence of inhomogeneities in the system.

NV centers are excellent local probes of magnetic fields. One challenge related to the
locality of the results is how to effectively quantify properties that are inherently global,
such as the temperature of a phase transition. In Chapter 7 we show that a possible an-
swer to this challenge is provided by the use of statistical analyses to quantify spatial cor-
relations. We employ these methods to study the temperature-driven metamagnetic (i.e.
from antiferromagnetic to ferromagnetic) phase transition of the metallic alloy FeRh. We
image the nucleation, growth, and coalescence of magnetic domains, and find evidence
that suggests the presence of a domain reorientation across the phase transition.



SAMENVATTING

De elementaire excitaties van magneten zijn spingolven en hun bijbehorende quasideel-
tjes heten magnonen. Het snelgroeiende veld van de magnonica poogt deze te gebrui-
ken als informatiedrager in een nieuwe generatie elektronica, (bijna) gevrijwaard van
elektrische stromen. Het coderen van informatie in de amplitude en/of fase van deze
coherente golven zou kunnen leiden tot een drastische afname in gedissipeerd vermo-
gen, wat typisch wordt veroorzaakt door de beweging van elektronen (het "joule-effect").

Dit proefschrift beschrijft zowel de ontwikkeling als het gebruik van een nieuwe tech-
niek om spingolven te bestuderen. Deze techniek gebruikt de elektronenspins van stikstof-
gat (NV) centra als magneetveldsensoren. Een NV centrum is een luminescerend defect
in het kristalrooster van diamant. De helderheid van de emissie hangt af van de toestand
van de spin, die gevoelig is voor magneetvelden. Op deze wijze kunnen magnetische ei-
genschappen met optische technieken bestudeerd worden.

Het hiervoor genoemde veld van de magnonica wordt beschreven in Hoofdstuk 1, waar
we de grote potentie voor technologische innovatie bespreken, die leidt tot verschillende
onderzoeksrichtingen en de ontwikkeling van magnetische beeldvormingstechnieken.
In Hoofdstuk 2 zetten we de structurele, elektronische en optische eigenschappen van
NV centra uiteen en worden de op NV centra gebaseerde experimentele technieken ge-
introduceerd, die in dit proefschrift worden gebruikt om statische en oscillerende mag-
netische velden te detecteren.

In Hoofdstuk 3 presenteren we een theoretische beschrijving van spingolven, waar hun
dispersierelatie wordt afgeleid uit de vergelijkingen van magnetisatiedynamica (de Landau-
Lifshitz-Gilbert vergelijking). Vervolgens laten we vergelijkingen zien die de inductieve
excitatie van spingolven beschrijven (relevant voor Hoofdstuk 4-5) en de demagnetise-
rende velden die zij genereren, wat een opstap vormt naar de op stikstof-gat centra ge-
baseerde detectie van spingolven.

In Hoofdstuk 4 presenteren we een techniek voor fasegevoelige beeldvorming van cohe-
rente spingolven via hun magnetisch demagnetisatieveld. Deze techniek maakt gebruik
van de interferentie tussen het spingolf-veld en het homogene magneetveld van een na-
bije microgolfantenne, die dezelfde frequentie en een vaste faserelatie hebben, waardoor
hun interferentie stationair is. Op deze wijze kunnen we de amplitude van spingolven,
die resonant zijn met de NV spin, in kaart brengen. Met kennis van het homogene veld
kan het spingolfveld gereconstrueerd worden, waardoor in modelleerbare geometrieén
de amplitude van het spingolfveld zelfs kwantitatief gemeten kan worden.
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De ontwikkelde techniek biedt de mogelijkheid om door materialen heen te kijken, een
"doorzichtigeéigenschap die we in Hoofdstuk 5 inzetten om spingolven in beeld te bren-
gen die zich voortplanten onder dunne metallische elektroden, waarbij we kwantita-
tief hun dempende werking karakteriseren. Deze techniek is relevant voor structuren
waarin excitatie, controle en detectie van spingolven via metallische contacten bereikt
wordt. We ontdekken een 100-voudige toename in spingolfdemping en laten zien dat dit
overeenstemt met een effectieve demping die berekend wordt door wervelstromen in de
LLG-vergelijking te implementeren op zelf-consistente wijze.

In Hoofdstuk 6 focussen we op thermisch geéxciteerde spingolven en karakteriseren we
het magnetische ruisspectrum dat zij genereren via relaxometry — het initiéren van de
spin in een deterministische staat, om vervolgens zijn decoherentie in de tijd te meten.
Zulke ruis is gerelateerd aan de excitaties van het systeem via het fluctuatie-dissipatie-
theorema. De resultaten komen goed overeen met een theoretisch model gebaseerd op
een chirale koppeling tussen de spingolven en de NV spin. Echter, wij observeren verras-
sende afwijkingen bij de ferromagnetische resonantiefrequentie, die op de aanwezigheid
van inhomogeniteiten in het systeem duiden.

Stikstof-gat centra zijn uitstekende sensoren voor plaatselijke magneetvelden. Een uit-
daging die met deze plaatsgebondenheid meekomt is het effectief detecteren van glo-
bale eigenschappen, zoals de temperatuur van een faseovergang. In Hoofdstuk 7 laten
we zien dat een mogelijk antwoord op deze uitdaging gevormd wordt door statistische
analyse om ruimtelijke correlaties te kwantificeren. We passen een dergelijke methode
toe om de temperatuur-gedreven metamagnetische (i.e. van antiferromagnetisch naar
ferromagnetisch) faseovergang van de metallische legering FeRh. We brengen de nucle-
atie, groei en samensmelting van magnetische domeinen in beeld en vinden bewijs voor
de aanwezigheid van een heroriéntatie van domeinen door de faseovergang.



