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Nitrogen-vacancy (NV) centers in diamond are atomic-scale quantum sensors that combine

nanoscale spatial resolution with quantitative magnetic-field readout under ambient conditions.

This dissertation develops and applies NV magnetometry to three problems in nanoscale mag-

netism, in each case extending the sensing technique and using it to access physics that is difficult

to reach by other means.

We first use spatially resolved NV magnetometry to image the nonlinear scattering dynam-

ics of driven magnons in a yttrium iron garnet (YIG) thin film. A two-tone wave-mixing protocol

isolates the elementary four-magnon interaction and extracts its strength directly from the spatial

growth profile of the scattering product. Under strong single-tone driving, the system organizes

into a spontaneous cascade of discrete, power-tunable parametric resonances whose growth is max-

imized where the magnon group velocity vanishes, resolving the pre-thermal approach to equilib-

rium as a structured hierarchy of discrete scattering channels rather than a diffusive continuum.



Second, we introduce a spectrum analyzer based on qubit dressed states that extends NV

noise magnetometry beyond the conventional Rabi-rate limit. Embedding an off-resonant mi-

crowave probe in a dynamical-decoupling sequence uses the AC Stark shift to parametrically mix

the probe with the target noise, so the accessible center frequency is set by the probe rather than the

pulse repetition rate. We validate the method against a commercial spectrum analyzer and use it

to extract the thermal magnon noise spectrum and group velocity in a YIG thin film at frequencies

hundreds of megahertz above the NV resonance.

Third, we apply NV-ensemble magnetic-field imaging to artificial spin ice for the first time,

mapping the stray fields of a pinwheel array through a field-driven reversal at room temperature

with a diamond microchip placed directly on the sample. The maps resolve the full reversal of

the superferromagnetic domain structure, from a uniform configuration through the nucleation,

growth, and coalescence of mesoscopic domains to the reversed state, and show that the reversal is

stochastic yet nucleates at the same locations.

Together, these projects extend NV magnetometry along three axes: spatial imaging of non-

linear many-body dynamics, the frequency range of noise spectroscopy, and confocal imaging

of patterned magnetic systems. They help to establish NV magnetometry as a quantitative, non-

invasive probe of magnetism at the nanoscale.
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1.1 NV measurement setup. (A) Confocal microscope setup, sample holder indicated
by green rectangle. The magnet used to apply the static field can be seen above
the gold sample holder printed circuit board (PCB). The YIG and diamond chips
are mounted facing towards the optical table, and the optical illumination and col-
lection paths are directed from the bottom side of this image. (B) PCB with the
sample mounted and wire bonded to its traces. (C) A microscope image of wire
bonds connecting the PCB to bond pads with a microwave stripline in between.
(D) A microscope image of the stripline antenna on the YIG chip used in this ex-
periment, with no diamond chip present. (E) A microscope image of just a single
20 × 20 µm diamond chip on the YIG. . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 Chiplet transfer process. (A) Schematic of assembled sample, stage, and NV-
diamond chiplet. The process described in the text is pictured in (B-F). The conical
shadow in (B-F) is the tungsten tip used to manipulate the chips. . . . . . . . . . . 11

1.3 Optical setup for NV measurements. The laser is in the top left corner and the
excitation beam is indicated by the green line. The collection path is indicated as a
red line and the neutral light by the blue line. The orange oval is a longpass filter. . 13

1.4 Experimental setup and single-frequency magnon detection. (A) Schematic dia-
gram of the experimental geometry showing the YIG thin film, diamond chip with
NV centers, microwave stripline antenna, and magnetic bias field orientation. Spin
waves in the YIG film are a result of the precession of individual magnetic dipoles
around the equilibrium magnetization, as indicated by the dashed circle. (B) Opti-
cal camera image of the diamond chip placed on the surface of the YIG adjacent to
the stripline antenna. The green dot indicates the laser spot of the confocal micro-
scope, used for NV excitation, which is scanned across the diamond chip to probe
magnons at different positions along the YIG film. The white arrow indicates the
scan direction. (C) Example NV optically detected magnetic resonance (ODMR)
spectrum acquired with a 20 mT bias field. There is a broad dip in NV photolumi-
nescence (PL) around 2.05 GHz due to nonlinear magnon generation, paired with
a sharp PL dip at the NV resonance frequency. (D) Coherent NV Rabi oscillation
data taken at a series of positions on the diamond chip and hence the YIG film,
as indicated by the black arrows. The stripline is driven with a single microwave
frequency tone at the NV resonance and the resulting NV PL signal is fit to an oscil-
lating sinusoid. As the chip does not sit fully flat against the YIG film, the NV/YIG
separation slightly increases as one moves further from the stripline, leading to a
weaker magnon-driven stray field and lower Rabi frequency (see Appendix A for
technical details). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
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1.5 (A) (i) Pulse sequence to acquire data in (C): a standard NV ODMR sequence
with a microwave signal at fixed frequency fp and an additional driving tone at
swept frequency fs. (ii) Pulse sequence to acquire data in (D). The length of the
microwave signal for both fp and fs is swept to drive Rabi oscillations between
the NV spin states. (B) Schematic of the four magnon NV mixing process. The
left side indicates that the consumption of two fp magnons and the emission of
fs and fi magnons conserves energy. If the fi idler magnon is at the NV spin
resonance, then the NV ensemble will be coherently driven. (C) Example mea-
sured NV ODMR spectrum along the diamond chip and hence the YIG film, as
well as swept drive frequency fs, under the application of the microwave dual-
tone drive at fixed bias magnetic field (16 mT). The zero to one scale of this plot
indicates normalized ODMR photoluminescence (PL) contrast (see Appendix A).
Four ODMR resonances are visible in the spectrum, labeled as (i), (ii), (iii) and
(iv). (i) and (iii) are NV PL dips due to the ± first order stimulated four-magnon
scattering processes (2fp − fs or 2fs − fp respectively) being resonant with the
NV transition. (ii) represents a set of higher order stimulated four-magnon scat-
tering processes ((n + 1)fp − nfs) on spin resonance with the NV transition. (iv)
is direct microwave field driving of the NV spin resonance (fNV). White dashed
line indicates the value of fp. (D) NV Rabi frequency data taken as a function of
position during a lateral scan of the diamond chip and hence the YIG film, along
the direction of the arrow in Fig. 1.4(B). The YIG film is driven with a two-tone
microwave signal, such that the idler frequency fi is resonant with the NV ODMR
transition, thereby driving Rabi oscillations (similar to those seen in Fig. 1.4(D)).
These Rabi oscillations are fit to a decaying sinusoid whose frequency is extracted
and plotted here. (E) Idler magnon mode population density ⟨nk⟩ as a function of
position, for fp values detuned 20–80 MHz from fNV at a bias field of 16 mT. ⟨nk⟩
values are calculated from experimentally-determined Rabi frequencies. From top
to bottom, the datasets correspond to detunings of 20, 40, 60, and 80 MHz. Solid
lines are fits of the data to the coupled-mode theory (Eq. (1.2)). (F) Extracted four-
magnon couplings gppsi (purple dots) from the model in Eq. (1.2) as a function of
magnon wavenumber kp for a series of bias fields from 16 mT to 20 mT and fp
values detuned similarly as in (E), compared with the T-matrix prediction (orange
dashed line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
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1.6 (A) Three successive stages of the cascaded magnon scattering process are illus-
trated. (i) A pair of pump magnons at k0, indicated by the stars in the right panel,
scatters into daughter modes k1 and k2. The bow-tie-shaped contour represents
the on-shell phase space available to these daughter modes. The red contours mark
vanishing y-component of the group velocity and delimit the gray region in which
exponential spatial growth is allowed. The strongest instability occurs near the
intersection of the on-shell contour with a slow-magnon line, and the correspond-
ing daughter mode becomes a pump for the next generation. (ii) and (iii) show
the subsequent scattering stages, in which the most unstable mode from the pre-
ceding generation acts as a new pump, producing modified on-shell phase-space
contours and slow-magnon lines. (B) Example measured NV ODMR spectrum
along the diamond chip and hence the YIG film, as a function of scan position
and single-tone microwave drive frequency at fixed bias magnetic field (22 mT).
The zero to one scale of this plot indicates normalized ODMR photolumines-
cence (PL) contrast (see Appendix A). Discrete NV PL resonances (highlighted
in red) are observed when cascaded four-magnon scattering populates magnons at
the NV frequency. (C) Comparison of each identified spin transition resonance fre-
quency (diamonds), identified from a series of measured ODMR spectra, plotted
as a function of bias magnetic field at a fixed position approximately 3–5µm from
the microwave stripline antenna, overlaid with expected PL resonance frequencies
(dashed lines) for each magnon cascade order calculated from the two-dimensional
model (see Appendix A). We find reasonable agreement between the predicted and
measured (i)-(iii) resonances up to fourth order. Blue shading indicates the re-
gions in which the model permits parametric instability, while the dashed lines
mark the frequencies of maximum calculated growth rate. (D) NV ODMR spectra,
as a function of microwave drive current, around the magnon-scattering-induced
PL resonances in (B) and (C); (i)-(iii) are measured at fixed spatial positions and
bias magnetic fields (indicated by gray boxes) in (B) and (C). At each driving cur-
rent, a peak finding algorithm is used to extract the central PL frequency of each
resonance as a function of microwave drive current (circular markers). (E) Cen-
ter frequencies of two sets of magnon-scattering-induced PL resonances from (C)
plotted as a function of drive current through the microwave stripline antenna. Each
set of points (PL resonance frequencies) represents a different bias magnetic field,
as given in the legend above. Fits to our quadratic model given in Eq. (1.4) are
plotted as dashed lines for each bias field. . . . . . . . . . . . . . . . . . . . . . . 22

2.1 Visualization of MW delivery for YIG experiment. (a) Full PCB with SMA and
SMB connectors. (b) View of the 100nm thick commercial YIG film with patterned
bonding pads. The 3 wire bonds per pad are clearly visible. (c) View of the 10um
stripline with the diamond chiplet containing the NV ensemble sitting on top of the
YIG film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
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2.2 Visualisation of artificial noise time traces uploaded to the AWG. (a) Example of
three different time traces uploaded xi(t) . The fast oscillations are at fIF while the
envelope is given by the noise BW . (b) Averaged power spectral density (PSD) of
the Fourier transformations of the sum of 100 different time traces. . . . . . . . . . 33

2.3 Visualization of spin echo sequence used to determine the NV spin phase and mag-
nitude resulting from application of the probe field. . . . . . . . . . . . . . . . . . 34

2.4 Measurement of qubit dressed states using a spin echo protocol. (a) Dressed state
spin echo sequence with a probe field during one arm of length τ , which acts as an
effective B field on the qubit (see Appendix B.1.1). Bloch sphere representation
(above) shows effect of pulse sequence on qubit spin. (b) Calculated dressed state
energies (within the rotating frame) in comparison to the qubit bare states as a
function of detuning, ∆, of the probe field from the bare resonance relative to the
probe field Rabi rate, Ωprobe. The black dotted line describes the bare qubit excited
state in the rotating frame, while the dashed line gives the summed energy of the
bare qubit ground state and the MW probe field photon. The orange lines are
the dressed states, which diverge from the bare states due to the AC Stark effect
with a quadratic dependency on the probe field strength, Ωprobe. (c) NV spin echo
measurement of the dressed state frequency shift induced by the probe field as a
function of detuning ∆, and a fit of the expected 1/∆ dependency for τ = 1500 ns.
From the fit we obtain Ωprobe = 2π × (3.70± 0.04)MHz. . . . . . . . . . . . . . . 37

2.5 Measurement of broadband noise spectra using qubit dressed states. (a) Dressed
state spin echo sequence with probe field and noisy RF signal during both arms
of length τ . The noise mixes with the probe field via the quadratic dependence of
the qubit AC Stark shift on the total field amplitude. This mixing effectively im-
prints the noise onto the probe field, producing a fluctuating effective Rabi rate that
induces decoherence in the qubit’s x–y plane. Sweeping the spin echo sequence
filter function, which is set by the probe field frequency fprobe, and repeating spin
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RF signal field. Bloch sphere representation (upper panel) shows effect of pulse
sequence and applied fields on the qubit spin. Schematic spectrum (lower panel)
illustrates relative frequency locations and bandwidths of the qubit bare resonance,
swept spin echo filter function, and noise signal. (b) Noise spectral density from
NV decoherence measurements for three noise spectra. Solid lines represent inde-
pendent measurements obtained using a conventional spectrum analyzer. The scale
of S is indicated at the top of the panel. . . . . . . . . . . . . . . . . . . . . . . . . 40

2.6 Scaling of dressed state DD RF noise measurements on experimental parameters.
(a) Dependence of the experimentally determined NV spin phase variance ⟨ϕ2⟩ on
probe field amplitude, Bprobe, measurement time, τ , and probe field detuning from
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Introduction

The nitrogen-vacancy (NV) center in diamond is an atomic-scale point defect whose elec-

tronic spin can be optically initialized, coherently driven with microwave fields, and read out

through its photoluminescence, which makes it a sensitive quantum sensor of its local magnetic

environment [1, 2]. Because the sensing spin sits inside a chemically inert crystal, NV magnetom-

etry delivers quantitative, calibrated field readout at nanoscale spatial resolution, from cryogenic

temperatures to well above room temperature, with little back-action on the system under study.

The same defect serves either as a single scanning probe, for the highest spatial resolution, or as a

dense ensemble in a diamond chip that images an extended sample in a single shot. These prop-

erties have made NV magnetometry a leading tool for nanoscale magnetic sensing, used across

condensed matter physics to image static magnetic order and to probe the dynamics of spins, cur-

rents, and collective excitations [3, 4]. This thesis presents three ways we use NV centers for

nanoscale magnetics, summarized in the three paragraphs that follow.

The first application is the spatial imaging of nonlinear magnetic dynamics. When a mag-

netic system is driven far from equilibrium, nonlinear interactions redistribute energy among its

collective excitations, and whether this redistribution proceeds through a smooth turbulent cascade

or through discrete scattering channels is a long-standing question tied to how such systems ther-

malize. In Chapter 1 we use spatially resolved NV magnetometry to image the nonlinear scattering
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dynamics of driven magnons in a thin film of yttrium iron garnet (YIG), a material that combines

exceptionally low damping with strong magnon-magnon interactions [5, 6]. By scanning the NV

sensor along the magnon propagation direction, we use distance from the excitation source as a

proxy for interaction time, turning a steady-state measurement into a dynamical map. We iso-

late the elementary four-magnon interaction with a two-tone wave-mixing protocol and extract its

strength directly from the spatial growth profile, and under strong driving we observe a spontaneous

cascade of discrete, power-tunable parametric resonances whose growth is maximized where the

magnon group velocity vanishes. This resolves the pre-thermal regime as a structured hierarchy

of scattering channels rather than a featureless continuum, and it rests on the absolute, calibrated

field readout and wide field of view of NV magnetometry [7, 8].

The second application is broadband spectroscopy of magnetic noise. The spectrum of fluc-

tuating magnetic fields encodes the dynamics of spins, currents, and quasiparticles in a material, but

NV noise spectroscopy based on dynamical decoupling is restricted to frequencies below roughly

100 MHz, set by the achievable Rabi rate. In Chapter 2 we introduce a dressed-state spectrum

analyzer that extends NV noise magnetometry beyond this Rabi limit. Exposing the NV qubit to

a microwave dressing field during a dynamical-decoupling sequence parametrically mixes a target

signal with a strong probe field through the AC Stark shift, producing a spectrum analyzer whose

center frequency is set by the probe and is continuously tunable [9]. We validate the protocol on

artificial test signals, finding excellent agreement with a commercial spectrum analyzer, and then

apply it to a YIG thin film to extract the thermal magnon noise spectrum and group velocity at

frequencies hundreds of megahertz above the NV resonance, a range inaccessible to conventional

dynamical decoupling. The method preserves the nanoscale spatial resolution of NV sensing while
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substantially extending its frequency reach.

The third application is confocal imaging of patterned magnetic textures. Artificial spin

ices, lithographically defined arrays of interacting nanomagnets, are model systems for geometric

frustration, emergent magnetic monopoles, and collective dynamics, and studying them calls for

imaging that combines quantitative field readout with sub-micron resolution over a large area [10].

In Chapter 3 we apply NV-ensemble magnetic-field imaging to artificial spin ice for the first time,

placing a diamond microchip directly on the sample and mapping the stray fields of a pinwheel

array as it reverses under an applied static field at room temperature. The stray-field maps resolve

the full reversal, from a uniform configuration through the nucleation, growth, and coalescence of

mesoscopic domains to the reversed uniform state, and repeated cycles show that the reversal is

stochastic yet nucleates at the same locations. Micromagnetic simulations reproduce the measured

field maps, and a control measurement confirms that the microwave sensing field does not perturb

the reversal. Using a dense NV ensemble rather than a single scanning probe, we obtain vector

magnetometry across a roughly 100 µm field of view at sub-micron resolution, capturing the entire

array and establishing NV imaging as a quantitative, non-invasive, room-temperature probe of

these systems [2, 11].
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Chapter 1: Spatially Resolving the Pre-Thermal Anatomy of a Driven Bosonic

Fluid

This chapter is adapted from a forthcoming publication: S. Ravan, A. Müller, J. Cremer, J. Curtis,

D. Fernandez, R. Walsworth, E. Demler, and A. Yacoby, “Spatially Resolving the Pre-Thermal

Anatomy of a Driven Bosonic Fluid” (in preparation).

Author contributions: I led the concept development, experimental design, sample preparation,

data acquisition, validation, and supervision of all project components, with help from J. Cremer.

I drafted the manuscript with A. Müller, with assistance from the other co-authors. A. Müller led

the model development and simulations presented in Fig. 1.6. This work was performed under the

supervision of A. Yacoby, E. Demler, and R. Walsworth.

Notation in this chapter: this chapter reproduces a standalone publication and keeps its notation,

in which several symbols are reused with different meanings elsewhere in the thesis. Here γ = µ0γe

is the electron spin gyromagnetic ratio scaled by the vacuum permeability, whereas Chapters 2

and 3 use a bare gyromagnetic ratio (written γNV in Chapter 3) that carries no factor of µ0. The

symbol D is the YIG film thickness, and the nitrogen-vacancy zero-field splitting is written ∆; in

Chapter 2 D instead denotes the magnon spectral density, and in Chapter 3 D denotes the zero-

field splitting. Within this chapter α is the Gilbert damping constant, β the nonlinear frequency-
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shift coefficient, and Sk the coherent stripline injection amplitude, each of which denotes a different

quantity in Chapter 2.

1.1 Introduction

Relaxation of interacting many-body systems to equilibrium is one of the longest-standing

fundamental problems in physics. Since Boltzmann introduced the idea of ergodicity, the general

picture has been that systems relax to local equilibrium on microscopic timescales, retaining only

coarse-grained memories of density and temperature, before hydrodynamic variables relax toward

global equilibrium [12]. Over the years, several exceptions to this canonical scenario have been

identified, including integrable systems [13] and many-body localization [14]. In these cases,

strong disorder or kinematic constraints strictly prevent the system from exploring phase space,

effectively halting thermalization.

In this chapter, we report the experimental observation of a distinct relaxation scenario in

which dynamics proceed through a cascade of scattering processes at well-defined momenta. Many

earlier works studying the redistribution of energy towards equilibrium have commonly used Wave

Turbulence Theory (WTT) to model a smooth, stochastic process [15, 16]. This includes work on

quark-gluon plasmas [17] and sea-state spectra [18, 19]. However, concrete examples from ultra-

cold atomic gases and photonics have hinted that coherence flows through discrete, phase-matched

channels long before it thermalizes. In Bose–Einstein condensates (BECs), periodic modulation

triggers parametric instabilities that emit ‘firework’ patterns of excitations at well-defined mo-

menta [20, 21], generate Faraday waves and granulation [22], and form density patterns stabi-

lized by non-equilibrium fixed points [23, 24]. Similarly, in semiconductor microcavities, driven
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exciton-polaritons scatter into specific signal and idler modes governed by strict phase-matching

rules [25, 26].

We utilize magnons, the bosonic quanta of spin waves, in yttrium iron garnet (YIG) to

demonstrate this novel relaxation phenomenon in a room-temperature solid-state system. YIG

supports strong nonlinear interactions with exceptionally low damping [5, 6], enabling landmark

observations of magnon Bose–Einstein condensation [27, 28] and thermalization [29, 30], and al-

lowing us insight into magnon-magnon scattering dynamics. While these have been previously

characterized by Brillouin light scattering [31, 32], nitrogen-vacancy (NV) diamond magnetom-

etry [7, 8] has proven to be a powerful tool for studying magnonics, especially given its ability

to measure the absolute magnetic field, with both high spatial resolution and wide field-of-view

across a sample of interest.

In our work, we leverage NV magnetometry to directly image the scattering dynamics of

magnons in a YIG thin film. We first isolate a single scattering process via stimulated wave mix-

ing, extracting the four-magnon interaction strength from its spatial growth profile. We then track

the spontaneous cascade of magnon scattering processes under strong driving, discovering that

the system populates a hierarchy of discrete, power-tunable resonances. These are cascaded para-

metric modes where a coherent drive spawns successive generations of daughter magnonic waves.

Standard perturbative approaches like S-theory (the mean-field theory of parametrically excited

waves) [33, 34] predict the primary instability threshold but fail to capture the multi-stage kinet-

ics preceding thermalization. We develop a new model which demonstrates that the buildup of

these modes is governed by dynamic selection rules that favor k-values where the group velocity

vanishes, effectively isolating the instability. At these slow magnon points the magnon energy den-
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sity is compressed and the four-magnon interaction amplified, in analogy to the enhancement of

optical nonlinearities in slow-light media [35–37]. By correlating spatial growth with mean-field

frequency shifts and modeling this process using conjugate wave optics and Bogoliubov theory,

we identify these resonances as the nonlinear pathways (the stepping stones) by which the co-

herent fluid restructures itself before equilibration. Our results establish thin-film magnonics and

NV imaging as a platform for visualizing the deterministic anatomy of thermalization in driven

quantum many-body systems.

1.2 Experimental Details

1.2.1 Sample Details

We use a 4 mm × 6 mm sample chip diced from a 100 nm-thick YIG thin film grown on

a 3-inch-diameter GGG substrate. The sample chip is patterned with a stripline antenna, with a

width of 10µm made from a 10 nm Ti, 300 nm Au stack, with wide pads on either end. The chip

is mounted on a PCB, with both ends of the stripline antenna wirebonded to PCB traces: one side

connects to the microwave drive circuit, and the other to a 50 Ω termination. The PCB is shown in

Fig. 1.1b, and an example of wirebonded pads is shown in Fig. 1.1c. The circuit drives currents at

selected frequencies through the stripline antenna.

On the YIG film, we place a 50µm by 50µm diamond chip. This chip, with thickness ∼1–

2 µm, was commercially fabricated from a bulk single-crystal CVD diamond substrate (Element

Six, natural isotopic abundance) cut along the ⟨111⟩ direction. The diamond is implanted with

nitrogen ions with implantation energy of 10 keV and a dose calibrated to yield > 1000 NVs per

µm2, without extra steps to create additional vacancies and anneal the diamond [38]. The resulting
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Figure 1.1: NV measurement setup. (A) Confocal microscope setup, sample holder indicated
by green rectangle. The magnet used to apply the static field can be seen above the gold sample
holder printed circuit board (PCB). The YIG and diamond chips are mounted facing towards
the optical table, and the optical illumination and collection paths are directed from the bottom
side of this image. (B) PCB with the sample mounted and wire bonded to its traces. (C) A
microscope image of wire bonds connecting the PCB to bond pads with a microwave stripline
in between. (D) A microscope image of the stripline antenna on the YIG chip used in this
experiment, with no diamond chip present. (E) A microscope image of just a single 20 × 20
µm diamond chip on the YIG.
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implanted nitrogen atoms are at a depth of approximately 10 nm from the diamond surface [38],

with approximately 50 NVs per confocal volume along each of the four NV orientation classes

within the diamond [39]. On the surface of the diamond chip with the NV centers, we deposit

a 210 nm-thick layer of TiO2 via ALD to increase the separation between the NVs and the YIG

surface. We then use a pick and place technique, using a probe station and tungsten tips, to place the

diamond chip on the YIG, with the NV side facing (in proximity to) the YIG surface. The diamond

chip is placed approximately 3–5µm from the antenna and is not perfectly flush with the YIG

surface (see Fig. 1.4(B)). The NV/YIG separation across the diamond chip (in the direction of the

white arrow in Fig. 1.4(B)) is measured using NV T1 relaxometry measurements (see Appendix A),

and is between 250–500 nm. Data is also collected on a second diamond chip to confirm the general

behavior, but all data presented in this chapter and related quantitative calculations are acquired

using a single chip.

1.2.2 Sample Fabrication

The stripline antenna is patterned on the YIG chip by direct-write photolithography and

metal liftoff, carried out at the Harvard University Center for Nanoscale Systems. We first solvent-

clean the diced YIG chip by sonication in acetone and then isopropanol (IPA), and blow it dry with

nitrogen. We promote photoresist adhesion with a spin-coated hexamethyldisilazane (HMDS)

primer and a 115 ◦C dehydration bake, then spin-coat a ∼1.5µm layer of S1813 positive photore-

sist and softbake at 115 ◦C. The stripline pattern is exposed in a Heidelberg MLA-150 maskless

laser lithography system and developed in MF-319 developer followed by deionized-water rinses.

Before metallization we apply a brief oxygen-plasma descum (50 W, 1 min), which we find im-
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proves edge definition and liftoff. We then deposit the metal stack by thermal evaporation onto

the rotating chip under high vacuum (base pressure ∼5 × 10−7 Torr): a 10 nm Ti adhesion layer

at 0.4 Å/s, followed by 300 nm of Au at 0.5 Å/s. Finally, the remaining resist and excess metal

are removed by liftoff, soaking in Remover PG at 70 ◦C and then sonicating in fresh Remover PG

and IPA, which leaves the 10µm-wide Ti/Au stripline antenna on the YIG surface, as pictured in

Fig. 1.1d.

The TiO2 spacer layer on the diamond chip is grown by atomic layer deposition (ALD) on a

Savannah ALD system using tetrakis(dimethylamido)titanium (TDMAT) as the titanium precursor.

We first transfer the diamond chip NV-side up onto a quartz carrier, then deposit the TiO2 over the

NV-bearing face at a reduced chamber temperature of 90 ◦C, chosen for its higher TiO2 growth rate;

3077 deposition cycles yield the ∼210 nm film. The coated chip is subsequently placed NV-side

down onto the YIG surface.

The chiplet transfer process is shown in Fig. 1.2. The diamond chip is placed on top of the

YIG substrate with free space beneath so that any broken chips will fall from the fabricated dia-

mond sample onto the YIG. Panels B-C show the breakage process under an optical microscope. A

sharp tungsten probe tip is used to break a diamond chip that is 20 microns by 20 microns by gently

pushing down on it using a motorized stage. Afterwards, we remove the diamond superstructure

and locate the chips on the sample as shown in panel D. In panels E-F, we show that we use the

same tungsten probe to move the fallen chips to the desired location on the YIG sample next to the

microwave stripline.
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Figure 1.2: Chiplet transfer process. (A) Schematic of assembled sample, stage, and NV-
diamond chiplet. The process described in the text is pictured in (B-F). The conical shadow in
(B-F) is the tungsten tip used to manipulate the chips.

1.2.3 Experimental Setup

We utilize a confocal microscope with a 0.9 NA objective and an estimated 350 nm spot size.

It is equipped with a 520 nm Cobolt diode laser to initialize the NVs into the ms = 0 state, and

a single photon detector to measure the NV photoluminescence (PL). The diamond/YIG sample

is mounted on a 3-axis Newport translation stage. The focus of the objective is fixed in space

and we sweep the stage position to scan across the diamond chip. To apply the bias field, we use

a permanent magnet mounted on an independent translation stage. We calibrate the position of

the magnet to specify the field magnitude and to reliably align the field along one of the four NV

ensemble orientation classes within the diamond [39], and we calculate the associated lab-frame

directions of these classes. A photograph of these components is given in Fig. 1.1a. Due to the
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⟨111⟩ orientation of the diamond, we apply the field −71◦ from the surface normal.

The microwave circuit is driven by two signal generators (Agilent E4428 and Rohde &

Schwarz SMA100A) and terminated with a Signal Hound spectrum analyzer, serving as the 50 Ω

load. The signals are pulsed using Mini-Circuits switches. These are driven using a Tektronix

AWG, which is programmed using our experimental control software. The AWG is also used to

modulate the laser diode. NV PL measurements from the single photon detector are digitized us-

ing a National Instruments DAQ. The pulse sequence creation, data collection, and analysis are

performed using a custom Matlab interface on our lab computer.

The optical setup for the NV measurements is shown in Fig. 1.3. The green light is produced

by a 520-nanometer Cobolt laser pictured in the top left of this image. It is directed through

a coupled fiber into the confocal microscope, where it then proceeds through a dichroic and is

focused down by an objective lens onto the diamond chip. The collected red photoluminescence is

gathered by the same objective and proceeds back through the excitation path. It is then separated

by a dichroic mirror, proceeding to a pinhole element to isolate the photoluminescence from the

NV layer and then directed onto a single photon detector. There is an additional flippable mirror

that allows us to illuminate the sample with neutral light and capture optical images of the sample.

1.3 Results

1.3.1 Single Frequency Magnon Generation and Detection

To directly image the spatial evolution of the magnon gas, we employ a dense ensemble of

nitrogen-vacancy (NV) centers in close proximity to a room-temperature, 100 nm-thick YIG thin

film (Fig. 1.4(A, B)). The diamond chip (50µm × 50µm), that hosts the NV ensemble, is posi-
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Figure 1.3: Optical setup for NV measurements. The laser is in the top left corner and the
excitation beam is indicated by the green line. The collection path is indicated as a red line and
the neutral light by the blue line. The orange oval is a longpass filter.
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tion, as indicated by the dashed circle. (B) Optical camera image of the diamond chip placed
on the surface of the YIG adjacent to the stripline antenna. The green dot indicates the laser
spot of the confocal microscope, used for NV excitation, which is scanned across the diamond
chip to probe magnons at different positions along the YIG film. The white arrow indicates
the scan direction. (C) Example NV optically detected magnetic resonance (ODMR) spec-
trum acquired with a 20 mT bias field. There is a broad dip in NV photoluminescence (PL)
around 2.05 GHz due to nonlinear magnon generation, paired with a sharp PL dip at the NV
resonance frequency. (D) Coherent NV Rabi oscillation data taken at a series of positions on
the diamond chip and hence the YIG film, as indicated by the black arrows. The stripline is
driven with a single microwave frequency tone at the NV resonance and the resulting NV PL
signal is fit to an oscillating sinusoid. As the chip does not sit fully flat against the YIG film,
the NV/YIG separation slightly increases as one moves further from the stripline, leading to
a weaker magnon-driven stray field and lower Rabi frequency (see Appendix A for technical
details).
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tioned with an average distance of zNV ≈ 300 nm above the YIG surface, and the NVs are probed

with a custom-built setup including a confocal microscope and microwave antenna (see Sec. 1.2),

ensuring non-invasive sensing of the local dipolar fields from the YIG film while maintaining sub-

micron spatial resolution [39, 40]. An external magnetic bias field Hext is applied at θNV = −71◦

relative to the surface normal, to enable probing of one orientation class of NVs within the diamond

chip and to orient the magnetization for the excitation of Damon-Eshbach YIG spin waves [41].

We utilize two complementary NV sensing modalities to map the spectral and spatial magnon

characteristics of the excitations. First, we employ NV optically detected magnetic resonance

(ODMR) spectroscopy to identify the local magnon spectrum. As shown in Fig. 1.4(C), the ODMR

spectrum with a 20 mT bias field reveals a sharp resonance at 2.2 GHz, corresponding to direct

excitation of magnons at the NV resonance frequency. Crucially, we also observe a broad, anoma-

lous magnon absorption feature centered at 2.05 GHz. As we discuss in the following sections,

this signature arises not from direct magnon driving, but from the nonlinear generation of cascaded

magnon scattering products.

Second, to quantify the local spin wave amplitude, we drive coherent Rabi oscillations of the

NV sensor at the magnon frequency (Fig. 1.4(D)). By scanning the confocal volume of probed NVs

away from the microwave antenna, we observe a spatial decay in the Rabi frequency ΩR, which

is proportional to the local microwave field amplitude Bmw ∝ ΩR. This calibration confirms our

ability to spatially resolve the propagation of coherent magnon excitations over finite distances, a

prerequisite for imaging the kinetic buildup of the cascade of magnon scattering processes [42].
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1.3.2 Spatially Resolving the Nonlinear Four-Magnon Interaction Strength

We begin by isolating the elementary four-magnon scattering process using a stimulated

wave-mixing protocol. These magnon-magnon processes, which underlie the second-order Suhl

instability [43], have recently emerged as a powerful tool for studying magnon dynamics, including

creating spin-wave frequency combs [44] and coherently generating target magnon modes [45].

However, these efforts largely exploit the nonlinearity as a tool, rather than explore the intricate

many-body dynamics that it produces. While Brillouin light scattering experiments have directly

observed these scattering processes at finite wavevectors [32,46], quantitative measurements of the

microscopic interaction vertex g remain rare [33].

Here, we implement a spatially resolved scheme, using NV magnetic imaging (Fig. 1.5(A)),

similar to that employed in Ref. [45]. This approach coherently generates and images a specific

scattering product, allowing us to extract the magnon coupling strength for the four-magnon scat-

tering process (see Fig. 1.5(B) for graphical definition of kp, ks, and ki) directly from its spatial

magnon growth profile, thereby demonstrating the first component of the cascade of magnon scat-

tering processes.

We apply a dual-tone microwave drive to the YIG film consisting of a pump at frequency fp

and a signal fs that acts as a seed. In the perpendicular pumping configuration (see Appendix A),

the dominant nonlinearity arises from the dipole-dipole interaction, which mixes these modes to

generate an idler magnon at fi = 2fp − fs. By tuning fp and fs such that the resulting idler

frequency fi coincides with the NV spin transition frequency fNV, we use the NV ensemble mag-

netometer within the confocal volume as a spectrally selective filter to image only the nonlinear

scattering product, effectively blind to the pump and signal fields; see Fig. 1.5(B).
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Figure 1.5(C) shows a map of the measured spectral landscape of this process. We fix the

pump frequency fp and sweep the seed fs, measuring the NV photoluminescence (PL) as a func-

tion of distance from the antenna, using the pulse sequence in Figure 1.5(A)(i). We observe a

rich structure of resonances. Beyond the expected direct driving of the NV spin transition fre-

quency (labeled (iv) in Fig. 1.5(C)), we detect distinct magnon mixing orders, labeled as follows in

Fig. 1.5(C): (i) the primary four-magnon signal at fi = 2fp − fs; (iii) the inverse process 2fs − fp;

and (ii) a set of higher-order processes at fi = (n + 1)fp − nfs, where n is an integer indicat-

ing the order. The visibility of these higher orders confirms the high coherence of the nonlinear

four-magnon interaction process, a prerequisite for the formation of stable pre-thermal states.

We focus on the first-order idler mode (i) to extract the four-magnon interaction strength.

Since the scattering is phase-coherent, the generated idler magnons drive coherent Rabi oscillations

of the NV sensor. By measuring the Rabi frequency ΩR as a function of position y (Fig. 1.5(D)),

using the pulse sequence in Fig. 1.5(A)(ii), we map the spatial envelope of nonlinear magnon

generation. We convert this Rabi frequency to the local magnon population density ⟨nk⟩ via the

relation (derived in Appendix A):

⟨nk⟩ = seff

(
ΩR

γC

)2

(1.1)

where γ = µ0γe is the electron gyromagnetic ratio scaled by the vacuum permeability, seff =

Ms/(γℏ) is the effective spin density of the YIG film, set by the saturation magnetization Ms =

1.55 × 105 A/m, and C collects the saturation magnetization together with the geometric, evanes-

cent, and ellipticity factors.

To extract the four-magnon coupling gppsi , we fit the spatial growth of the idler population den-

sity to a coupled-mode theory derived from the nonlinear Schrödinger equation (see Appendix A).
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Assuming the pump and seed amplitudes remain undepleted over the measurement range, the idler

amplitude Ai(y) evolves as:

Ai(y) =
A0

λ0 − λi − i∆ky
[
e−λiy − e(−λ0+i∆ky)y

]
(1.2)

Here, A0 = −igppsi A2
pA
∗
s/v

y
i is the nonlinear source term, vyi is the y-component of the idler

group velocity, λp,s,i are the spatial decay rates of the pump, seed, and idler, λ0 = 2λp + λs is the

combined decay rate of the source, and ∆ky is the momentum mismatch (∆ky = 2kyp − kys − kyi )

for the four-magnon scattering process. This model captures the competition between nonlinear

gain and propagation loss, providing reasonable fits to the experimental data in magnon dynamics

and spatial growth (Fig. 1.5(E)).

The extracted four-magnon interaction strengths gppsi from this fitting procedure are plotted

in Fig. 1.5(F) (purple dots), alongside theoretical predictions from standard T-matrix theory [47]

(orange dashed line). To calculate gppsi , we extract A0 from the fits and determine Ap and As from

the microwave power injected into the stripline, assuming a linear relationship between the drive

current and the magnetization amplitude [8]. We attribute the discrepancy between the measured

and predicted values of gppsi to our restriction to kx = 0 in the scattering model. In practice, the

large magnon populations injected at the pump and signal frequencies may also scatter into kx ̸= 0

modes at fNV, enhancing ΩR and hence the inferred A0, and thereby yielding a larger extracted gppsi

than predicted.
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Figure 1.5: (A) (i) Pulse sequence to acquire data in (C): a standard NV ODMR sequence with
a microwave signal at fixed frequency fp and an additional driving tone at swept frequency fs.
(ii) Pulse sequence to acquire data in (D). The length of the microwave signal for both fp and
fs is swept to drive Rabi oscillations between the NV spin states. (B) Schematic of the four
magnon NV mixing process. The left side indicates that the consumption of two fp magnons
and the emission of fs and fi magnons conserves energy. If the fi idler magnon is at the NV
spin resonance, then the NV ensemble will be coherently driven. (C) Example measured NV
ODMR spectrum along the diamond chip and hence the YIG film, as well as swept drive fre-
quency fs, under the application of the microwave dual-tone drive at fixed bias magnetic field
(16 mT). The zero to one scale of this plot indicates normalized ODMR photoluminescence
(PL) contrast (see Appendix A). Four ODMR resonances are visible in the spectrum, labeled
as (i), (ii), (iii) and (iv). (i) and (iii) are NV PL dips due to the ± first order stimulated four-
magnon scattering processes (2fp − fs or 2fs − fp respectively) being resonant with the NV
transition. (ii) represents a set of higher order stimulated four-magnon scattering processes
((n+1)fp−nfs) on spin resonance with the NV transition. (iv) is direct microwave field driv-
ing of the NV spin resonance (fNV). White dashed line indicates the value of fp. (D) NV Rabi
frequency data taken as a function of position during a lateral scan of the diamond chip and
hence the YIG film, along the direction of the arrow in Fig. 1.4(B). The YIG film is driven with
a two-tone microwave signal, such that the idler frequency fi is resonant with the NV ODMR
transition, thereby driving Rabi oscillations (similar to those seen in Fig. 1.4(D)). These Rabi
oscillations are fit to a decaying sinusoid whose frequency is extracted and plotted here. (E)
Idler magnon mode population density ⟨nk⟩ as a function of position, for fp values detuned
20–80 MHz from fNV at a bias field of 16 mT. ⟨nk⟩ values are calculated from experimentally-
determined Rabi frequencies. From top to bottom, the datasets correspond to detunings of 20,
40, 60, and 80 MHz. Solid lines are fits of the data to the coupled-mode theory (Eq. (1.2)). (F)
Extracted four-magnon couplings gppsi (purple dots) from the model in Eq. (1.2) as a function of
magnon wavenumber kp for a series of bias fields from 16 mT to 20 mT and fp values detuned
similarly as in (E), compared with the T-matrix prediction (orange dashed line).
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1.3.3 Cascaded Parametric Instabilities

Having characterized the elementary four-magnon vertex, we now turn to the regime of

strong single-tone microwave driving near the ferromagnetic resonance (FMR) of the YIG film,

where the system spontaneously organizes into a hierarchy of non-equilibrium states (Fig. 1.6(A)).

Previous studies have hinted that high-power driving can redistribute magnon populations via

three-magnon splitting [48] or four-magnon scattering [30].

We drive the system with a single frequency ω0 near the FMR and spatially scan the NV

confocal volume to map the resulting magnon concentration. The measured NV ODMR spec-

tral response, shown in Fig. 1.6(B) for a magnetic bias field of 22 mT, reveals a striking pat-

tern. Beyond the direct excitation of the NV spin transition at 2.27 GHz, we observe a series

of discrete, magnetic-field-dependent resonances (highlighted in red). These features signify that

magnons driven near the FMR are undergoing spontaneous four-magnon scattering events, gener-

ating daughter populations that are resonant with the NV sensor.