SOMMARIO

Le eccitazioni elementari dei materiali magnetici sono chiamate onde di spin (spin wa-
ves), e le corrispondenti quasiparticelle prendono il nome di magnoni. Il campo di studi
della Magnonica, in rapida crescita, ha come obiettivo I'uso delle onde di spin per il tra-
sporto ed elaborazione di informazione in una nuova generazione di dispositivi elettro-
nici, (quasi) privi di correnti elettriche. La codifica dell'informazione nell’ampiezza e/o
nella fase di queste onde coerenti potrebbe portare ad un decremento drastico dell’ener-
gia dissipata, solitamente collegata al movimento di elettroni (riscaldamento "Ohmico"
o "Joule").

Questa tesi tratta lo sviluppo e 'uso di una nuova tecnica per studiare le onde di spin.
Alla base di tale tecnica vi & I'utilizzo dello spin elettronico associato ai cosidetti "cen-
tri di colore" azoto-vacanza (nitrogen-vacancy, NV) come sensori di campo magnetico.
Un centro NV e un difetto nel reticolo cristallino del diamante che emette luce. La lu-
minosita dell’emissione dipende dallo stato del suo spin elettronico, rendendo possibile
studiare proprieta magnetiche con mezzi ottici.

Il campo della magnonica viene descritto nel Capitolo 1, in cui si discute il vasto poten-
ziale per I'innovazione tecnologica, che a sua volta conduce a diverse direzioni di ricer-
ca e allo sviluppo di tecniche di imaging. Nel Capitolo 2 vengono trattate le proprieta
strutturali, ottiche ed elettroniche dei centri NV, ed introdotte le tecniche sperimentali
utilizzate in questa tesi per misurare campi magnetici statici o oscillanti.

Nel Capitolo 3 viene presentato un trattamento teorico delle onde di spin, che compren-
de la derivazione della loro dispersione a partire dalle equazioni della dinamica della
magnetizzazione (equazioni di Landau-Lifshitz-Gilbert). Successivamente vengono in-
trodotte le equazioni che governano I'eccitazione induttiva delle onde di spin (rilevante
per i capitoli 4-5), e vengono discussi i campi magnetici da esse generati, punto di par-
tenza per capire gli esperimenti sulle onde di spin basati sui centri NV.

Nel Capitolo 4 viene presentate una nuova tecnica di osservazione di onde di spin coe-
renti, tramite il loro campo magnetico, con sensibilita di fase. Questa tecnica si basa sul-
I'interferenza tra il campo magnetico delle onde di spin ed il campo omogeneo di una
antenna esterna, aventi la stessa frequenza e con differenza di fase costante, cosi che
la loro interferenza é stazionaria. In questo modo possiamo osservare 'ampiezza del-
le onde di spin risonanti con lo spin dei centri NV. La conoscenza del campo ausiliario
permette di ricostruire il campo magnetico dell’onda di spin cosi che, in configurazioni
modello, possiamo misurare I'ampiezza dell’onda di spin in modo quantitativo.
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Usando la tecnica sviluppata e la sua capacita di osservare attraverso materiali, nel Ca-
pitolo 5 viene descritta ’osservazione di onde di spin che si propagano al di sotto di elet-
trodi metallici, e viene quantificato I'aumento di smorzamento da essi causato. Questo
fenomeno é rilevante in dispositivi in cuil’eccitazione, controllo e rilevamento delle on-
de di spin e realizzato attraverso gate metallici. Sirileva un aumento dello smorzamento
delle onde di spin di un fattore 100, e mostriamo che questo € in linea con lo smorzamen-
to effettivo calcolato includendo il campo magnetico delle correnti parassite all’'interno
delle equazioni LLG in modo autoconsistente.

Nel Capitolo 6 ci focalizziamo su onde di spin eccitate in modo termico, e caratterizzia-
mo lo spettro delle fluttuazioni magnetiche che generano utilizzando la rilassometria NV
- che comporta la preparazione dello spin del centro NV in un predeterminato stato e la
misura della sua decoerenza nel tempo. Tali fluttuazioni sono collegate alle eccitazioni
del sistema attraverso il teorema di fluttuazione-dissipazione. I risultati sono in accordo
con un modello teorico basato sull’accoppiamento chirale tra i campi magnetici delle
onde di spin e lo spin del centro NV. Tuttavia, riscontriamo incongruenze sorprendenti
alla frequenza della risonanza ferromagnetica, che suggeriscono la presenza di disomo-
geneita nel sistema.

I centri NV sono eccellenti sensori locali di campi magnetici. Una sfida relativa alla loca-
lita dei risultati & come quantificare efficacemente proprieta che sono intrinsecamente
globali, come ad esempio la temperatura di una transizione di fase. Nel Capitolo 7 mo-
striamo che una possibile soluzione a questo problema ¢ fornita dall’'uso di analisi stati-
stiche per quantificare le correlazioni spaziali. Utilizziamo questi metodi per studiare la
transizione metamagnetica (da antiferromagnete a ferromagnete) di fase, guidata dalla
temperatura, della lega magnetica FeRh. Osserviamo la nucleazione, crescita e coale-
scenza di domini magnetici, e troviamo evidenze sperimentali che indicano le presenza
di un riorientamento dei domini magnetici durante la transizione di fase.
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