To describe this hierarchy of magnon interactions, we model the system as a cascade of para-

metric resonances. A pair of pump waves (ω0,k0) scatters into a pair of daughter modes (ω1,k1)

and (ω2,k2). Uniquely, our theoretical framework relaxes the standard on-shell assumption, and

analyzes nonequilibrium dynamics in a system without translational invariance. By solving the

coupled-mode equations in the steady state (see Appendix A), we derive the spatial growth rate λ

for daughter modes propagating perpendicular to the microwave stripline antenna (i.e., along the
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direction probed by the NV sensor, as shown by the white arrow in Fig. 1.4(B)):

λ = ±
√

|g0012A2
0|2

vyk1
vyk2

−
(
ω̃(k2) + ω̃(k1)− 2ω0

vyk1
+ vyk2

)2

(1.3)

Here, g0012 is the four-magnon interaction vertex, A0 is the pump amplitude, vyk1,2
are the group

velocities of the daughter modes, and ω̃(k) includes the mean-field frequency shifts. The structure

of this equation reveals the dynamic selection mechanism of the cascade. The instability growth is

maximized at the specific phase-space coordinates where the resonant manifold (the black surface

satisfying the on-shell condition) intersects with the contours of vanishing group velocity (vy → 0,

red lines in Fig. 1.6(A)). The gain term in Eq. (1.3) scales as 1/
√
vyk1

vyk2
and is sharply enhanced

as the daughter group velocities approach zero. As modes with low group velocities experience an

extended spatial overlap with the active pumping region, they accumulate a larger amplitude per

unit propagation length, maximizing the parametric gain along these slow-magnon lines.
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Figure 1.6: (A) Three successive stages of the cascaded magnon scattering process are illus-
trated. (i) A pair of pump magnons at k0, indicated by the stars in the right panel, scatters
into daughter modes k1 and k2. The bow-tie-shaped contour represents the on-shell phase
space available to these daughter modes. The red contours mark vanishing y-component of the
group velocity and delimit the gray region in which exponential spatial growth is allowed. The
strongest instability occurs near the intersection of the on-shell contour with a slow-magnon
line, and the corresponding daughter mode becomes a pump for the next generation. (ii) and
(iii) show the subsequent scattering stages, in which the most unstable mode from the preceding
generation acts as a new pump, producing modified on-shell phase-space contours and slow-
magnon lines. (B) Example measured NV ODMR spectrum along the diamond chip and hence
the YIG film, as a function of scan position and single-tone microwave drive frequency at fixed
bias magnetic field (22 mT). The zero to one scale of this plot indicates normalized ODMR
photoluminescence (PL) contrast (see Appendix A). Discrete NV PL resonances (highlighted
in red) are observed when cascaded four-magnon scattering populates magnons at the NV fre-
quency. (C) Comparison of each identified spin transition resonance frequency (diamonds),
identified from a series of measured ODMR spectra, plotted as a function of bias magnetic
field at a fixed position approximately 3–5µm from the microwave stripline antenna, over-
laid with expected PL resonance frequencies (dashed lines) for each magnon cascade order
calculated from the two-dimensional model (see Appendix A). We find reasonable agreement
between the predicted and measured (i)-(iii) resonances up to fourth order. Blue shading in-
dicates the regions in which the model permits parametric instability, while the dashed lines
mark the frequencies of maximum calculated growth rate. (D) NV ODMR spectra, as a func-
tion of microwave drive current, around the magnon-scattering-induced PL resonances in (B)
and (C); (i)-(iii) are measured at fixed spatial positions and bias magnetic fields (indicated by
gray boxes) in (B) and (C). At each driving current, a peak finding algorithm is used to extract
the central PL frequency of each resonance as a function of microwave drive current (circu-
lar markers). (E) Center frequencies of two sets of magnon-scattering-induced PL resonances
from (C) plotted as a function of drive current through the microwave stripline antenna. Each
set of points (PL resonance frequencies) represents a different bias magnetic field, as given in
the legend above. Fits to our quadratic model given in Eq. (1.4) are plotted as dashed lines for
each bias field.

Once a daughter magnon population reaches a critical threshold, it acts as a secondary pump

for a subsequent magnon scattering generation. This stepwise thermalization explains the discrete

bands observed in our data: each NV PL dip corresponds to a specific generation (n) of the cascade.

We track these resonances across a broad magnetic field range (17–24 mT, Fig. 1.6(C)), confirming

their robust nature.

However, the mode with the highest theoretical growth rate is not necessarily the dominant

signal in our measurement. As detailed in Appendix A, the NV sensor acts as a momentum filter,
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sensitive only to modes within a finite window of k-space defined by the sensor-sample stand-

off distance. While the global instability maximum often occurs at large transverse wavevectors

inaccessible to our sensor, the observed NV PL signal in Fig. 1.6 arises from integrating the insta-

bility spectrum over the accessible momentum window. Consequently, off-resonant contributions,

where parametric gain dominates the off-shell penalty in Eq. (1.3), contribute significantly to the

integrated signal. This effect explains the robustness of the observed bands: the NV sensor cap-

tures the spectral tails of the instability, allowing for the detection of discrete scattering patterns

even when the divergence peak lies outside the maximal sensitivity window.

Having established that these discrete resonances are robustly detected across a range of

magnetic fields (Fig. 1.6(C)), we next examine their evolution with microwave drive power.

We measure the NV PL spectrum at a fixed spatial position while sweeping the drive current

(Fig. 1.6(D)), and extract the central frequency of each resonance at each power level. A signa-

ture feature revealed by this measurement is the microwave-power-dependence of the observed

resonance frequencies. As shown in Fig. 1.6(E), the resonance positions shift quadratically with

microwave drive current. This effect arises from the Hartree-Fock mean-field shift ωNL ∝ βI2

induced by the high magnon density. As the driven magnon amplitude scales linearly with current

(A0 ∝ I), the population-dependent mean-field shift scales quadratically (⟨nk⟩ ∝ |A0|2 ∝ I2) (see

Appendix A). For an n-th order cascade, the resonance condition becomes:

ω0(n, I) =
ωNV + (n− 1)∆0

n
+

2(n− 1)

n
βI2 (1.4)

where ∆0 is the FMR gap. We fit the power-dependent resonance spectrum to this model (dashed

lines in Fig. 1.6(E)), allowing us to extract the cascade order n and the effective nonlinearity
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coefficient β.

Taken together, the two-dimensional resonance model and the power-dependent fits reveal

distinct families of instabilities. The higher-field branch (Fig. 1.6(C)(i) and (E)(i)) is consistent

with an n ≈ 2 cascade process, while the lower-field branch (Fig. 1.6(C)(ii) and (E)(ii)) corre-

sponds to n ≈ 3. A third, weaker branch (Fig. 1.6(C)(iii)) is consistent with an n ≈ 4 cascade in

the two-dimensional model, demonstrating that the hierarchy extends to at least four generations of

daughter magnons before the signal falls below our detection threshold. The deviation from inte-

ger values extracted from the power-dependent fits indicates that the dominant scattering channels

involve modes with non-zero transverse momentum (kx ̸= 0). This result is physically expected,

as the most unstable modes reside at finite kx, where the system can simultaneously satisfy the

vanishing group velocity condition and minimize the off-shell penalty. This mode mixing is fur-

ther evidenced by the positive sign of the extracted β coefficients (see Appendix A), a feature that

T-matrix theory predicts only for modes with finite kx.

1.4 Discussion

Our results provide a spatially resolved map of the specific kinetic pathways through which a

driven bosonic fluid redistributes energy away from equilibrium. By deconstructing the approach to

equilibrium in a YIG thin film, we reveal that the pre-thermal regime is not a featureless, diffusive

continuum, but a structured hierarchy of discrete interactions. The observation of these cascaded

parametric instabilities challenges the standard continuum assumptions of Wave Turbulence The-

ory [15, 16]. Instead of a smooth flow of energy toward the thermal bath, we observe a cascade

of parametric magnon scattering events, where energy accumulates along specific slow-magnon
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contours in phase space.

This discrete anatomy implies that the pathway to equilibrium is governed by strict dynamic

selection rules. We find that the driven YIG film naturally selects scattering channels that balance

two competing forces: the maximization of parametric gain (favored by vanishing group velocity)

and the minimization of the off-shell penalty. This behavior mirrors the “fireworks” emission

in driven Bose–Einstein condensates [20, 21], suggesting a universality in how driven systems

restructure themselves near kinetic bottlenecks.

These observations are enabled by the strong four-magnon nonlinearity and low intrinsic

damping of YIG, which together allow the parametric gain to overcome dissipation and sustain

several generations of scattering at accessible microwave drive powers. Crucially, our stimu-

lated wave-mixing measurement provides direct, spatially resolved access to the underlying four-

magnon vertex g, rather than relying on an analytically approximated coupling [47]. Anchoring

the cascade model in this measured interaction is what allows us to quantitatively reproduce the

observed hierarchy of resonances and to establish the dynamic selection rules as the organizing

principle of the pre-thermal cascade.

Methodologically, our work establishes spatially resolved NV magnetometry as a powerful

technique for “chronocounting” quasi-particle interactions. By using propagation distance as a

proxy for interaction time, we transformed a steady-state measurement into a dynamical map of the

scattering evolution. Unlike inductive or optical techniques that integrate over large volumes, the

sub-micron resolution of the NV sensor allows us to resolve the fine structure of these instabilities

and directly extract the microscopic interaction strength local to the scattering events.

Looking forward, this platform offers a controlled measurement testbed for simulating the
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nonlinear kinetics of diverse physical systems. The ability to tune the interaction vertex via ge-

ometry and the cascade hierarchy via drive power opens the door to studying the crossover from

discrete parametric cascades to hydrodynamic flow. Future experiments could probe the phase-

space correlations of these scattering events. Because parametric amplification generates corre-

lated magnon pairs, the daughter populations should retain distinct statistical signatures absent in a

purely stochastic wave-turbulent cascade. Spatially mapping the second-order coherence function

g(2) would directly expose these pairwise correlations, providing a definitive test of the discrete

relaxation pathways. By bridging the gap between microscopic scattering rules and macroscopic

fluid dynamics, thin-film magnonics provides a tangible window into the non-equilibrium evolu-

tion of quantum many-body systems.
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Chapter 2: A Nanoscale Magnetic Spectrum Analyzer Based on Qubit Dressed

States

This chapter is adapted from the preprint: J. Rueschkamp, S. Ravan, D. Fernandez, N. Delegan,

F. J. Heremans, D. D. Awschalom, R. L. Walsworth, N. Maksimovic, and A. Yacoby, “A nanoscale

magnetic spectrum analyzer based on qubit dressed states,” arXiv:2606.05426 (2026).

Author contributions: I led the experimental design, sample preparation, data acquisition, vali-

dation, and analysis primarily of the YIG noise magnetometry component of this project, assisted

by J. Rueschkamp and N. Maksimovic. I assisted J. Rueschkamp in drafting the manuscript, with

assistance from the other co-authors. This work was performed under the supervision of A. Yacoby,

N. Maksimovic, and R. Walsworth.

Notation in this chapter: here γ denotes the bare electron spin gyromagnetic ratio, following the

convention of this work; unlike Chapter 1, where γ = µ0γe is the gyromagnetic ratio scaled by

the vacuum permeability, here γ carries no factor of µ0. The symbol h denotes Planck’s constant.

Several further symbols differ from their meaning in Chapter 1: ∆ is the probe detuning (probe

frequency minus resonance frequency), whereas in Chapter 1 ∆ is the nitrogen-vacancy zero-field

splitting; α and β are noise-scaling prefactors, whereas in Chapter 1 they are the Gilbert damping

and the nonlinear frequency-shift coefficient; S(f) is the noise spectral density, whereas Sk in
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Chapter 1 is a stripline injection amplitude; and D(f, k) is the magnon spectral density, whereas

D is the film thickness in Chapter 1 and the zero-field splitting in Chapter 3. The saturation

magnetizationMs is quoted here in Gaussian units (1850 G), versus the SI value used in Chapter 1.

2.1 Introduction

A variety of phenomena in physics, chemistry, and quantum technology manifest as magnetic

fluctuations on nanometer length scales. Examples include spin dynamics in magnets [49] and

spin liquids [50, 51], electrical current dynamics in superconductors [52, 53] and hydrodynamic

metals [54], spin dynamics and correlations in small-scale chemistry [55,56], and noise in quantum

device hardware [57]. Fluctuation phenomena can even be used to extract entanglement properties

of a many-body quantum system [58].

For the purpose of detecting these phenomena, quantum sensors based on atomic-scale color

centers in semiconductors, such as the nitrogen-vacancy (NV) center in diamond, are a promising

platform that sets new benchmarks in magnetic field sensitivity and spatial resolution [39]. These

solid-state spin qubit sensors measure radio-frequency (RF) magnetic fields using dynamical de-

coupling (DD) protocols [59, 60], a technique that manipulates the spin state of the qubit by using

microwave (MW) control pulses, allowing for both homodyne [61, 62] and heterodyne [56] detec-

tion of coherent signals, as well as noise spectroscopy [49]. The latter, in particular, is vital for

the investigation of many physical phenomena where spectral responses are often broadband [63].

While DD noise magnetometry using spin-qubits provides an unparalleled combination of sensi-

tivity, spatial resolution, and practicality, it is limited in frequency bandwidth and range by the
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speed of the DD qubit control sequence as defined by the Rabi rate – proportional to the amplitude

of the pulsed control field. In NV diamond, for example, DD noise sensing is limited to ∼100

MHz [64, 65]. This bandwidth/range limitation is coincidentally similar in other nanoscale RF

magnetic probes like RF SQUIDs [66].

In this work, we introduce a method for spectral analysis of RF noise, based on well-

established DD protocols, that extends the accessible frequency range beyond the Rabi limit by

leveraging qubit dressed states [9]. We demonstrate this dressed state DD technique using small

NV ensembles to detect both artificial test signals and the spin wave dynamics of a magnetic thin

film of Yttrium Iron Garnet (YIG). From the resulting measured RF spectra, we characterize mag-

netic excitations in the YIG film under conditions that are inaccessible with other quantum sensing

protocols, highlighting the value of the dressed state DD technique in practical sensing applica-

tions.

2.2 Experimental Details

2.2.1 Experimental setup

2.2.1.1 Sample

The first set of experiments involving a test signal was conducted on an NV confocal ex-

periment built by collaborators and is not discussed here. More information can be found in the

published work. For experiments on the YIG sample, we used the same experimental setup as given

in Chapter 1. To reiterate, MW delivery is through a 10um gold stripline that is patterned by pho-

tolithography and connected to the PCB through wire bonds. A picture of the PCB, the diamond
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Figure 2.1: Visualization of MW delivery for YIG experiment. (a) Full PCB with SMA and
SMB connectors. (b) View of the 100nm thick commercial YIG film with patterned bonding
pads. The 3 wire bonds per pad are clearly visible. (c) View of the 10um stripline with the
diamond chiplet containing the NV ensemble sitting on top of the YIG film.

chiplet and the YIG sample is shown in Fig. 2.1. Typical values in the chiplet are T1 = 0.46 ms

and T2 = 2.3 µs.

2.2.2 Noise creation

To generate the RF noise signals in order to characterize the dressed state DD spectrum

analyzer we use the fact that providing an RF signal at frequency fIF on both the I and Q channels

of an IQ mixer will create two sidebands according to:

cos (fLOt) · cos (fIFt) (2.1)

= 1
2
[cos ((fLO − fIF) t) + cos ((fLO + fIF) t)] (2.2)

where fLO is in our case the on resonant drive frequency of the NV spin transition. We use this

simple technique, with IF signals generated by the AWG, to create arbitrary signal spectra.
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To generate the broadband (rectangular) noise as seen in Fig. 2.5, we upload time traces to

the AWG that follow Eq. 2.3. Each trace is a superposition of many randomly phased cosine tones

whose frequencies are uniformly distributed within a rectangular band around a chosen center fre-

quency fnoise. Uploading multiple traces (∼ 100) and looping over them creates a band-limited,

approximately white noise signal centered at our frequency of choice. See Fig. 2.2 for an illustra-

tion.

The i-th noise time-trace is given by:

xi(t) = Anoise

K∑
k=1

cos
(
2πfkt+ ϕk

)
max

t

∣∣∣∣∣
K∑
k=1

cos
(
2πfkt+ ϕk

)∣∣∣∣∣
, (2.3)

where

fk ∼ U(fnoise − BW
2
, fnoise +

BW
2
),

ϕk ∼ U(0, 2π),

Anoise is the peak amplitude,

K is the number of microtones (typically 512),

BW is the total bandwidth,

fnoise is the center frequency of the noise band.
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Figure 2.2: Visualisation of artificial noise time traces uploaded to the AWG. (a) Example of
three different time traces uploaded xi(t) . The fast oscillations are at fIF while the envelope
is given by the noise BW . (b) Averaged power spectral density (PSD) of the Fourier transfor-
mations of the sum of 100 different time traces.

2.2.3 Measurement sequence

Initialization of NV centers to ms = 0 is done by applying a laser pulse of 2.1 µs length. We

drive the NV electronic spin with MW pulses of frequency f0→+1 equal to the splitting between the

|0⟩ and | + 1⟩ spin states. Applying a pulse with f0→+1 for one quarter of the Rabi cycle duration

rotates the NV spin from the state |0⟩ to a coherent superposition, e.g., |0⟩ + | + 1⟩/
√
2. Typical

Rabi rates of the setup are 2 MHz.

Fig.2.3 shows details of the dressed state spin echo sequence used to acquire the experimental

results shown in Fig. 2.4. After NV spin state initialization via a green laser (A), a π
2

MW pulse

prepares the NV spin into a coherent superposition in the transverse plane of the Bloch sphere (B).

The probe field at frequency fprobe is then applied for time τ , inducing acquisition of phase ϕ (C).

The full NV phase acquired, including the magnetic environment, is therefore ϕ + ϕenv. The spin

is then flipped 180◦ by a π MW pulse (D) and is left unperturbed for the same duration τ (E). This

echo procedure cancels phase accumulation due to static magnetic fields from the environment,

leaving a net accumulated phase of just ϕ. Note that by applying the probe field during the second

half of the echo sequence, we also cancel the effect of the AC Stark shift on the NV phase as the
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Figure 2.3: Visualization of spin echo sequence used to determine the NV spin phase and
magnitude resulting from application of the probe field.

AC Stark shift acts as an effective, static magnetic field. As a final step, another π
2

MW pulse is

applied and the NV spin projection onto the longitudinal (z) axis of the Bloch sphere is read out via

NV PL induced by a green laser pulse. By iterating the rotation axis of the final π
2

MW pulse to be

(+x, -x, +y, -y) through repeated runs of the experiment, we can reconstruct the NV spin’s position

on the Bloch sphere prior to the final MW pulse (F). Defining Srot. axis as the PL measured after a

rotation around the respective axis, we introduce the tomography signals δx/y = S+x/y − S−x/y.

From these quantities, the NV spin magnitude Λ and accumulated phase ϕ prior to the final MW

pulse follow as:

Λ =
√
δ2x + δ2y , ϕ = arctan

(
δy
δx

)
. (2.4)
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2.3 Results

2.3.1 Demonstration on a test signal

Our technique relies on parametrically mixing a weak RF noise signal with a strong MW

probe field. This mixing is enabled by the quadratic scaling of the AC Stark effect on the total

AC magnetic field amplitude. This quadratic dependence gives rise to a measurable cross term – a

term proportional to the product of the signal and probe field. Embedding this mixing within a DD

protocol allows us to amplify and measure a target noise signal at arbitrary frequency. Note that

the technique presented here complements recent work using quantum frequency mixing to extend

the frequency range of high-spectral-resolution NV sensing of coherent RF signals [9, 67].

Before introducing the signal of interest, we first establish the origin of this nonlinearity,

which arises from the AC Stark shift: an off-resonant MW probe field at frequency fprobe hy-

bridizes the qubit eigenstates into dressed states whose energy splitting is shifted relative to the

bare splitting by an amount set by the probe field strength and detuning [68]. We measure the AC

Stark shift using a standard spin echo DD sequence (Fig. 2.4(a)), applying the probe field during

one arm of the echo. The resulting energy shift acts as an effective static magnetic field along

the qubit quantization axis, causing the qubit to accumulate a phase on the Bloch sphere equator,

which we read out via quantum state tomography (see section 2.2.3).

We define the detuning ∆ = fprobe − fres, where fres is the bare resonance frequency of

the qubit in the absence of any applied MW drive fields, and the probe field strength is Ωprobe =

γBprobe/
√
2, where γ is the gyromagnetic ratio, and Bprobe is the probe field amplitude.

In a frame rotating at fres, the dressed states (see Appendix B.1.1) have energies:
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E± = ±h
2

√
∆2 + Ω2

probe ≈ ±h
2
(∆ +

Ω2
probe

2∆
), (2.5)

where the last step assumes operation in the high detuning regime ∆ ≫ Ωprobe. The energy shift

relative to the bare splitting is δE = (E+ − E−) − h∆ = h
Ω2

probe

2∆
, which scales quadratically with

the Rabi rate, i.e., with the probe field amplitude (Fig. 2.4(b)). The qubit phase accumulated during

an echo arm of length τ is:

ϕ =
1

h

∫ τ

0

dt δE = −
Ω2

probe

2∆
τ. (2.6)

We implement this protocol experimentally using a room-temperature diamond pillar con-

taining a small nanoscale ensemble of NV centers that is subject to a 0.3 mT external magnetic

field along the pillar axis to split the | − 1⟩ and |+ 1⟩ electronic spin transitions in the NV ground

state manifold. MW signals are delivered via a wire bond near the pillar. The measurement qubit

is encoded in the |0⟩ and | + 1⟩ states and optically initialized and read out using standard NV

techniques [39, 69].

Fig. 2.4(c) shows the measured dressed state frequency shift δf = ϕ
2πτ

as a function of

the probe/resonance detuning; applying a 1/∆ fit to the data using Eq. 2.6, we extract Ωprobe =

2π × (3.70± 0.04) MHz.

If the spin qubit is also subject to a noisy RF signal, the total Rabi rate becomes Ωeff =

Ωprobe+Ωsignal. Because the AC Stark shift depends on Ω2
eff (Eq. 2.5), expanding the square produces

the terms Ω2
probe and Ω2

signal, as well as a cross term ∝ Ωprobe ·Ωsignal. Intuitively, the cross term can be

used as a parametric mixer because its amplitude scales with the probe field strength [9]. Since the
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Figure 2.4: Measurement of qubit dressed states using a spin echo protocol. (a) Dressed state
spin echo sequence with a probe field during one arm of length τ , which acts as an effective
B field on the qubit (see Appendix B.1.1). Bloch sphere representation (above) shows effect
of pulse sequence on qubit spin. (b) Calculated dressed state energies (within the rotating
frame) in comparison to the qubit bare states as a function of detuning, ∆, of the probe field
from the bare resonance relative to the probe field Rabi rate, Ωprobe. The black dotted line
describes the bare qubit excited state in the rotating frame, while the dashed line gives the
summed energy of the bare qubit ground state and the MW probe field photon. The orange
lines are the dressed states, which diverge from the bare states due to the AC Stark effect with
a quadratic dependency on the probe field strength, Ωprobe. (c) NV spin echo measurement
of the dressed state frequency shift induced by the probe field as a function of detuning ∆,
and a fit of the expected 1/∆ dependency for τ = 1500 ns. From the fit we obtain Ωprobe =
2π × (3.70± 0.04)MHz.
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noisy signal field is weak and far off resonance, the Ω2
signal term is negligible (see Appendix B.1.2).

Because the noisy signal field is broadband, embedding the probe field in both arms of a DD

sequence (Fig. 2.5a) selects a specific spectral component of the cross term. Moreover, the phase-

evolution symmetry of this dressed state DD sequence cancels the deterministic AC Stark shift

term ∝ Ω2
probe. Computing the resulting qubit phase variance ⟨ϕ2⟩ (see Appendix B.1.2) yields:

⟨ϕ2⟩(fprobe) = 2
Ω2

probe

∆2

∫ ∞
−∞

df S(f)Wτ (f − fprobe)

= 2
Ω2

probe

∆2
(S ∗Wτ )(fprobe) (2.7)

where S is the noise spectral density of the signal field and Wτ is the filter function of the spin

sequence, centered at the probe field frequency fprobe and with bandwidth ≈ 1/τ . The operation

∗ denotes a convolution. Intuitively, the dressed state DD sequence provides a tunable RF noise

detector and amplifier, where fprobe scans the filter across the RF noise spectrum, and the probe

field amplifies the target noise signal (Fig. 2.5a, lower panel).

We determine the phase variance via the NV spin coherence magnitude Λ, given by the

total photoluminescence (PL) contrast of the NV spin at the end of repeated spin echo measure-

ments with a fixed evolution time (see section 2.2.3) [70]. Normalization is given by a probe-

free reference measurement, Λref, to remove the effect of intrinsic decoherence: ⟨ϕ2⟩(fprobe) =

−1
2
ln
(

Λ(fprobe)

Λref

)
. When S is much broader than Wτ ,

⟨ϕ2⟩(fprobe) = S(fprobe) 2τ

(
2γBprobe

∆

)2

. (2.8)

As a proof of principle experiment using the small NV ensemble in the diamond pillar,
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we apply the measurement sequence in Fig. 2.5a to probe broadband noise spectra centered at

∼ 2.9 GHz that are generated as described in section 2.2.2; this frequency regime is inaccessible to

conventional NV DD measurement protocols due to the limited Rabi rate for driving NV electronic

spins [67]. Fig. 2.5(b) compares the NV data for three classes of broadband noise spectra with

independent measurements from a commercial spectrum analyzer, showing excellent agreement.

For fixed signal noise spectral density, S, Eq. 2.8 predicts that ⟨ϕ2⟩ scales with B2
probe, τ , and

1/∆2, all of which are borne out in the experimental data (Fig. 2.6(a)). The small deviation in linear

τ dependence for τ < 700 ns can be attributed to the fact that the noise bandwidth approaches the

bandwidth of the spin echo measurement (see Appendix B.2.2).

Crucially, the actual measured decoherence depends on the probe field strength, which can

be increased arbitrarily to amplify a target noise signal. The measurement here is done at Ωprobe ∼

2.5 MHz. In practice, NV Rabi rates ∼ 100 MHz are experimentally attainable [64, 65], enabling

the detection of noisy RF signals across a wide frequency range. Quantitatively, we define the

noise floor η through the uncertainty of a data point in Fig. 2.5(b) normalized to one second of

integration time, η ≡ δS(fres + 26.5 MHz) = 5900 (nT)2/Hz. Extrapolating this noise floor to

higher probe field strengths using Eq. 2.8 reveals that noise signals of 100 (µT)2/Hz over many

GHz in frequency could feasibly be amplified to a detectable threshold (Fig. 2.6(b)). The non-

linearity of the scaling below 2 GHz is due to the counter rotating component of the AC Stark shift

that is otherwise dropped in the rotating wave approximation (see Appendix B.1.1).

Fig. 2.6(b) further compares the noise floor of our dressed state DD to that of conventional

DD noise magnetometry under comparable conditions. Conventional DD noise magnetometry is

analyzed via the following relationship between ⟨ϕ2⟩ and the noise floor η. In the limit of target
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Figure 2.5: Measurement of broadband noise spectra using qubit dressed states. (a) Dressed
state spin echo sequence with probe field and noisy RF signal during both arms of length τ . The
noise mixes with the probe field via the quadratic dependence of the qubit AC Stark shift on the
total field amplitude. This mixing effectively imprints the noise onto the probe field, producing
a fluctuating effective Rabi rate that induces decoherence in the qubit’s x–y plane. Sweeping
the spin echo sequence filter function, which is set by the probe field frequency fprobe, and
repeating spin echo measurements allows determination of S, the noise spectral density of the
RF signal field. Bloch sphere representation (upper panel) shows effect of pulse sequence and
applied fields on the qubit spin. Schematic spectrum (lower panel) illustrates relative frequency
locations and bandwidths of the qubit bare resonance, swept spin echo filter function, and noise
signal. (b) Noise spectral density from NV decoherence measurements for three noise spectra.
Solid lines represent independent measurements obtained using a conventional spectrum ana-
lyzer. The scale of S is indicated at the top of the panel.
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Figure 2.6: Scaling of dressed state DD RF noise measurements on experimental parameters.
(a) Dependence of the experimentally determined NV spin phase variance ⟨ϕ2⟩ on probe field
amplitude, Bprobe, measurement time, τ , and probe field detuning from the NV resonance, ∆.
The data is well-fitted by the scalings predicted by our model of this measurement scheme
(Eq. 2.8). (b) Estimate of noise floor, i.e. minimal detectable RF noise spectral density, as a
function of Rabi rate Ωprobe and noise signal frequency f , obtained by extrapolating the noise
floor in our experiment for one second of integration where the Rabi rate ≈ 2.5 MHz.

noisy signal frequency much greater than DD sensing frequency, the decoherence signal in DD is

given by ⟨ϕ2⟩ = γ2Wτ (f) ∗ τeff ∗ η, where Wτ (f) ∼ 1/f 2, and the effective evolution time, τeff, is

the total evolution time minus the time spent on π-pulses (∼ 1/ΩRabi). In Fig. 2.6(b), the Rabi rate

in conventional DD is set equal to the probe field strength in dressed state DD for the purpose of

comparing the two protocols.

2.3.2 Measurements on a YIG thin film

We next apply the dressed state DD protocol to NV centers in proximity to a thin film of

yttrium iron garnet (YIG), extracting both the magnon noise spectrum and the group velocity by

sweeping the probe field frequency and making repeated spin echo measurements, as with the

41



RF noise signal demonstration described above. These experiments are performed with a room

temperature apparatus (see Fig. 2.1 for details).

A 50µm × 50µm diamond chiplet containing a dense ensemble of NV centers is positioned

approximately 300 nm above a 100 nm thick YIG thin film. A ∼10µm wide gold stripline pat-

terned on the YIG surface both applies the probe field to the NV centers and excites spin waves

in the YIG (Fig. 2.7(a)). A static external magnetic field along the NV axis is tuned such that the

YIG ferromagnetic resonance (FMR) lies approximately 300 MHz above the NV |0⟩ → | − 1⟩

transition used in this experiment (see Appendix B.3.2), ensuring that the qubit frequency is below

the magnon gap. We highlight that this configuration is inaccessible to conventional NV DD noise

magnetometry due to limitations on the Rabi rate.

In this experiment, the effective NV Rabi rate Ωeff has three contributions: the direct stripline

drive Ωdirect, coherent magnons launched into the YIG Ωmagnon, and the intrinsic thermal magnon

noise Ωsignal. As before, the AC Stark shift of the NV qubit depends on Ω2
eff:

Ω2
eff =

(
Ωdirect(f) + Ωmagnon(f) + Ωsignal(f)

)2

. (2.9)

The choice of filter functionWτ in Eq. 2.7 determines which term contributes to the phase variance.

We perform a dressed state spin echo measurement with τ = 500 ns and the probe field (i.e.,

direct drive field) applied during both arms of the pulse sequence (Fig. 2.7(b)), sweeping fprobe

from the NV resonance to 2.6 GHz and determining ⟨ϕ2⟩ at each frequency from NV decoherence

measurements, as described in the previous section.

At fprobe ≈ 2.02 GHz, a sharp peak in ⟨ϕ2⟩ appears from direct drive of the NV resonance

due to the fact that the probe field, a Rabi drive when on resonance, has a random phase across
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repeated spin echo measurements. ⟨ϕ2⟩ then remains zero within measurement uncertainty until

fprobe reaches the YIG FMR near 2.3 GHz, where a second peak in ⟨ϕ2⟩ is observed. This signal

originates from dressed state mixing of the probe field and the magnon response in the YIG film.

An NV T1 measurement with the probe field applied confirms that this peak does not originate

from nonlinearities in the YIG response (see Appendix B.3.2).

To understand these features, we expand the square in Eq. 2.9 and drop Ω2
signal as before.

Two types of contributions remain: a coherent part Ω2
coherent ∝ (Ωdirect + Ωmagnon)

2 resulting from

the direct drive (i.e., probe field) and the induced YIG magnons; and a cross term Ω2
mix ∝ Ωsignal ·

(Ωdirect + Ωmagnon) that mixes thermal magnon noise with the coherently enhanced probe field.

As with the test signal experiment described previously, the symmetric spin echo protocol

cancels the deterministic coherent contribution, leaving only the cross term. The experimentally

determined NV spin phase variance in the YIG experiment is therefore related to the noise spectral

density S via a modified version of Eq. 2.7 in which the effective probe field amplitude is enhanced

by the coherent magnon response: Beff
probe ∝ Ωdirect + Ωmagnon. We model the thermal magnon

noise spectral density, S, as a k-integral over the Rayleigh-Jeans distribution, the magnon spectral

density, and an effective filter in momentum space due to the finite separation between the NV

ensemble and the YIG (see Appendix B.3.3) [30]. Fitting of this model to the experimentally

determined NV phase variance (light blue line in Fig. 2.7(b)) yields an NV-sample distance d ≈

450 nm, which is comparable to the anticipated distance of about 300 nm (see Appendix B.3.3).

We next perform a measurement of the NV spin dephasing with the probe field (i.e., direct

drive field) applied only during the first arm of the spin echo sequence with length τ = 500 ns

(Fig. 2.7(c)). We observe a peak in phase variance ⟨ϕ2⟩ near the NV |0⟩ → | − 1⟩ transition
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at 2.02 GHz; a gapped region where ⟨ϕ2⟩ remains zero within measurement uncertainty; and a

steep rise in ⟨ϕ2⟩ when fprobe exceeds 2.3 GHz, after which oscillatory features appear in ⟨ϕ2⟩ as a

function of fprobe.

These oscillatory features can be understood as arising from the coherent contribution

Ω2
coherent, which creates a static AC Stark shift that is cancelled in the symmetric spin echo mea-

surement, but remains in the single arm measurement, with significant effect likely due to inho-

mogeneous broadening of the NV spin resonance within the confocal volume. Ωcoherent contains

a sum of two terms: the direct magnetic field experienced by the NV center from the stripline,

and the magnetic field stemming from magnons launched in the YIG film [42]. The rectangular

stripline launches magnons with a wavelength-dependent efficiency described by a sinc-shaped

filter function in k-space [42], which imprints a periodic structure onto Ω2
coherent as a function of

probe frequency (see Appendix B.3.2).

Assuming a linear magnon dispersion, the ⟨ϕ2⟩ data can be fit to our model (see Ap-

pendix B.3.3), with results shown by the light blue line in Fig. 2.7(c). The periodicity of oscil-

lations in the frequency spectrum can be converted to a magnon group velocity via the stripline

width, yielding vmagnon ≈ 1450 m/s, a value comparable to other literature results [8]. The sup-

pressed first oscillation in the ⟨ϕ2⟩ data relative to this model could be a result of a smearing of the

magnon gap and reduced inhomogeneous broadening at low k.

2.4 Discussion

This work demonstrates that the dressed state AC Stark shift can be used to extend the fre-

quency bandwidth of qubit noise magnetometry well beyond the Rabi rate limit of conventional
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Figure 2.7: Probing the spin wave properties of YIG using dressed state DD. (a) Experimental
setup consists of a gold stripline antenna that produces a MW probe field to coherently drive
the electronic spins of an NV ensemble in two ways: directly and by launching magnons into
the thin YIG film beneath. The NV spins are also affected by intrinsic thermal magnon MW
noise produced by the YIG. (b) Dressed state spin echo sequence, for which the experimentally
determined phase variance ⟨ϕ2⟩ of the NV sensor as a function of probe field frequency resolves
both the NV bare resonance (|0⟩ → | − 1⟩) and thermally populated magnons at the FMR
enhanced by quadratic mixing with the coherent magnons induced by the stripline MW drive.
(c) Dressed state single arm sequence reveals coherent interference between the probe field and
propagating magnons in the YIG. Light blue lines in (b) and (c) are fits of ⟨ϕ2⟩ data to the
model described in Appendix B.3.3.
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dynamical decoupling (DD) measurement protocols. The quadratic dressed state mixing induced

by a coherent probe tone and a noisy RF signal field, embedded in a symmetric DD sequence

that cancels the probe-induced background, turns the qubit into a continuously tunable spectrum

analyzer with center frequency set by the probe field. No change in magnetic field or hardware

is required — only the probe frequency is swept to realize a sensitive, broadband qubit-based

spectrum analyzer with nanoscale spatial resolution.

The sensitivity of the dressed state DD protocol scales as (Ωprobe/∆)2 in the large detuning

limit ∆ ≫ Ωprobe, where ∆ is the detuning of the probe field from the qubit bare resonance and

Ωprobe is the probe field Rabi rate. The measurement bandwidth (i.e., largest ∆ that can be probed

with reasonable sensitivity) is therefore set by the probe tone strength. For NV centers, Rabi rates

up to ∼ 100 MHz are experimentally attainable [64, 65], implying a feasible spectrum analyzer

bandwidth of several GHz. For example, in our dressed state DD measurements of a YIG film, we

leveraged coherent magnons to amplify a thermal magnon signal hundreds of MHz away from the

bare NV resonance. In principle, MW resonators could be used to apply directed MW probe fields

to the NV sensor without disturbing the sensing volume.

More broadly, the dressed state DD protocol is naturally compatible with extensions to DD

spectroscopy such as correlation spectroscopy [56], entanglement-enhanced sensing [71, 72], and

quantum-computing-enhanced protocols [73]. The protocol is also platform-agnostic: any qubit

with an AC Stark shift — including superconducting qubits and trapped ions — could implement

this technique.
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Chapter 3: Imaging Magnetization Reversal of Pinwheel Artificial Spin Ice with

an Ensemble of NV Centers in Diamond

This chapter is adapted from a forthcoming publication: K. Everaert, S. Ravan, N. Reed, J. Cremer,

A. Yacoby, and R. L. Walsworth, “Imaging magnetization reversal of pinwheel Artificial Spin Ice

with an ensemble of NV centers in diamond” (in preparation).

Author contributions: I, along with K. Everaert, led the experimental design, and J. Cremer, K. Ev-

eraert, and I worked on the experimental setup. I developed the fabrication recipe and performed

the sample preparation, and I assisted K. Everaert in the data collection and analysis. K. Everaert

performed the simulations and both of us drafted the manuscript. This work was performed under

the supervision of R. Walsworth and A. Yacoby. N. Reed performed analysis that is not discussed

in this chapter but appears in the published work.

Notation in this chapter: here D denotes the nitrogen-vacancy zero-field splitting (≈ 2.87 GHz);

the same symbol denotes the YIG film thickness in Chapter 1 and the magnon spectral density in

Chapter 2, and the zero-field splitting itself is written ∆ in Chapter 1. The gyromagnetic ratio is

written γNV ≈ 2π × 28 GHz/T, distinct from the symbol γ used in Chapters 1 and 2.
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3.1 Introduction

Artificial spin ices (ASIs) are lithographically defined arrays of interacting single-domain

nanomagnets, engineered to expose collective magnetic phenomena that range from frustration and

emergent magnetic monopoles to slow ordering, ergodicity-breaking dynamics, and applications in

information storage and neuromorphic computing [10,74,75]. Realizing this potential rests on the

ability to visualize and quantify the magnetic configurations of an ASI directly, so that emergent

behavior can be observed where it occurs in real space, across many islands, and as the system

evolves.

Recent imaging experiments have begun to resolve thermodynamic phase transitions in tuned

kagome geometries [76], and have shown that even when macroscopic hysteresis is fully repro-

ducible, the microscopic switching trajectory is stochastic, with island-to-island correlations gov-

erned by the ratio of dipolar coupling to switching-field disorder [77]. Phenomena of this kind play

out simultaneously across length scales spanning a single nanomagnet to the full array, and across

timescales from individual reversal events to slow collective relaxation. Capturing them calls for

an imaging modality with quantitative magnetic-field readout, fast acquisition, and a large field of

view.

Previously, ASI magnetic configurations have been imaged across complementary tech-

niques, including Lorentz transmission electron microscopy [78], and x-ray photoemission elec-

tron microscopy [79]. In parallel, magnetometry based on nitrogen-vacancy (NV) centers in dia-

mond has emerged as a quantitative probe of magnetism across a broad range of condensed-matter

systems [2,80], offering nanoscale spatial resolution, sensitivity from cryogenic to ambient condi-
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tions, and direct, calibrated readout of the magnetic field. NV centers are atomic-scale defects with

an electronic spin-triplet ground state that can be optically initialized and read out; their spin reso-

nance frequencies shift in response to local magnetic fields via the Zeeman effect, enabling sensing

of static, dynamic, and narrowband signals. This combination has recently been brought to bear on

ASI, with scanning single-NV magnetometry delivering spatial stray field maps in planar [81] and

three-dimensional [82] ASI geometries. By using dense NV ensembles instead, sensitivity is en-

hanced through ensemble averaging, vector magnetometry is provided via the four crystallographic

NV axes, and image fields range across ∼100 µm-scale areas with sub-micron resolution [11]: a

much larger field of view, faster acquisition, and direct access to many islands at once compared

to scanning single-NV magnetometry.

Here, we apply NV-ensemble magnetic-field imaging to artificial spin ice for the first time,

mapping the local magnetic fields of superferromagnetic domains in a pinwheel ASI array as they

reverse from one uniform configuration to the opposite direction under an applied static field at

room temperature. We also verify that the oscillating microwave field used for sensing does not

perturb the reversal at the powers used for imaging (Section 3.4).

3.2 Experimental Details

3.2.1 Sample fabrication

We fabricated the pinwheel ASI array on a diced silicon wafer by electron-beam lithogra-

phy and liftoff. The wafer was solvent-cleaned by sonication in acetone and isopropanol (IPA)

and given an oxygen plasma etch (150 W, 5 min). We spun a bilayer resist of 495K and 950K

poly(methyl methacrylate) (PMMA) at 4000 rpm, the lower-molecular-weight bottom layer form-
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Figure 3.1: ASI Image An SEM image of the pinwheel array, with island dimensions indicated.

ing an undercut for clean liftoff; exposed the array by electron-beam lithography at a dose of

∼1000 µC/cm2; and developed it in a chilled 3:1 IPA:water mixture. We then deposited 10 nm

of permalloy capped with 3 nm of aluminium by electron-beam evaporation at 0.5 Å/s, rotating

the sample during deposition to average the evaporation angle of the two-metal stack and keep the

island footprint uniform, and lifted off in heated acetone (65 ◦C) with extended sonication. The

completed array comprises 33×33 pinwheel islands of nominal in-plane size 480×180 nm follow-

ing the geometry of Ref. [78], spanning ∼19×19 µm2; atomic-force microscopy gives an island

height of ∼13 nm, consistent with the deposited stack (Fig. 3.1). Separately, on the same wafer, we

patterned the gold omega-loop stripline that delivers the microwave drive (inner diameter 700 µm,

width 100 µm, 300 nm thickness) by direct-write laser lithography and liftoff. The stripline was

fabricated before the buffer layer: with both structures complete, we deposited a 470 nm SiO2

layer over the sample by chemical vapor deposition (CVD), spacing the array and stripline from

the diamond sensor.
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3.2.2 Experimental Setup

All measurements are performed at room temperature under ambient conditions with a home-

built confocal microscope. Excitation light from a 532 nm laser is passed through an acousto-

optic modulator (AOM) and an optical fiber, and focused onto the NV ensemble in a diamond

microchip (described in Section 3.3.1) through a 100×, 0.9 NA air objective that also collects

the spin-dependent photoluminescence (PL). The collection path is separated from the excitation

by a dichroic mirror, spatially filtered through a confocal pinhole, and recorded on an avalanche

photodiode (Thorlabs APD410A) behind a home-built 1.1 MHz low-pass filter. We address NV

centers of a single crystallographic orientation within an excitation spot of ∼500 nm diameter.

Microwaves for the ODMR readout are synthesized by a signal generator (Stanford Research

Systems) at -20 dBm, amplified by a Mini-Circuits ZHL-16W-43-S+, gated by an RF switch under

the control of a pulse generator (SpinCore PulseBlaster), and delivered to the omega-loop stripline.

The static bias field BDC is provided by a cylindrical N52 permanent magnet (K&J Magnetics) on

an independent three-axis translation stage (Thorlabs MTS25-Z8); we position the magnet to set

the field magnitude and align it along one NV orientation class, at 19.5◦ to the ASI plane and 8◦ to

the ASI array edge.

We build up spatially resolved magnetic field maps by raster-scanning the sample beneath

the fixed optical focus with a piezoelectric stage (Physik Instrumente; coarse M-686.D64, fine P-

54.2DD) and recording a continuous-wave ODMR spectrum at each pixel. At each pixel we fit the

NV resonance frequency fres, and use it to calculate the magnetic field from the ASI along the NV

axis BASI. The magnetization reversal is driven by stepping BDC between successive maps with

the magnet stage.
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3.3 Results

3.3.1 ASI magnetic field imaging

We apply NV-ensemble magnetic-field imaging to the 33 × 33 pinwheel ASI array as de-

scribed above (Fig. 3.2). Magnetization reversal is driven by a static in-plane field BDC generated

by a cylindrical permanent magnet mounted on a translation stage. BDC is aligned with the crys-

tallographic axis of one NV orientation class, at 19.5◦ to the ASI plane and 8◦ to the array edge.

All measurements are performed at room temperature under ambient laboratory conditions.

We probe the local magnetic field at the ASI surface using a 50 × 50 µm2 diamond mi-

crochip (DMC) with a thickness of 2 µm. The DMC hosts an ensemble of NV centers at a depth

of approximately 10 nm from its surface [83] and is placed directly on the sample. A 470 nm

SiO2 buffer layer separates the DMC from the ASI, allowing individual resonances within the NV

ensemble to be resolved. Using a confocal scanning microscope, we optically address an ensem-

ble of NV centers belonging to a single crystallographic orientation within an excitation region of

approximately 500 nm diameter. We acquire the average optically detected magnetic resonance

(ODMR) spectrum of the NV ensemble within the excitation region by sweeping the frequency of

a microwave magnetic field delivered through a gold stripline, while recording the spin-dependent

photoluminescence. The stripline is patterned as an omega loop beneath the buffer layer, such that

the microwave field driving the NV spins is oriented normal to the ASI plane.

The local ASI stray field projected onto the probed NV axis, BASI, is extracted from the
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Figure 3.2: NV ensemble imaging of the ASI magnetic field. (a) Schematic diagram of the
experimental geometry showing the ASI sample, diamond microchip with NV centers, stripline
antenna, as well as the permanent magnet and optical objective. The sample is mounted on an
XYZ translation stage, which is used to scan over the NV diamond. (b) Detailed schematic
of the measured sample. The silicon carrier wafer with the ASI and the SiO2 buffer layer is
placed directly on the stage, and the diamond chip is stacked on top. The diamond is placed
such that the NV sensing layer is facing the SiO2 buffer layer. Optical NV excitation and pho-
toluminescence collection is performed through the top side of the diamond chip. (c) Example
NV ODMR spectra measured at different positions on the NV layer. The resonance frequency
is positioned at a value of D − γNV (BDC +BASI), allowing the extraction of local ASI stray
fields BASI from the spectra, with known NV zero field splitting D, gyromagnetic ratio γNV,
and static field BDC.

measured resonance frequency fres in the ODMR spectrum according to

fres = D − γNV (BDC +BASI) , (3.1)

where D ≈ 2.87 GHz is the NV zero-field splitting and γNV ≈ 2π · 28 GHz/T is the gyromagnetic

ratio of the NV electronic spin. Spatially resolved magnetic-field maps are obtained by raster-

scanning the optical excitation relative to the sample with a piezoelectric stage, thereby mapping

the static ASI stray field at the NV layer.
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3.3.2 Magnetization reversal imaging

To drive the magnetization reversal, the ASI is first fully magnetized with a strong in-plane

field BDC in the direction opposite the purple arrow in Fig. 3.3. We then reduce it to zero and

subsequently increase it in the opposite direction (aligned with the purple arrow in Fig. 3.3) in a

series of discrete steps. At each value of BDC, we image the resonance spectra of the NVs in the

confocal spot at each point of the raster scan and convert them into a local magnetic field value

BASI following Eq. 3.1, producing a magnetic field map over the full ASI region. Magnetic field

maps of the magnetization reversal for every BDC value are presented in Fig. 3.3a.

The image in the top left of Fig. 3.3a shows the resonance shift map taken when the ramped

field is equal to 16 mT. The ASI exhibits nearly uniform magnetization opposite to the applied

static bias field, as indicated by sudden jumps in BASI at the border of the ASI region. These

jumps are due to the sudden spatial change in the local stray field encountered at the edge of a

fully magnetized sample. As the magnetic field continues to increase, islands in the ASI begin

to switch, forming domains in the superstructure. This is seen in the subsequent images, where

defects appear within the ASI structure. Each domain produces its own stray field, which we read

out as a change in BASI of the NVs in that measurement. As we continue to ramp the field, these

domains grow in size and eventually coalesce, as seen in the second and third rows of Fig. 3.3a.

Finally, at a field of 28.5 mT, the magnetization becomes uniform again, now aligned with the

external field BDC.

The reversal process is stochastic, but with deterministic seeds [77], and repeating this rever-

sal cycle multiple times produces similar trajectories. We attribute this to experimental variations

in the fabrication of the sample; small variations in island height, inter-island spacing, crystal purity
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Figure 3.3: Magnetization reversal images (a) A series of magnetic field maps BASI(x, y) of
the NV ensemble taken across the ASI region at increasing target field. Each image is labeled
with the target field value in mT, beginning with 16 mT in the top left corner and increasing to
28.5 mT in the bottom right corner. A 10 µm scale bar is provided for reference. The field is
ramped in the direction of the purple arrow. (b) Magnetic field maps BASI(x, y) of four fields
(labeled in mT) are reproduced from (a), along with line cuts through the ASI region denoted
by the colored lines. To the right, each line cut is plotted as a function of position (in µm) along
the x-axis, with the magnetic field (in mT) plotted on the y-axis. The dashed lines indicate the
expected magnetic field from mumax3.
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and surface effects result in varying strengths of inter-island coupling, leading to certain regions

with smaller switching fields than others [84].

3.3.3 Reversal state dependent magnetic field strength

From Fig. 3.3, the magnitude of BASI at the array boundaries in the post-reversal state is

larger than in the initial pre-reversal state. This is due to more uniform intra-island magnetization

after the reversal cycle than after the initial saturation alone. To verify our results, we simulate

the reversal in our structure using mumax3 [85], modeling the array as a uniformly magnetized

flat slab (whose stray field admits a closed-form solution [86]) rather than resolving the full ASI

superlattice. In the top panel of Fig. 3.3b, we compare the measured shift in fres with the simulated

shift at 15 mT, before the magnetization reversal has occurred. We extract a line cut close to the

center of the ASI region in both the measured and simulated data and overlay them in a plot to the

right of the experimental magnetic image, finding excellent agreement. The vertical offset between

the NV sensing layer and the ASI surface is 560 nm and is taken into account when extracting fres

from the simulation. We repeat this procedure in the bottom panel of Fig. 3.3b at 28.5 mT, after the

reversal: the agreement demonstrates that the enhanced stray field we measure originates from the

more uniform magnetization within the ASI islands after the reversal cycle. We also extract line

cuts at two intermediate stages, at 16.7 mT, where only a few domains have formed, and at 21 mT,

where the majority of islands have switched, demonstrating quantitative stray-field measurement

throughout the reversal.
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Figure 3.4: Influence of the microwave field on the magnetization reversal at fixed static
field. NV fres maps of the ASI acquired during the reversal at increasing microwave drive
power (top to bottom). Left column: the measured fres maps. Right column: the difference
between each map and the one acquired at the lowest drive power. At the two lowest powers
(PMW = −25 and −20 dBm), representative of the powers used for imaging, the difference
maps are featureless and the inferred switching is indistinguishable from the static-field reversal
of Fig. 3.3. At the highest power (PMW = −1 dBm) the difference map reveals a visibly
modified switching pattern, showing that sufficiently strong microwave driving perturbs the
reversal trajectory.
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3.4 Effect of the microwave field on ASI magnetic field reversal

For our NV ensemble magnetic field imaging the microwave drive is delivered through the

stripline approximately normal to the ASI plane, and is applied at the NV electronic spin resonance

frequency rather than at the ferromagnetic resonance of the island macrospins. We therefore expect

the microwave field to have minimal influence on the ASI magnetization reversal at the modest

powers used for NV ODMR-imaging. To test this, we image the switching process under a range of

microwave drive powers (Fig. 3.4): at the powers used for imaging the reversal is indistinguishable

from the static-field reversal alone (Fig. 3.3), and only under substantially stronger driving does the

microwave field visibly alter the switching pattern. The microwave power used for ODMR imaging

therefore sits well below the threshold at which the drive measurably affects the reversal, so the

field maps reported here reflect the intrinsic static-field reversal of the ASI. Where any residual

microwave perturbation must be avoided, all-optical NV sensing provides an alternative that does

not require resonant microwave driving [87, 88].

3.5 Discussion and outlook

We have demonstrated NV-ensemble magnetic-field imaging as a quantitative probe of mag-

netization reversal in pinwheel ASI at room temperature. The local stray-field maps acquired

during a stepped field ramp resolve the full reversal trajectory of the superferromagnetic structure,

from a uniformly magnetized state, through nucleation and growth of mesoscopic domains, to

the reversed uniform state. These maps are reproduced quantitatively by mumax3 micromagnetic

simulations of the corresponding uniform-magnetization slab, including the post-reversal enhance-
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ment of the stray field that we attribute to a more uniform intra-island magnetization after reversal.

The reversal trajectory is stochastic but seeded at the same locations across repeated cycles [77,84],

and is unperturbed by the microwave drive used for imaging (Section 3.4).

Because the imaging parameter is the magnetic field rather than the magnetization itself,

NV ensemble imaging is selectively sensitive to non-uniform magnetization configurations such

as array edges, domain boundaries, and emergent magnetic monopoles; where the magnetization

itself is required, NV studies have previously relied on forward-model fitting or constrained inver-

sion [89–91]. NV ensemble readout captures the entire array in every field step providing direct

access to many islands at once and to the spatial features of the reversal, in contrast to scanning

single-NV magnetometry [81, 82], which trades field of view and acquisition speed for nanoscale

spatial resolution. The modular drop-on diamond-microchip platform [83] makes the approach

compatible with a wide range of patterned ASI samples without sample-specific NV fabrication,

and the ambient-temperature operation removes the cryogenic constraint of synchrotron techniques

such as XMCD-PEEM [76, 79].

These capabilities position NV ensemble magnetic imaging as a versatile tool for emergent

ASI phenomena across geometries and timescales. Complementary NV-based sensing protocols,

including dynamical decoupling sequences and T1 relaxometry, would extend the modality from

static field maps to the stochastic dynamics underlying phase transitions and slow ordering in

ASI [76, 77], with temporal and spatial correlation parameters measurable simultaneously across

the full array. Larger lattice constants or improved spatial resolution would expose single-island

stray-field signatures and enable direct comparison with micromagnetic simulators such as flat-

spin [92]. A natural next step is to recover the full vector magnetization and track it through
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the stochastic reversal dynamics. Extending the technique to alternative geometries (kagome,

three-dimensional, and larger pinwheel arrays of several hundred microns) would further lever-

age NV-ensemble magnetic imaging to access classes of ASI behavior that complement the reach

of existing techniques.
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Conclusion

In Chapter 1 we used spatially resolved NV magnetometry to image the nonlinear scattering

dynamics of magnons in a thin film of yttrium iron garnet, isolating the elementary four-magnon

interaction with a two-tone wave-mixing protocol and extracting its strength directly from the spa-

tial growth profile of the scattering product. The measured coupling exceeds the standard T-matrix

prediction [47], a discrepancy we attribute to the restriction to kx = 0 in our scattering model:

in practice, magnons also scatter into kx ̸= 0 modes, inflating the extracted coupling beyond the

prediction. Under strong single-tone driving, the system organizes into a spontaneous cascade of

discrete, power-tunable parametric resonances whose growth is maximized along the slow-magnon

contours where the group velocity vanishes. This resolves the pre-thermal approach to equilibrium

as a structured hierarchy of discrete scattering channels rather than a diffusive continuum, in con-

trast to the continuum picture of wave turbulence theory [15]. The measurement rests on the

absolute, calibrated, spatially resolved field readout of NV magnetometry, which turns propaga-

tion distance into a proxy for interaction time. In future work using NV magnetometry, spatially

mapping the second-order coherence g(2) of the scattering products could expose the pairwise cor-

relations that distinguish this discrete cascade from a stochastic turbulent flow.

In Chapter 2 we introduced a dressed-state spectrum analyzer that extends NV noise magne-

tometry beyond the Rabi-rate limit. Embedding an off-resonant microwave probe in a dynamical-
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decoupling sequence uses the AC Stark shift to parametrically mix the probe with the target noise,

so the accessible center frequency is set by the probe rather than the pulse repetition rate and is

continuously tunable [9]. We validated the method on artificial test signals against a commercial

spectrum analyzer, then applied it to a YIG thin film to extract the thermal magnon noise spec-

trum and group velocity at frequencies hundreds of megahertz above the NV resonance, beyond

the reach of conventional NV dynamical decoupling measurements. The present method preserves

the nanoscale spatial resolution of NV sensing while substantially extending its frequency reach:

higher Rabi rates would push the accessible bandwidth to several gigahertz, and the protocol can

carry over to scanning-probe NV microscopy and to other qubit platforms that exhibit an AC Stark

shift.

In Chapter 3 we applied NV-ensemble magnetic-field imaging to artificial spin ice for the

first time, placing an NV diamond microchip directly on a pinwheel array and mapping its stray

fields through a field-driven reversal at room temperature. The maps resolve the full reversal of

the superferromagnetic domain structure, from a uniform configuration through the nucleation,

growth, and coalescence of mesoscopic domains to the reversed uniform state; repeated cycles

show that the reversal is stochastic yet nucleates at the same locations. Micromagnetic simula-

tions reproduce the measured magnetic field maps, and a control measurement confirms that the

microwave sensing field does not perturb the reversal [10]. Because a dense NV ensemble images

the whole array at once, NV magnetometry supplies quantitative, non-invasive vector field maps

at sub-micron resolution under ambient conditions, where prior approaches required cryogenic or

single-probe scanning techniques [2]; NV dynamical-decoupling and T1 relaxometry could extend

these static maps to stochastic dynamics, and the technique applies directly to other artificial spin
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ice geometries.

Across the three projects, the common thread is the use of NV centers as a quantitative,

nanoscale interface to magnetic phenomena that are difficult to reach by other means. Each project

extends NV magnetometry along a different direction: imaging the spatial structure of nonlinear

many-body dynamics, extending the accessible frequency range of noise spectroscopy, and bring-

ing NV confocal imaging to lithographically patterned magnetic systems. Together they reinforce

the standing utility of NV magnetometry as a central tool for probing magnetism at the nanoscale,

whose room-temperature operation, calibrated field readout, and compatibility with diverse sample

environments position it to address an expanding range of condensed matter questions [1, 2, 4].
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Appendix A: Supplementary Information: Spatially Resolving the Pre-Thermal

Anatomy of a Driven Bosonic Fluid

A.1 Sample Fabrication and Experimental Setup

A.1.1 YIG Thin Film

We use the technique described in [42] to image magnon wavelength for a series of magnetic

field values. Using this information, we fit the dispersion relation of the magnons to obtain the

saturation magnetization of the material. For the other constants, we use the generally accepted

values in the literature. The relevant YIG film parameters used throughout this work are:

D = 100 nm, Ms = 1.55× 105 A/m (= 155 emu/cc),

α = 10−4 Aex = 3.7× 10−12 J/m (= 3.7× 10−7 erg/cm), (A.1)

where D is the film thickness, Ms is the saturation magnetization, Aex is the exchange stiffness,

and α is the Gilbert damping constant. Additionally, the NV axis makes an angle θNV = −71◦

with the film normal.
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A.2 NV Center Physics

The NV center forms an electronic spin triplet, where the mS = ±1 states are degenerate

and split from the mS = 0 state by the zero-field splitting ∆/(2π) = 2.87 GHz. Applying a static

magnetic field Hz lifts the degeneracy of the mS = ±1 states. The Hamiltonian of a single NV

center located at ri interacting with a transverse oscillating magnetic field is:

HNV =
∆− γHz

2

[
σ0 − σz

]
+

γ√
2

[
H+(ri, t)σ

− +H−(ri, t)σ
+
]

(A.2)

where σ0 is the identity matrix, σ± = (σx ± iσy)/2, and H± = Hx ± iHy [93]. Throughout,

γ = µ0γe denotes the electron gyromagnetic ratio scaled by the vacuum permeability, with γe =

2π×28GHz/T, so that γH is an angular frequency for fields and magnetizations expressed in A/m.

A.2.1 Coherent Dynamics: Rabi Frequency

When the local transverse field is a monochromatic coherent wave on resonance with the

lower transition (ω ≈ ∆ − γHz), the system undergoes deterministic Rabi oscillations between

|0⟩ and |−1⟩. Evaluating the Schrödinger equation in the rotating wave approximation yields a

local transition probability Pi(t) = sin2(ΩR,it), where the squared local Rabi frequency is defined

directly by:

Ω2
R,i =

γ2

2
H+(ri, t)H

−(ri, t) . (A.3)
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A.2.2 Incoherent Dynamics: T1 Transition Probability

Conversely, evaluating the transition probability via Fermi’s Golden Rule allows us to es-

tablish the incoherent NV spin T1 dynamics on the same footing. Treating the transverse field as

a perturbation H′ in the interaction picture, the probability of an upward transition P ↑i ≡ P 0←−1
i

evaluates to:

P ↑i =

∣∣∣∣1i
∫ t

0

dt′ ⟨0|H′I(t′) |−1⟩
∣∣∣∣2

=
γ2

2

∫ t

0

dt1 dt2e
−iωNV(t1−t2)H−(ri

NV, t1)H
+(ri

NV, t2) (A.4)

where ωNV = ∆− γHz. Similarly, for the downward process P ↓i ≡ P−1←0
i :

P ↓i =
γ2

2

∫ t

0

dt1 dt2e
iωNV(t1−t2)H+(ri

NV, t1)H
−(ri

NV, t2) (A.5)

Taking Fourier transformations isolates the frequency filtering components:

P ↑,↓i =
γ2

2

∫
dω dω′

(2π)2
W ↑,↓

T1 (ω, ω
′)K↑,↓i (ω, ω′) (A.6)

where we introduced the magnetic field kernels:

K↑i (ω, ω
′) =

∫
dt1 dt2e

−iωt1−iω′t2H−(ri
NV, t1)H

+(ri
NV, t2) , (A.7)

K↓i (ω, ω
′) =

∫
dt1 dt2e

−iωt1−iω′t2H+(ri
NV, t1)H

−(ri
NV, t2) , (A.8)
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and the corresponding frequency filtering functions:

W ↑
T1(ω, ω

′) =
e−i(ωNV−ω)t − 1

(ωNV − ω)

ei(ωNV+ω′)t − 1

(ωNV + ω′)
, (A.9)

W ↓
T1(ω, ω

′) =
ei(ωNV+ω)t − 1

(ωNV + ω)

e−i(ωNV−ω′)t − 1

(ωNV − ω′)
. (A.10)

For large enough times t ≫ τ (where τ is the decay timescale of K↑,↓i ), W ↑
T1(ω, ω

′) is strongly

peaked at ω ≈ ωNV and ω′ ≈ −ωNV, in which case we find W ↑
T1(ωNV,−ωNV) = t2. The same

holds for interchanging ω and ω′ in the downward process.

A.3 Magnon Physics and NV Coupling

We present the effective Hamiltonian of the driven magnon system, assuming a quartic non-

linearity. The third-order nonlinearity is kinematically disallowed in our target frequency range.

The effective Hamiltonian is:

H
V

=
∑
k

(ωk− iΓk)Ψ
∗
kΨk+

1

2

∑
k1,k2,k3,k4

g1234δ
12
34Ψ

∗
k1
Ψ∗k2

Ψk3Ψk4 +
∑
k

[Sk(t)Ψ
∗
k(t) + c.c.] (A.11)

The first term captures the kinetic energy of magnons with dispersion relation ωk and Gilbert

damping Γk = αωk. The second term describes momentum-dependent scattering with coupling

strength g1234 , where δ1234 enforces momentum conservation. The final term models the coherent

stripline drive Sk(t). This Hamiltonian yields the equations of motion:

i∂tΨk(t) =
δH/V
δΨ∗k(t)

= (ωk − iΓk)Ψk +
∑

k1,k2,k3

g123kδ
12
3kΨ1Ψ2Ψ

∗
3 + Sk(t) (A.12)
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Before solving this equation, we connect the phenomenological constants ωk, g1234 , and Sk to their

microscopic origins and demonstrate how this continuum model governs the interaction with the

macroscopic NV ensemble.

A.3.1 Dispersion Relation

The derivation of the dispersion relation ωk of exchange dipole magnons in thin films is

established in standard literature [41, 93]. The full dispersion relation evaluates to ω(k, ϕk) =√
ω2ω3 − ω2

1 , where:

ω1 = γHd sinϕk cosϕk cos θ0fk, (A.13)

ω2 = γ
[
Hint +Hexk

2 +Hd cos
2 ϕkfk cos

2 θ0 +Hd(1− fk) sin
2 θ0

]
, (A.14)

ω3 = γ
[
Hint +Hexk

2 +Hd sin
2 ϕkfk

]
, (A.15)

where the demagnetization field is Hd = Ms and the exchange field is Hex = 2Aex/(µ0Ms). The

internal magnetic field is Hint = Hext cos(θ − θ0)−Hd cos
2(θ0) where θ specifies the angle of the

applied external magnetic field Hext, and θ0 represents the equilibrium magnetization angle. The

demagnetization form factor is fk = 1− (1− exp(−kD))/(kD).

Given our magnetic field aligns perpendicular to the axis of magnon propagation (ϕk = π/2),

we evaluate the Damon–Eshbach (DE) mode [94]:

ωDE(k) = γ
√

[Hext +Hexk2 +Hd(1− fk)] [Hext +Hexk2 +Hdfk] . (A.16)

Expanding this to linear order yields ωDE
lin (ky) = ∆0 + vyky, where the gap is ∆0 =
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γ
√
Hext(Hd +Hext) and the group velocity is vy ≡ vDE = γH2

dD/(4
√
Hext(Hd +Hext)). This

linear form underlies the analytic selection rules and resonance condition derived in Sec. A.6; the

numerical idler and growth-rate calculations (Sec. A.5, Sec. A.6.8) instead use the exact group

velocity vg = ∂ω/∂k, which falls below vDE where the dispersion flattens at the experimental

wavevectors.

A.3.2 Injection Profile

The magnetic field generated by the stripline determines the injection profile Sk. Evaluating

the Biot-Savart law for a current density J(ρ, z, t) = x̂ I/(WH)f(y/W ) cos(ωdt) localized at

z = D/2 yields the in-plane Fourier transformed field:

Bk(t) = −µ0Iδ(kx)h(kyH)w(kyW ) [ŷ + i sgn(ky)ẑ] cos(ωdt) (A.17)

where w(kyW ) is the Fourier transform of the lateral current distribution and h(kyH) = (1 −

exp(−|ky|H))/(|ky|H).

The stripline field couples linearly to the dynamic magnetization. After projection onto the

driven Damon–Eshbach branch, the effective source inherits the geometric momentum profile and

directional polarization of the microwave field. We therefore parameterize it as

Sk(t) = i S0 h(kyH)w(kyW )θ(ky)δkx cos(ωdt) (A.18)

where S0 ∝ I contains the polarization and mode-overlap factors. The form factors h and w

determine the momentum width of the injected mode, while θ(ky) captures the chirality of the

69



DE-modes, confirming that injection occurs exclusively at positive momenta for the top surface of

the sample.

A.3.3 Magnetic Field at the NV Center

The stray magnetic field at the NV center generated by the underlying magnons is evaluated

within the near-field approximation. Performing an in-plane Fourier transform maps the sample

magnetization to the local NV position ri
NV via the effective magnetostatic dipole tensor D̃q:

Hα(ρi
NV, t) =

∫
dq

(2π)2
e−iq·ρ

i
NVD̃αβ

q m̃β
q(t) , (A.19)

where D̃q = Ry(θNV)Dq(zNV)R
T
y (θ0) applies the rotational matrices necessary to align the lab

frame with the local quantization axes. The dipole tensor evaluates to:

Dq(zNV) = −e−qzNV
1− e−qD

2q


q2x/q qxqy/q iqx

qxqy/q q2y/q iqy

iqx iqy −q

 . (A.20)

A.3.4 Ensemble Averaging and Momentum Filter Tensors

The optical measurement integrates photon counts across the confocal volume, mapping

local NV spin transitions to a macroscopic extensive observable. The coherent transition rate

depends directly on the spatial sum of the field products across the i NV centers. Expanding this
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product into momentum space yields:

∑
i∈W

Hα(ρi
NV, t1)H

α′
(ρi

NV, t2)

=

∫
dq

(2π)2

∫
dq′

(2π)2

∑
i

e−i(q+q′)·ρi
NVD̃αβ

q m̃β
q(t1)D̃

α′β′

q′ m̃β′

q′(t2) . (A.21)

Approximating the discrete spatial sum as a continuous integral over the NV density 1/d2NV gen-

erates a momentum-conserving Dirac delta function for a sufficiently large confocal spot. This

collapses the cross-momentum integration (q′ = −q):

∑
i∈W

Hα(ρi
NV, t1)H

α′
(ρi

NV, t2) ≈
1

d2NV

∫
dq

(2π)2
D̃αβ

q D̃α′β′

−q m̃
β
q(t1)m̃

β′

−q(t2) . (A.22)

Expressing the transverse magnetization components in the circular basis, m̃± = m̃x ± im̃y, or-

ganizes the tensor contraction into the geometric kernels D̃↑↓,σσ′
q . The superscripts ↑ and ↓ label

the field combinations H−H+ and H+H− associated with the two NV transition channels. These
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filter functions evaluate to:

D̃↑,±±q =
[
1− e−qD

]2 e−2qzNV

16q4
[
− (qy ± iqx cos θ0)

2 + q2 sin2 θ0
]

×
[
q2x cos

2 θNV + (qy + q sin θNV)
2] ,

D̃↑,±∓q =
[
1− e−qD

]2 e−2qzNV

16q4
[
q2x cos

2 θ0 + (qy ∓ q sin θ0)
2]

×
[
q2x cos

2 θNV + (qy + q sin θNV)
2] ,

D̃↓,±±q =
[
1− e−qD

]2 e−2qzNV

16q4
[
− (qy ± iqx cos θ0)

2 + q2 sin2 θ0
]

×
[
q2x cos

2 θNV + (qy − q sin θNV)
2] ,

D̃↓,±∓q =
[
1− e−qD

]2 e−2qzNV

16q4
[
q2x cos

2 θ0 + (qy ∓ q sin θ0)
2]

×
[
q2x cos

2 θNV + (qy − q sin θNV)
2] . (A.23)

These kernels encode the angular selection rules and the evanescent decay. As plotted in

Fig. A.1(a), given the experimental angle θNV = −71◦ and the equilibrium magnetization angle

θ0, the dominant contributions along the propagation axis qy arise exclusively from the density-like

terms D̃↓,+−q and D̃↑,−+q . The anomalous terms (±±) are geometrically suppressed.

A.3.5 Macroscopic Rabi Frequency

When a magnon mode acquires a macroscopic population under a strong coherent drive, the

stochastic fluctuations condense into a deterministic classical field, driving coherent transitions.

Because the optical measurement integrates photon counts across the entire confocal volume,

the observed photoluminescence contrast reflects the ensemble-averaged transition probability of
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the defects within the spot. To ensure thermodynamic consistency at room temperature, the ferri-

magnetic lattice is mapped to an effective continuum ferromagnet using the effective macroscopic

spin density seff (defined directly by the measured saturation magnetization via Ms = γeℏseff).

The transformation is:

m̃+
q (t) =Ms

√
2

seff
αq(t) , and m̃−q (t) =Ms

√
2

seff
α∗−q(t) . (A.24)

In the coherent driven regime, the dynamics are governed by deterministic, monochromatic spin

waves αq(t) = αqe
−iωqt. The extensive sum of the squared Rabi frequencies across the illuminated

NV ensemble evaluates to:

∑
i

Ω2
R,i =

γ2M2
s

seffd2NV

∫
dq

(2π)2
D̃↓,+−q ⟨nq⟩ , (A.25)

where ⟨nq⟩ = |αq|2.

A.3.6 1D Propagation and Population Extraction

We model the driven magnon mode as a 1D wavepacket propagating along the y-

direction. Because the spatial decay length of the magnon fluid is much larger than its car-

rier wavevector, we approximate the momentum spectrum by a Dirac delta function: ⟨nq⟩ =

⟨ñ0⟩(2π)2Aspotδ(qx)δ(qy − q0). Furthermore, because a plane wave generates a spatially uniform

field magnitude, every defect in the ensemble experiences an identical driving amplitude. The

extensive NV ensemble sum thus reduces to the local single-spin value scaled by the spot area:

d2NV

∑
i Ω

2
R,i ≡ AspotΩ

2
R.
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We now evaluate the detection efficiency for the driven mode at qx = 0. Shape anisotropy

renders the precession elliptical: the mode carries an in-plane transverse component and a smaller

out-of-plane component in quadrature, with amplitude ratio η ≤ 1 set by the dispersion [8]. Both

components contribute coherently to the stray field above the film, yielding the phase-dependent

geometric factor:

Gη(s, θNV, θ0) =
1√
η
(1− s η cos θ0) (s− sin θNV) , (A.26)

where s = sgn(qy) = ±1 encodes the propagation direction of the detected mode and θ0 is the

small out-of-plane cant of the static magnetization. The factor (1 − s η cos θ0) sets the chirality

of the spin-wave stray field, the factor (s − sin θNV) projects the circularly polarized stray field

onto the co-rotating component at the NV, and the prefactor 1/
√
η captures the larger transverse

magnetization per magnon of an elliptical mode. The corresponding generalized filter tensor takes

the form:

D̃eff
η (q0) = e−2|q0|zNV

[
1− e−|q0|D

4

]2
|Gη|2 . (A.27)

Substituting these spatial boundaries and elliptical limits into Eq. (A.25) cancels the spot area

coefficients identically, yielding:

Ω2
R =

γ2M2
s

16seff
e−2|q0|zNV

[
1− e−|q0|D

]2 |Gη|2⟨ñ0⟩ . (A.28)

Inverting this relation extracts the volumetric magnon population density ⟨ñ0⟩ directly from the
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measured Rabi frequency:

⟨ñ0⟩ = seff

(
4ΩR

γ Ms |Gη|

)2
e2|q0|zNV

(1− e−|q0|D)
2 . (A.29)

This matches the expression quoted as Eq. (1.1) by setting q0 ≡ k, with the coupling constant

C collecting the saturation magnetization together with the geometric, evanescent, and ellipticity

prefactors:

C ≡Ms e
−|q0|zNV

1− e−|q0|D

4
|Gη| . (A.30)

A.4 Height Mapping

To perform the density mapping detailed above, we must determine the average separation

between the NV ensemble and the YIG film (zNV). We exploit the T1 measurement protocol, noting

that the NVs detect magnetic noise within a specific momentum window governed by the e−2qzNV

filter tensor suppression. We sweep the magnetic field from approximately 12 mT to 30 mT. As

the applied field increases, the resonant wavevector k decreases, increasing sensitivity to thermal

magnons until the relaxation rate peaks near |k| ≈ 1/(2zNV). We fit this response to extract the

local separation.

A.4.1 Thermal Magnon Noise and T1 Relaxation

Unlike the Rabi response driven by a coherent mode, the incoherent T1 transition rate is

driven by broadband thermal magnetic field fluctuations. However, the geometric coupling remains

75



strictly governed by the exact same momentum filter functions D̃↑↓,σσ′
q established in Sec. A.3.

To model this thermal noise at room temperature and GHz frequencies (ℏω ≪ kBT ), we

relate the equilibrium transverse magnetization fluctuations to the dynamic susceptibility χαβ(q, ω)

via the classical fluctuation-dissipation theorem:

Cαβ(q, ω) =
2kBT

ω
Imχαβ(q, ω) . (A.31)

Substituting this thermal spectrum into the momentum integrals established by Fermi’s Golden

Rule yields the explicit functional form for Γ↑,↓(Hext).

A.4.2 Height Map Calculation

By performing the T1 measurements across the diamond chip, we construct a spatial map

of the NV-YIG separation. We plot these data points in Fig. A.1(c), along with the corresponding

fits to the thermal magnon noise model. The fitted zNV values range from approximately 250 nm

to 500 nm as seen in Fig. A.1(b), reflecting non-uniform contact between the diamond and YIG

surfaces. We use the locally-determined zNV at each position to accurately calculate the magnon

population densities from the measured Rabi frequencies.

A.5 Stimulated Four-Magnon Scattering Model

In this section and the next, we derive the theoretical framework for understanding four-

magnon scattering processes observed in our experiments. We first establish a general approxi-

mation scheme for solving the nonlinear wave equation, then apply it to the two-tone (stimulated
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Figure A.1: Height mapping of NV-YIG separation. (a) Momentum filter function D̃↓,+−q for
θNV = −71◦ and the equilibrium magnetization angle θ0. Due to the geometry, the dominant
contributions along the propagation axis qy arise from the density-like tensor elements. (b)
Spatial map of the diamond chip showing the five measurement positions and the extracted
height map of zNV across the chip. The variation in zNV (250–500 nm) reflects non-uniform
contact between the diamond and YIG surfaces. (c) T1 relaxation rate vs. applied magnetic
field at five different positions on the diamond chip. Solid lines show fits to the thermal magnon
noise model with zNV as the free parameter.

scattering) and single-tone (cascaded scattering) experiments.

A.5.1 Approximation Scheme for Driven Nonlinear Systems

Our starting point is the nonlinear wave equation Eq. (A.12) introduced in Sec. A.3. The

full equation couples a continuum of momentum modes through the momentum-dependent four-

magnon vertex, while also retaining propagation, damping, and the localized external drive. A
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direct time-domain solution would be computationally demanding and offer limited interpretability

of the individual resonances observed experimentally. The measurements instead probe a weakly

nonlinear, narrowband, continuous-wave regime in which the dominant scattering pathways can

be organized systematically around the directly driven mode. We use the following experimentally

motivated approximations:

1. Dominant driven mode. The mode resonantly excited by the stripline carries the largest

coherent population. Secondary modes can therefore be treated as fluctuations about this

driven background.

2. Weak nonlinear frequency scale. The density-dependent nonlinear shifts and scattering

rates, of order |g|n, remain small compared with the carrier frequencies of the participating

magnons. This separation permits a perturbative expansion in the interaction.

3. Stationary continuous-wave response. The microwave tones are applied continuously,

and the measurement is performed after propagation and damping transients have decayed.

The relevant coherent amplitudes may therefore be described by stationary spatial envelope

equations.

These approximations retain the energy- and momentum-matching conditions, spatial prop-

agation, and damping that determine the observed resonances, while separating the individual non-

linear scattering channels.
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A.5.2 Bogoliubov Decomposition

Following the first simplifying aspect, we decompose the magnon field into the directly

driven mode and fluctuations:

Ψk(t) = ψk(t) + δψk(t), (A.32)

where ψk represents the directly driven mode and δψk captures new modes excited through non-

linear interactions. Substituting this decomposition into Eq. (A.12) and keeping terms to leading

order in δψ, we obtain for the driven mode:

i∂tψk(t) = (ωk − iΓk)ψk +
∑

k1,k2,k3

g123kδ
12
3kψ1ψ2ψ

∗
3 + Sk(t), (A.33)

and for the fluctuations:

i∂tδψk(t) = (ωk − iΓk)δψk +
∑

k1,k2,k3

g123kδ
12
3k [2δψ1ψ2ψ

∗
3 + ψ1ψ2δψ

∗
3] . (A.34)

A.5.3 Perturbative Expansion

Even Eq. (A.33) remains nonlinear. Following the second simplifying aspect, we treat the

nonlinearity perturbatively. Introducing a formal expansion parameter ϵ (g123k → ϵg123k), we expand:

ψk = ψ
(0)
k + ϵψ

(1)
k + ϵ2ψ

(2)
k + . . . (A.35)
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To zeroth order, interactions are absent:

i∂tψ
(0)
k (t) = [ωk − iΓk]ψ

(0)
k (t) + Sk(t). (A.36)

For a general multi-tone drive of the form Sk(t) =
∑

j Skj
e−iωjt, the steady-state solution is:

ψ
(0)
k (t) =

∑
j

Skj

ωk − ωj − iΓk

e−iωjt ≡
∑
j

A
(0)
j (k − kj)e

−iωjt, (A.37)

where A(0)
j (k − kj) is the envelope function for the j-th drive tone, peaked around the resonant

wavevector kj satisfying ω(kj) = ωj .

At first order, the driven modes interact to generate new frequency components:

(i∂t − ωk + iΓk)ψ
(1)
k (t) =

∑
k1,k2,k3

g123kδ
12
3kψ

(0)
1 ψ

(0)
2 ψ

(0),∗
3 . (A.38)

The right-hand side contains products of three zeroth-order fields, generating frequencies that are

sums and differences of the input frequencies.

A.5.4 Application to Two-Tone Drive

We now specialize to the two-tone experiment, where we apply simultaneous microwave

drives at a pump frequency ωp and a signal frequency ωs. The zeroth-order solution Eq. (A.37)

becomes:

ψ
(0)
k (t) = Ap(k − kp)e

−iωpt + As(k − ks)e
−iωst, (A.39)
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where the envelope functionsAp andAs are determined by the injection profile derived in Sec. A.3,

and the wavevectors satisfy the dispersion relation: ωp = ω(kp) and ωs = ω(ks).

A.5.5 Derivation of the Idler Envelope Equation

Substituting the two-tone solution Eq. (A.39) into the first-order equation Eq. (A.38), the

right-hand side contains terms oscillating at frequencies ωp, ωs, 2ωp − ωs, and 2ωs − ωp. At this

level, the labels “pump” and “signal” are completely interchangeable: both 2ωp−ωs and 2ωs−ωp

are generated on equal footing. We focus on the idler frequency ωi = 2ωp − ωs, which in our

experiment is tuned to match the NV resonance.

To derive the spatial evolution of the idler, we assume the envelope functions are slowly

varying compared to the carrier wavelength. Writing the idler as ψ(1)
k (t) = Ai(k − ki)e

−iωit,

where ki satisfies ω(ki) = ωi, we expand the dispersion relation to linear order:

ω(k) ≈ ω(ki) + vki
· (k − ki), where vki

= ∇kω
∣∣
k=ki

(A.40)

is the group velocity at ki. Transforming to real space via the Fourier convention

A(k) =
1

L2

∫
drA(r) eik·r, A(r) =

∑
k

A(k)e−ik·r, (A.41)

we obtain the envelope equation in steady state:

[vki
· ∇+ Γi]Ai(r) = −igppsi A2

p(r)A
∗
s(r)e

i∆k·r, (A.42)
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where Γi = Γ(ki) is the damping rate at the idler wavevector, and ∆k = 2kp−ks−ki is the phase

mismatch. This equation describes stimulated four-magnon scattering: the idler amplitude grows

proportionally to A2
pA
∗
s, representing the annihilation of two pump magnons to create a signal and

an idler magnon, stimulated by the seeded signal mode.

A.5.6 Solution for Damon–Eshbach Propagation

In our geometry, magnons propagate predominantly along the y-direction (Damon–Eshbach

configuration). Restricting to this direction, Eq. (A.42) becomes:

[vyi ∂y + Γi]Ai(y) = −igppsi A2
p(y)A

∗
s(y)e

i∆kyy, (A.43)

where vyi = sgn(kyi ) vg(k
y
i ) is the exact y-component of the group velocity evaluated at the idler

wavevector.

Assuming the pump and signal envelopes decay exponentially due to damping:

Ap(y) = Ap(0)e
−λpy, As(y) = As(0)e

−λsy, (A.44)

where λp,s = Γp,s/v
y
p,s are the spatial decay rates, Eq. (A.43) can be solved with the boundary

condition Ai(0) = 0 (no idler at the stripline). Defining λi = Γi/v
y
i , λ0 = 2λp + λs, and A0 =

−igppsi A2
p(0)A

∗
s(0)/v

y
i , the solution is:

Ai(y) =
A0

λ0 − λi − i∆ky
[
e−λiy − e(−λ0+i∆ky)y

]
. (A.45)
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For phase-matched propagation (∆ky = 0) and negligible idler damping (λi ≪ λ0), this

simplifies to:

Ai(y) ≈
A0

λ0

[
1− e−λ0y

]
. (A.46)

In the limit of weak pump/signal damping, the idler grows linearly with propagation distance:

Ai(y) ≈ A0y. This linear growth regime is characteristic of stimulated four-magnon scattering

and underlies our detection scheme.

A.5.7 Connection to Measured Signal

The idler frequency ωi = 2ωp − ωs is tuned to the NV resonance ωNV, so the NV detects the

idler alone; the pump and signal are far off-resonance and do not contribute. The idler envelope

Eq. (A.45) therefore sets the local magnon population density ⟨ñi(y)⟩ = |Ai(y)|2, which maps to

the measured Rabi frequency through Eq. (A.29) of Sec. A.3, evaluated with the local separation

zNV from Sec. A.4 and the idler wavevector qy fixed by the dispersion relation.

To extract the four-magnon interaction vertex gppsi , we fit the spatial profile of the measured

idler population profile, ⟨ñi(y)⟩ = |Ai(y)|2, to the squared magnitude of Eq. (A.45). The source

amplitude A0 = −igppsi A2
p(0)A

∗
s(0)/v

y
i contains the coupling constant gppsi as an unknown parame-

ter, while the pump and signal amplitudes Ap(0), As(0) are independently determined from single-

tone Rabi measurements and the stripline current calibration (see Sec. A.7). This fitting procedure

yields the extracted values of gppsi shown in Fig. 1.5(F).
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A.6 Cascaded Scattering Model

When driving the magnon system with a single tone at frequency ω0, the directly excited

mode can become parametrically unstable above a threshold power, spontaneously generating pairs

of magnons at new frequencies. These secondary modes can themselves become unstable, leading

to a cascade of parametric resonances. Here we derive the conditions for this cascaded instability

and show how it determines the observable resonance structure.

A.6.1 Parametric Instability from Four-Magnon Scattering

We begin with the Bogoliubov decomposition introduced in the previous section. For a

single-tone drive, the zeroth-order solution is:

ψ
(0)
k (t) = A0(k − k0)e

−iω0t, (A.47)

where ω0 is the drive frequency and k0 satisfies the dispersion relation ω(k0) = ω0. Unlike the

two-tone case where we treated the idler perturbatively, here we examine the stability of the driven

mode against spontaneous decay into pairs of secondary modes.

The fluctuation equation Eq. (A.34) describes how small perturbations evolve in the presence

of the driven mode. We write the fluctuations as a superposition of two modes with frequencies ω1

and ω2 constrained by energy conservation (ω1 + ω2 = 2ω0):

δψk(t) = A1(k − k1)e
−iω1t + A2(k − k2)e

−iω2t. (A.48)
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Momentum conservation requires k1 + k2 = 2k0.

A.6.2 Coupled Mode Equations

Substituting into Eq. (A.34) and using the slow-envelope approximation, we obtain coupled

equations for the spatial evolution of the two modes. Including the mean-field frequency shift from

the driven mode, the equations in steady state become:

[ω1 − ω̃(k1) + ivk1 · ∇+ iΓ(k1)]A1(r) = g0012A
2
0(r)A

∗
2(r), (A.49)

[ω2 − ω̃(k2)− ivk2 · ∇ − iΓ(k2)]A
∗
2(r) = g0012[A

∗
0(r)]

2A1(r), (A.50)

where the renormalized dispersion relation includes the mean-field shift:

ω̃(k) ≈ ω(k) + 2g0k0k |A0|2. (A.51)

The structure of Eqs. (A.49)–(A.50) is characteristic of parametric amplification: the gain of mode

A1 is proportional to A∗2, and vice versa. This mutual coupling enables exponential growth when

the parametric drive exceeds a threshold.

A.6.3 Spatial Growth Rate

For modes propagating along the y-direction, we seek solutions of the form:

A1(y) = a1e
λy, A2(y) = a2e

λy, (A.52)
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where λ is the spatial growth rate. Substituting into the coupled mode equations yields the matrix

equation:


ω1 − ω̃(k1) + ivyk1

λ+ iΓ(k1) −g0012[A∗0]2

−g0012A2
0 ω2 − ω̃(k2)− ivyk2

λ− iΓ(k2)


a1
a∗2

 = 0. (A.53)

For non-trivial solutions, the determinant must vanish. Defining the frequency-momentum

mismatch parameters:

vyk1
q1 = ω1 − ω̃(k1), (A.54)

vyk2
q2 = ω2 − ω̃(k2), (A.55)

the solvability condition in the absence of damping gives:

λ = − i

2
(q1 − q2)±

1

2

√
4|g0012A2

0|2
vyk1

vyk2

− (q1 + q2)2. (A.56)

For the growth rate to be real (indicating true instability rather than oscillation), we require the

expression under the square root to be positive. Setting q1 = q2 = q for maximum growth, where:

q =
ω̃(k1) + ω̃(k2)− 2ω0

vyk1
+ vyk2

, (A.57)

the growth rate simplifies to:

λ = ±
√

|g0012A2
0|2

vyk1
vyk2

− q2. (A.58)
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A.6.4 Selection Rules for Unstable Modes

Equation (A.58) reveals important constraints on which modes can become unstable:

1. Group velocity sign constraint: The product vyk1
vyk2

must be positive for λ to be real. Since

the Damon–Eshbach group velocity vyk = sgn(ky)vDE, this requires both ky1 and ky2 to have

the same sign. Combined with momentum conservation ky1 + ky2 = 2ky0 , this restricts the

allowed range to 0 ≤ ky1 ≤ 2ky0 (assuming ky0 > 0).

2. Boundary dominance: The growth rate diverges as vyk → 0, which occurs at ky = 0 or

ky = 2ky0 . Consequently, the most unstable modes lie along these boundaries in momentum

space, corresponding to one of the daughter magnons having near zero y-momentum.

3. Energy conservation competition: The detuning term q2 penalizes modes that are off-shell.

The most unstable mode balances the large growth from small group velocities against the

cost of energy mismatch.

A.6.5 Cascade Hierarchy

Once the primary instability generates modes at k1 and k2, these can themselves act as

“pump” modes for subsequent parametric processes. The cascade proceeds hierarchically: each

scattering step feeds the next.

Since the most unstable modes have one daughter at ky = 0 or ky = 2kyin, the cascade

preferentially populates modes along specific lines in momentum space. For a drive at k0, the

dominant cascade path places one daughter at ky = 0 while the other carries all the y-momentum.

Successive steps thus produce modes at ky = 2ky0 , 3k
y
0 , . . . , and we label each resonance by its
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cascade order n (the same index used in Chapter 1), defined such that the order-n process involves

the mode at ky = n ky0 . The primary instability corresponds to n = 2.

The NV center detects magnons resonant at ωNV. The order-n cascade reaches the NV

resonance when:

ω
(
nk0

)
= ωNV. (A.59)

A.6.6 Mean-Field Frequency Shift and Resonance Condition

The mean-field shift Eq. (A.51) modifies the resonance condition. For the linearized Damon–

Eshbach dispersion ωk = ∆0 + vDE|ky|, the renormalized dispersion becomes:

ω̃k = ∆0 + 2ωNL + vDE|ky|, (A.60)

where ωNL ≈ g0k0kn0 ∝ |A0|2 depends on the pump magnon density. Because the driven magnon

amplitude scales linearly with the stripline current (A0 ∝ I; see Sec. A.7), the pump density

is quadratic in the current, n0 = |A0|2 ∝ I2, and the mean-field shift is therefore quadratic,

ωNL ∝ I2. This justifies the parameterization ωNL = βI2 used below.

For the order-n cascade to reach the NV resonance, the drive frequency must satisfy:

ω0(n, ωNL) =
ωNV + (n− 1)∆0

n
+

2(n− 1)

n
ωNL. (A.61)

This equation predicts that the resonance frequencies shift with drive power (through ωNL), pro-

viding a distinctive experimental signature of the cascaded scattering mechanism.
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Figure A.2: Mean-field frequency shifts of the cascade resonances. Fitted parameters of
the resonance condition Eq. (A.61), extracted from the power-dependent frequency shift of
the cascade resonances. For each applied magnetic field Hext, we plot the mean-field shift
coefficient β (defined via ωNL = βI2) together with the fitted cascade order n. (a) Results for
the resonance shown in Fig. 1.6(C)(i). The fitted cascade order n = 1.51(±0.91) is consistent
with n = 2. (b) Results for the resonance shown in Fig. 1.6(C)(ii). The fitted cascade order
n = 2.85(±0.77) is consistent with n = 3.

A.6.7 Fitting the Cascade Resonances

To fit the observed resonances, we use Eq. (A.61) with ωNL = βI2, where I is the stripline

current and β is a fitting parameter that encodes the magnon-magnon interaction strength and

the relation between current and magnon density. The cascade order n determines the slope of

the power-dependent frequency shift, allowing us to identify which cascade order produces each

observed resonance. The predicted resonance structure, discrete peaks that shift with power ac-

cording to their cascade order, matches the experimental observations and confirms the cascaded

parametric scattering mechanism. The fitted mean-field coefficient β and cascade order n for each

resonance are shown in Fig. A.2.

A.6.8 Numerical Prediction of the Resonance Map

The analytical results derived above including the parametric growth rate (Eq. (A.58)), the

cascade hierarchy, and the resonance condition (Eq. (A.61)) predict that specific drive frequencies
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ω0 will produce magnons at the NV resonance ωNV for each applied field Hext. To obtain a quan-

titative prediction of the full resonance structure shown in Fig. 1.6, we numerically evaluate the

cascaded growth rate and its overlap with the NV momentum filter across a two-dimensional grid

of (Hext, ω0) values. The bright ridges in the resulting color map trace out a resonance structure,

identifying the drive frequencies at which parametric scattering most efficiently channels magnon

population into the NV detection window.

A.6.8.1 Drive momentum and field-dependent parameters

The calculation sweeps over magnetic fields µ0Hext ∈ [17, 24]mT and drive frequencies

ω0/(2π) ∈ [1.75, 2.10]GHz. For each Hext, we compute the equilibrium magnetization angle θ0

and the full dispersion relation. The NV resonance frequency is

ωNV(Hext) = 2π × 2.87GHz − γHext . (A.62)

For each drive frequency ω0, the corresponding drive momentum k0 = (0, ky0) is found by numeri-

cally inverting the one-dimensional Damon–Eshbach dispersion relation along ky: we find ky0 such

that ω(0, ky0) = ω0. The constraint kx0 = 0 follows from the stripline injection profile derived in

Sec. A.3, which confines excitation to the kx = 0 subspace. When the mean-field shift is included,

the inversion uses the renormalized dispersion ω̃(k) = ω(k) + 2ωNL.

A.6.8.2 Growth rate on the two-dimensional momentum grid

At each (Hext, ω0) point, the parametric growth rate from Eq. (A.58) is evaluated over a

two-dimensional momentum grid spanning kx ∈ [−40, 40]µm−1 and ky ∈ [−0.1, 4]µm−1 with
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103 × 103 points. Each grid point represents a candidate daughter momentum k3; the partner is

fixed by momentum conservation, k4 = k1+k2−k3, where k1 and k2 are the two input momenta

for the scattering process. The growth rate is

λ(k3) =



√
|g1234 A1A2|2
vyk3

vyk4

− q2 if the argument is positive ,

0 otherwise ,

(A.63)

where the energy–momentum mismatch is

q =
ω̃(k3) + ω̃(k4)− ωk1 − ωk2

vyk3
+ vyk4

, (A.64)

andA1,A2 and ωk1 , ωk2 are the amplitudes and frequencies of the two incoming modes. The group

velocities are evaluated using the exact numerical derivative vyk = sgn(ky) ∂ω/∂k to properly

account for the flattening of the dispersion curve. The bare four-magnon interaction strength is

taken to be momentum-independent and normalized by the effective macroscopic spin density seff :

g ≈ −γMs

2seff
, (A.65)

corresponding to the dominant dipolar contribution to the T-matrix and evaluates to g/(2π) ≈

−0.3 Hzµm3. This simplification replaces the full momentum-dependent vertex g1234 in Eq. (A.63)

with the single value g. Using the full momentum-dependent vertex shifts the position of the

maximum only marginally, since the group-velocity enhancement and off-shell penalty provide

the dominant momentum dependence.
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A.6.8.3 Cascade through four scattering steps

The cascade is computed iteratively: the most unstable output momenta from each step serve

as inputs for the next. The branching structure proceeds as follows:

1. Step 1 (order n = 2): Two pump magnons scatter, k0 + k0 → k1 + k2. This produces one

growth rate map and identifies the most unstable pair (kmax
1 ,kmax

2 ).

2. Step 2 (order n = 3): The pump scatters with each first-step daughter, k0+kmax
1 → k3+k4

and k0 + kmax
2 → k′3 + k′4, producing 2 growth rate maps.

3. Step 3 (order n = 4): Four standard branches arise from the pump scattering with each

second-step output. Two additional branches exploit the dispersion relation symmetry un-

der kx → −kx: the first-step daughter kmax
1 scatters with its mirror image k1,mirror =

(−kmax
1x , kmax

1y ), and similarly for kmax
2 . This yields 6 branches total.

4. Step 4 (order n = 5): Each of the 12 output momenta from step 3 scatters with the pump,

producing 12 branches.

At each generation, we retain only the momentum that maximizes the growth rate on each parent

branch. Because the higher-order mode populations are not independently known, all input modes

are assigned the same momentum-independent reference amplitude,Aref =
√
n0. This choice does

not shift the momentum maximizing λ(k) over the parameter range considered. The calculation

therefore predicts the resonance positions and branching structure, not their spectral weights.
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A.6.8.4 Overlap with the NV detection window

For each cascade order and branch, the predicted NV signal strength is computed as the

overlap between the growth rate map and the NV-detectable region of momentum space. First,

the NV-resonant momenta are identified as the set of wavevectors k on the 2D grid satisfying

|ω(k)−ωNV| < δω, forming an iso-energy contour in the (kx, ky) plane. Each point on this contour

is then weighted by the NV momentum filter function D̃↓,+−q from Eq. (A.23), which encodes the

dipolar coupling strength between magnons at wavevector q and the NV center. The filter captures

the essential physics: the exponential suppression e−2qzNV of coupling to large wavevectors, and

the angular selection rules set by the NV and magnetization orientations.

The overlap for a given branch at order n is

On(Hext, ω0) =
∑

k∈NV contour

λ(n)(k) D̂(k) , (A.66)

where D̂(k) denotes the normalized and thresholded momentum filter. This scalar value quantifies

the efficiency with which the order-n cascade delivers parametrically amplified magnons into the

NV detection window at the given (Hext, ω0) operating point.

A.6.8.5 Assembly and comparison with experiment

The overlap values On(Hext, ω0) are computed across the full parameter space, and the con-

tributions from all branches within each order are summed. The resulting four two-dimensional

maps, one per cascade order, constitute the resonance diagram. The bright ridges, where On is

maximal, predict the drive frequencies at which the order-n cascade produces magnons at ωNV.
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Two cases are considered for comparison with experiment: for the lower cascade orders

(n = 2, 3), the mean-field shift is set to zero (ωNL = 0), appropriate for moderate pump densi-

ties where the power-dependent dispersion correction is small. For the higher orders (n = 4, 5),

where the driven magnon density is large enough to appreciably shift the dispersion relation, a

finite mean-field correction ωNL = g n0 is included. The predicted resonance map is compared

with the experimental observations in Fig. 1.6, where the predicted tongue maxima align with the

experimentally measured resonance frequencies across the full range of magnetic fields.

A.7 Power Calibration

A.7.1 Stripline Current Calibration

Throughout this work, the microwave stripline current I enters the theory as the source of

the magnetic field that drives magnons in the YIG film. In particular, the injection amplitude

S0 ∝ I derived in Sec. A.3 sets the driven magnon population, and the pump amplitude |A0|2 ∝

I2 determines the parametric gain in Sec. A.6. Here we describe how I is determined from an

experimentally accessible quantity: the microwave power measured at the output of the circuit.

A.7.1.1 Microwave circuit and measurement

As described in Chapter 1, the microwave circuit consists of a signal generator (50 Ω output

impedance), connected via coaxial cables and a PCB trace to the gold stripline antenna on the YIG

chip. One end of the stripline is wire bonded to the PCB; the other end is wire bonded back to a

second PCB trace, which is connected to a 50 Ω termination, which is a Signal Hound spectrum
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analyzer. Both terminations present a 50 Ω load. The spectrum analyzer records the transmitted

power PSA in dBm, from which the current at the output port is obtained as

ISA =

√
2PSA

Z0

, Z0 = 50 Ω . (A.67)

This is the current flowing through the input impedance of the spectrum analyzer. We now argue

that ISA is a faithful measure of the stripline current I .

A.7.1.2 Lumped-element argument

The gold stripline has a length of approximately 400 µm. At the operating frequencies of

1.5–3 GHz, the electromagnetic wavelength is on the order of centimeters, exceeding the stripline

length by two orders of magnitude. The stripline is therefore electrically short and acts as a lumped

series element (predominantly a small inductance). The same applies to the wire bonds, which

contribute a small series inductance.

In this lumped-element limit, the entire path from one PCB pad through the wire bond,

stripline, and second wire bond to the opposite PCB pad is a series network. In a series circuit, the

current is the same at every point. The current flowing through the stripline is therefore equal to

the current flowing into the 50 Ω termination:

Istrip ≈ ISA . (A.68)

To verify this picture, we measure the forward transmission coefficient |S21|2 of the full

circuit (from signal generator output to spectrum analyzer input) as a function of frequency across
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the experimental bandwidth. The transmission is found to be approximately flat, with no significant

resonant features.

A.7.2 Calculating the Pump and Signal Magnon Amplitudes

The fitting procedure described in Sec. A.5 requires knowledge of the pump and signal

magnon population densities ⟨ñp⟩ and ⟨ñs⟩ at the stripline. These cannot be measured directly

from the NV Rabi signal, as the pump and signal are far off-resonance with the NV transition,

but can be inferred from single-tone Rabi measurements on resonance with the NV transition

(ωNV = ωdrive) combined with the stripline current calibration described above.

A.7.2.1 Reference calibration from single-tone Rabi measurements

In a single-tone experiment, the stripline drives magnons at a single frequency ωd with cur-

rent I . At the applied bias field, the NV resonance condition ωNV = ∆ − γHz selects a magnon

wavevector kNV via the dispersion relation. These magnons propagate away from the stripline, and

the NV center detects the resulting stray field as a Rabi frequency ΩR.

Using the macroscopic mapping equations derived in Sec. A.3 and the NV–YIG separation

zNV from the height map (Sec. A.4), we convert the measured Rabi frequency directly to a local

magnon population density ⟨ñNV⟩. This provides a reference calibration point: at current Iref

and the reference wavevector kref ≡ kNV of this measurement, we obtain a measured population

density ⟨ñref⟩.
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A.7.2.2 Pump and signal population densities

We calculate the current→magnon transduction directly as follows. Sweeping the bias field

tunes the NV-resonant wavevector kNV through the dispersion relation, and the per-current Rabi

response defines the normalized transduction

R(k) ≡ ΩR(k)/I

ΩR(kref)/Iref
, (A.69)

i.e., the relative current→magnon conversion efficiency at wavevector k, normalized to the refer-

ence measurement ⟨ñref⟩ above. We fit the experimentally-determined R(k) to an exponentially

decaying envelope, which we evaluate at the pump and signal wavevectors below. We can approx-

imate R(k) ≈ S̃(k)/S̃(kref), with S̃(k) = h(kH)w(kW ) being the injection profile of Sec. A.3.

For the two-tone experiment, the pump (frequency ωp, current Ip) and signal (frequency ωs,

current Is) excite modes at wavevectors kp and ks. Since the magnon amplitude scales linearly

with current and the density is quadratic in the amplitude, ⟨ñ⟩ = |A|2, the local densities at the NV

location are

⟨ñp(yNV)⟩ = ⟨ñref⟩
(
Ip
Iref

)2

R(kp)
2 , (A.70)

⟨ñs(yNV)⟩ = ⟨ñref⟩
(
Is
Iref

)2

R(ks)
2 . (A.71)

Because the scattering equations of Sec. A.5 are integrated forward from the stripline at y = 0,

these boundary amplitudes are back-propagated from the NV location yNV to the source through
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their spatial decay lengths λ = Γ/vg:

|Ap(0)|2 = ⟨ñp(yNV)⟩ e2λpyNV , (A.72)

|As(0)|2 = ⟨ñs(yNV)⟩ e2λsyNV . (A.73)

This ensures the parametric gain equations use the true magnon intensities at the stripline interac-

tion boundary.
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Appendix B: Supplementary Information: A Nanoscale Magnetic Spectrum An-

alyzer Based on Qubit Dressed States

B.1 Theoretical framework

B.1.1 AC Stark shift and three-level dressed state picture

For a two-level system, the Hamiltonian Ĥ can be written as:

Ĥ = h γB0Ŝz + h γBprobe cos (2πfprobet+ ϕ) Ŝx. (B.1)

Let the eigenstates of Ŝz be |0⟩, |+ 1⟩; Eq. B.1 can then be expressed as:

Ĥ =
h γ

2

 0 Bprobe cos(2πfprobet+ ϕ)

Bprobe cos(2πfprobet+ ϕ) 2B0

 . (B.2)

The state Ψ of the system evolves in time according to the Schrödinger equation:

i h
dΨ

dt
= 2π Ĥ Ψ. (B.3)
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When we apply a unitary transformation Û to Ψ and transfer it to the rotating frame, with

Ψ̃ = ÛΨ, the transformed state Ψ̃ evolves according to the following effective Hamiltonian Ĥ ′:

Ĥ ′ = ÛĤÛ † + i
h

2π
(∂tÛ) Û

†, (B.4)

where

Û = exp
(
i 2πfprobe t |+ 1⟩⟨+1|

)
. (B.5)

Using the rotating-wave approximation (RWA), Ĥ ′ can be written as:

Ĥ ′ = h

 0
Ω

2
eiϕ

Ω

2
e−iϕ ∆

 , (B.6)

where

∆ = fres − fprobe, fres = γB0, Ω = γBprobe c =
1

TRabi osc.
. (B.7)

Here c is the matrix element |⟨0| Ŝx/ℏ |1⟩|, which is 1/2 for a spin 1/2 system. The eigenenergies

E± of this effective Hamiltonian are then:

E± =
h

2
(∆±

√
∆2 + Ω2), (B.8)
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so that the energy splitting in the high detuning limit is given by:

E+ − E− = h
√
∆2 + Ω2 ≈ h

(
∆+

Ω2

2∆

)
(∆ ≫ Ω), (B.9)

and the change in the splitting due to the probe field is therefore:

δE = (E+ − E−)− h∆ = h
Ω2

2∆
. (B.10)

B.1.1.1 Three level model

The NV has an electronic spin S = 1 system with basis {|0⟩, | + 1⟩, | − 1⟩}. In the rotating

frame at fprobe and within the RWA, the effective Hamiltonian reads:

Ĥ ′ = h


0

Ω

2
e+iϕ+

Ω

2
e+iϕ−

Ω

2
e−iϕ+ ∆+ 0

Ω

2
e−iϕ− 0 ∆−

 , (B.11)

where the detunings and Rabi rates are simply

∆+ = f0→+1 − fprobe, ∆− = f0→−1 − fprobe, Ω = γBprobe c =
1

TRabi osc.
. (B.12)

The matrix element |⟨0| Ŝx/ℏ | ± 1⟩| is now c = 1/
√
2 for both NV spin transitions.

The eigenvalues in the high detuning regime are in this case:

E0 ≈ −h

(
Ω2

4∆+

+
Ω2

4∆−

)
, E+ ≈ h

(
∆+ +

Ω2

4∆+

)
, E− ≈ h

(
∆− +

Ω2

4∆−

)
. (B.13)
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As we are interested in the change in energy between only one transition (0 → +1 in the

present experiments), the relevant energy shift is therefore:

δE = (E+ − E0)− h∆+ = h(
Ω2

2∆+

+
Ω2

4∆−
) = h

Ω2

2∆̃2
(B.14)

When the probe field is above the 0 → +1 transition it is possible to write ∆− = ϵ + ∆+

where ϵ is the NV Zeeman splitting due to the external magnetic bias field.

As our model is meant to be useful over a broad range of frequencies, we also account for the

situation where we can no longer assume ∆ ≪ fprobe, f0→+1 and hence we can no longer assume

the RWA. We follow the appendix calculation of [7], where the Schrieffer-Wolff formalism is used.

From there we get:

˜̂
Heff = Ĥ0 + h


A 0 0

0 B − A 0

0 0 −B

 , (B.15)

A =
Ω2f0→+1

2(f0→+1 − fprobe)(f0→+1 + fprobe)
, B =

−Ω2f0→−1
2(f0→−1 − fprobe)(f0→−1 + fprobe)

. (B.16)

where the difference from [7] is due to our definition of the Rabi rate to include the matrix element.

We note that in the limit of the RWA (∆ ≪ fprobe, f0→+1) we can write f0→±1 + fprobe ≈

2f0→±1 and recover the result of Eq. B.14. As visible in Fig. B.1, the deviation between the full

model and the simple 2 level approach is not substantial especially in the high detuning regime.
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full model
simple 

2 level model

Figure B.1: Magnitude Λ and frequency shift with respect to the detuning of the probe field.
Close to resonance the magnitude decreases due to a resonant drive. The full and the simple
model are fitted to the frequency shift.

The phase data close to the resonance is not considered as the system begins to be driven on

resonance (seen by the clear decrease in magnitude in the upper panel).

B.1.2 Qubit dressed state spectrum analyzer

The functionality of the qubit dressed state spectrum analyzer arises from four key physical

effects or points:

1. Applying an off resonant MW field to a two (or three) level system changes the energy

difference of the eigenstates by δE ≈ Ω2

2∆
.

2. A relative shift in qubit eigenenergies leads to phase accumulation over time if the qubit is

in a superposition state.

3. Decoherence of a qubit follows the variance of the phase via Λ(T ) = exp
(
−1

2
⟨ϕ2(T )⟩

)
. [70]
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4. A non linear mixing element, including the response of the qubit to RF fields arising from the

AC Stark shift enables downconversion of a noise spectrum by an arbitrary LO frequency.

To connect these points, we introduce a situation in which the qubit experiences not only the coher-

ent probe field but also an additional noisy signal field. In the rotating frame, these contributions

add, such that the qubit evolves under an effective Rabi frequency

Ωeff(t) = Ωprobe(t) + Ωs(t). (B.17)

Using point 1, the corresponding drive-induced shift of the dressed-state splitting relative to the

bare states is

δE(t)/h =
Ω2

eff(t)

2∆
=

1

2∆

(
Ω2

probe(t) + Ω2
s (t) + 2Ωprobe(t)Ωs(t)

)
≈ 1

2∆

(
Ω2

probe(t) + 2Ωprobe(t)Ωs(t)
)

=
γ2

2c2∆

(
B2

probe cos
2(2πfprobet) + 2Bprobe cos(2πfprobet)Bs(t)

)
, (B.18)

where we neglect the term quadratic in the signal field, Ω2
s (t) ∝ B2

s (t) as it is typically small and

far off resonance.

From point 2 we can derive the expected phase for one instance of the measurement through

hϕ =
∫ τ

0
δE. As we will average over thousands of individual experiments, this phase will not be

deterministic over all experiments. We can define the variance of the accumulated phase due to the

”noisy” AC Stark effect in analogy to [70] :

h2⟨ϕ2(τ)⟩ =
∫ τ

0

dt1

∫ τ

0

dt2⟨δE(t1)δE(t2)⟩. (B.19)

104



This is where point 3 becomes crucial as the qubit’s phase variance can be determined by

measuring the magnitude Λ (Eq. 2.4). In order to calculate this variance we can start by dropping

the deterministic, noiseless part of Eq. B.18, δE(t)det/h = γ2

2c2∆
B2

probe cos
2(2πfprobet), as it will not

contribute to the variance. We are thus left with the crossterm dependent on a multiplication of

probe field and the signal field:

δEmix/h =
γ2

c2∆
Bp cos(2πfprobet)Bs(t). (B.20)

The result enables the use of point 4. Multiplication of the noise signal and the coherent

probe field, arising from the quadratic dependency of the AC Stark shift on the effective magnetic

field, effectively shifts upward the measurable frequency range of a qubit dynamical decoupling

(DD) measurement sequence, enabling detection of the signal spectra.

The calculation starts by introducing the scaling prefactor α ≡
(

γ2Bprobe

c2∆

)2

. For an idealized

two-level system, ∆ is simply the probe detuning. For the NV center, a three-level treatment leads

to the effective replacement 1
∆

→ 1
∆+

+ 1
2∆−

, together with the corresponding choice c =
√

1/2,

as discussed in Appendix B.1.1.1.

We next calculate the argument of the integral in Eq. B.19:

⟨δE(t1)δE(t2)⟩/α = cos(2πfprobet1) cos(2πfprobet2) ⟨Bs(t1)Bs(t2)⟩ (B.21)

= cos(2πfprobet1) cos(2πfprobet2)

∫ ∞
−∞

df e−i2πf(t2−t1) Ss(f). (B.22)
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Using cos x cos y = 1
2
[cos(x− y) + cos(x+ y)] with x = 2πfprobet1 and y = 2πfprobet2 yields:

⟨δE(t1)δE(t2)⟩/α =
1

2

[
cos

(
2πfprobe(t2−t1)

)
+cos

(
2πfprobe(t2+t1)

)] ∫ ∞
−∞

df e−i2πf(t2−t1) Ss(f).

(B.23)

To justify neglecting the second term, it is convenient to switch to sum- and difference-time

coordinates:

u =
t1 + t2

2
, v = t2 − t1, (B.24)

for which dt1 dt2 = du dv and the square (t1, t2) ∈ [0, τ ]2 maps to v ∈ [−τ, τ ] and u ∈ [|v|/2, τ −

|v|/2]. In these variables:

cos
(
2πfprobe(t2 − t1)

)
= cos(2πfprobev), cos

(
2πfprobe(t2 + t1)

)
= cos(4πfprobeu). (B.25)

Since the correlator depends only on the time difference v, the sum-time contribution oscillates

rapidly in u and is therefore suppressed in the double integral:

∣∣∣∣∣
∫ τ−|v|/2

|v|/2
du cos(4πfprobeu)

∣∣∣∣∣ =
∣∣∣∣sin(4πfprobeu)

4πfprobe

∣∣∣τ−|v|/2
|v|/2

∣∣∣∣ ≤ 1

2πfprobe
≪ τ (fprobeτ ≫ 1).

(B.26)

Consequently, the term cos
(
2πfprobe(t2 + t1)

)
is referred to as fast-rotating and can be neglected

compared to the surviving term, whose u-integration scales as
∫
du ∼ τ .

Keeping only the difference-time term results in:

⟨δE(t1)δE(t2)⟩/α ≃ 1

2
cos

(
2πfprobe(t2 − t1)

) ∫ ∞
−∞

df e−i2πf(t2−t1) Ss(f). (B.27)
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Now the ”mixer” identity from point 4 can be used:

2 cos
(
2πfprobe(t2 − t1)

)
e−i2πf(t2−t1) = e−i2π(f+fprobe)(t2−t1) + e−i2π(f−fprobe)(t2−t1), (B.28)

and the argument can be rewritten as

⟨δE(t1)δE(t2)⟩/α ≃ 1

4

∫ ∞
−∞

df
(
e−i2π(f+fprobe)(t2−t1) + e−i2π(f−fprobe)(t2−t1)

)
Ss(f).(B.29)

Inserting this back into Eq. B.19 to obtain the variance of the phase:

⟨ϕ2⟩ =
α

4

∫ τ

0

dt1

∫ τ

0

dt2

∫ ∞
−∞

df
(
e−i2π(f+fprobe)(t2−t1) + e−i2π(f−fprobe)(t2−t1))Ss(f)(B.30)

=
α

4

∫ ∞
−∞

df Ss(f)

(∣∣∣ ∫ τ

0

ei2π(f−fprobe)t dt
∣∣∣2 + ∣∣∣ ∫ τ

0

ei2π(f+fprobe)t dt
∣∣∣2). (B.31)

where we used that the only time dependence is in the exponentials,( ∫ τ

0
e+iθt1dt1

)( ∫ τ

0
e−iθt2dt2

)
=

∣∣ ∫ τ

0
eiθtdt

∣∣2.
As a last step we can now identify the scaled frequency filter function

Wτ (θ) =
α

2

∣∣∣ ∫ τ

0

eiθt dt
∣∣∣2 (B.32)
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and state:

⟨ϕ2⟩(fp) =
1

2

∫ ∞
−∞

df Ss(f)
[
Wτ (f − fprobe) +Wτ (f + fprobe)

]
(B.33)

=

∫ ∞
−∞

df Ss(f)Wτ (f + fprobe) (B.34)

= (Ss ∗Wτ )(fprobe) (B.35)

Here, it is assumed in the second equal sign that the noise is real and wide-sense stationary, which

effectively means that it is symmetric S(f) = S(−f) .

Equation B.35 is the central result of this theoretical framework, as it captures the effective

spectrum analyzer response in a compact form. The AC-Stark crossterm acts as a frequency trans-

lator: by tuning the probe field frequency fprobe, the same intrinsic filter functionWτ is shifted along

the frequency axis and therefore samples different parts of the noise spectrum. In other words, the

measured phase variance ⟨ϕ2⟩(fprobe) is given by the convolution of the signal power spectral den-

sity Ss(f) with a probe-frequency–shifted filter function. Mathematically this is equivalent to a

down conversion of the noise.

Fig. B.2 visualizes this result using the (rescaled) spin echo filter function:

Wτ (f)spin echo =
1

2

(
Bprobeγ

2

c2∆

)2
16

(2πf)2
sin4

(
πfτ

2

)
. (B.36)
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* =

Figure B.2: Visualization of the convolution of a spin echo filter function Wτ=4000ns(f) (or-
ange) and a perfectly rectangular noise power spectral density Ss(f) (green). The result is
directly proportional to the probe frequency dependent phase variance ⟨ϕ2⟩(fp) (blue).

B.1.3 Scaling for broadband noise

When the noise width of Ss(ω) is much larger than the width of the filter function Wτ (θ)

( ≈ 1/τ ) analysis of Eq. B.35 is straight-forward. In this case we can assume that the noise

distribution is an effective constant Ss(f) = Ss and calculate:

⟨ϕ2⟩ =
Ss

2

(
Bprobeγ

2

c2∆

)2 ∫ ∞
−∞

df
16

(2πf)2
sin4 πfτ

2
=
Ss

2

(
Bprobeγ

2

c2∆

)2

τ (B.37)

= β
B2

probe · τ
∆2

where β = 8Ss γ
4, (B.38)

given that c =
√

1/2 for a three level system.

When comparing this result to a conventional DD measurement of qubit decoherence, we

observe an effective scaling with ∝ (Ωp

∆
)2, directly following from the rescaled filter function

Wτ (f).
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B.2 Characterization results

B.2.1 Spectra

probe tone
on

off

mw switches

(a) (b)

Figure B.3: Dressed state spin echo and reference spin echo measurements for the probe field
on and off, with application of a Lorentzian noise signal. Data is expressed in terms of the
unnormalized NV ensemble spin (a) magnitude Λ and (b) phase ϕ. For the dressed state spin
echo measurement, mixing of the probe field and noise signal due to the AC Stark shift leads
to a clear decrease in Λ when the probe field frequency overlaps with the Lorentzian noise
spectrum. No such decrease is observed for the reference measurement, as the noise signal is
weak and detuned from the NV bare resonance by ∆ = 25 MHz. Here, the frequency zero on
the x-axis is about 2.903 GHz. The MW switches induce an offset of about −0.3 rad in the NV
spin phase determination, as indicated in (b).

As the NVs in our experiments are also subject to environmental noise, we immediately

follow each dressed state spin echo or Ramsey measurement with a reference measurement without

the probe field applied; and then take the logarithm of the ratio of the resulting NV spin magnitudes

(with and without probe field) to obtain the decoherence value. Fig. B.3 shows example data

using the NV-diamond pillar for the probe field on and off, with application of a Lorentzian noise

signal (as in Fig. 2.5, lowest panel). Figs. B.3(a,b) show results for the (unnormalized) NV spin

magnitude and phase, respectively. For the scaling in Fig. 2.5 the data was normalized to 1s

measurement time. This was done by taking the time per measurement (tmeasurement = 3700+540+

2 ∗ 4200) and then obtaining a number for measurements per second (N1s = 1/tmeasurement). This
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was then scaled with the actual taken measurements of Ntotal = 16mil by Ascale =
√
Ntotal/N1s.

B.2.2 Experimental parameter calibrations and systematic dependencies

B.2.2.1 Probe field amplitude and NV phase variance

(a) (b)

= 30 MHz 

= 10 MHz 

Figure B.4: Calibration of the probe field. (a) Bprobe as a function of the voltage applied on
the I and Q channels of the I-Q mixer and connected to MW2 to generate the probe field, for
two values of probe field detuning ∆ from the NV bare resonance. The output of the I-Q
mixer saturates after the linear regime up to 0.4 V. The magnetic field is calculated from the
accumulated phase. (b) NV phase variance ⟨ϕ2⟩ as a function of the probe I-Q voltage and
hence Bprobe, determined from dressed state spin echo measurements in the presence of the
rectangular noise spectrum shown in Fig. 2.5.

Dressed state spin calibration measurements relate the voltage on the I-Q channels to the

probe field magnetic field amplitude at the NV sensor. The calibration exploits the relation:

Bprobe =

√
2

γ
Ωprobe =

2

γ

√
|ϕ|∆
τ

(B.39)

which is a rewritten form of Eq. (2.6).

Example experimental results for this calibration are shown in Fig. B.4(a), where Bprobe

(given by Eq. B.39 from experimentally determined values for |ϕ| and control parameters τ and
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∆) is plotted against the probe field voltage of the I-Q mixer. This calibration shows that the output

of the I-Q mixer saturates at approximately 0.4 Vrms, a value we independently confirmed using a

commercial spectrum analyzer (Signalhound SA1W24B). For the experimental results presented

in Chapter 2 and elsewhere in this appendix, we only use the linear regime up to 0.4 Vrms.

To calibrate the induced NV phase variance ⟨ϕ2⟩ for a given voltage of the I-Q mixer (and

hence probe field amplitude Bprobe), we employ the rectangular noise spectrum shown in Fig. 2.5,

and with the probe field frequency tuned to be at the center of the noise band. Fig. B.4(b) displays

the experimentally determined phase variance ⟨ϕ2⟩ and the corresponding I-Q mixer voltage, as

well as Bprobe at the NV center determined from the calibration obtained in panel (a).

Each data point displayed in Fig. B.4 results from averaging over 2 · 106experiment repeti-

tions, implying that each of the 100 noise time traces uploaded to the AWG is repeated (looped)

about 2 · 104 times per data point.

B.2.2.2 τ dependence

To investigate how the pulse sequence length influences the NV spin variance ⟨ϕ2⟩ we repeat

the dressed state spin echo measurement for different echo-arm durations τ ranging from 0 to

5000 ns. To obtain the one-dimensional spectral representation in Fig. 2.6, we define a noise signal

region corresponding to the frequency band fk in Eq. 2.3, i.e., the frequencies at which noise is

applied, with BW = 1 MHz. We then average all data points within this band and normalize

the result by a reference region far detuned from the signal noise region. The reference region is
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defined as the frequency intervals in which no noise is applied,

fprobe /∈
[
fnoise −

BW

2
, fnoise +

BW

2

]
. (B.40)

As shown in Fig. B.5, the data largely follows the expected linear scaling of ⟨ϕ2⟩ with

τ . However, for τ < 100 ns the measured phase variance is reduced. This deviation at short echo

times results from the filter function becoming broader than the applied noise bandwidth of 1 MHz,

thereby no longer following the assumed limit of S ≫ W and thus decreasing the effective noise

contribution.

signal region
reference 

region

reference 

region

Figure B.5: 2D map of echo-arm duration τ dependency of the NV spin phase variance ⟨ϕ2⟩.
Defined signal and reference regions are used to normalize the data to a 1D spectral represen-
tation, as in Fig. 2.5.

B.2.2.3 ∆ dependence

Fig. B.6 shows experimental characterization of the dependence of the qubit dressed state

spectrum analyzer technique on probe field detuning ∆ from the qubit bare resonance. The cen-

ter frequency of an applied rectangular spectrum noise signal is iteratively shifted; and then NV

dressed state spin echo measurements as a function of swept fprobe are performed as above, in the
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large detuning limit, ∆ ≫ Ω. Similar to the characterization of τ dependence, defined signal and

reference regions are used to obtain the results in Fig. 2.6.

Figure B.6: Dependence of the NV spin phase variance ⟨ϕ2⟩ dependency on the probe field
detuning ∆. For each value of the applied noise signal (with a rectangular spectrum), dressed
state spin echo measurements are performed and the probe field frequency is swept, as is done
in Fig. B.3. The spectrum of the applied noise signal is then shifted by 2.5 MHz; and the dressed
state spin echo measurements, with sweeping of the probe field frequency, are repeated. The
Rabi rate Ω used for the measurements is ∼ 2.5 MHz, thus enabling operation in the large
detuning regime, Ω ≪ ∆.
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Figure B.7: Dispersion relation of Damon-Eshbach magnons. The frequency range of the x-
axis is scaled to the relevant frequency range for NV measurements reported here. The YIG
film ferromagnetic resonance (FMR) is at ≈ 2280 MHz for bias magnetic field Bext = 303 G.

B.3 YIG

B.3.1 Damon-Eshbach magnons

Consistent with the literature for similar samples we find that the most relevant magnons

for our measurement are Damon-Eshbach modes within the YIG film. The dispersion relation of

Damon-Eshbach magnons in a film of thickness l can be written, in the magnetostatic limit, as

fDE(k) = γ

√[
Bext +

Ms

2

]2
−
(
Ms

2

)2

e−2kl, (B.41)

where fDE(k) is the Damon-Eshbach magnon frequency, k is the in-plane wavevector of the spin

wave, l is the thickness of the magnetic film, Bext is the magnitude of the external magnetic field

component along the NV axis, and Ms is the saturation magnetization [30].

For this experimental setup and YIG sample, the relevant parameters are Bext = 303 G,

Ms = 1850 G, and a film thickness of 100 nm. For this configuration, varying k traces out the

Damon-Eshbach dispersion branch. This expected dispersion is displayed in Fig. B.7, indicating

that the FMR (i.e., k ≈ 0 magnon mode) is around 2280 MHz.
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B.3.2 Characterization by NV ODMR and T1 measurements

From previous NV measurements on a similar YIG film [42] Bext ≈ 303 G along the NV

sensing axis is required for the FMR to have a higher frequency than the NV f0→−1 transition. This

is crucial as the noise of the thermal magnons would otherwise directly decohere the NV spins.

For this bias magnetic field, the NV bare resonance is at 2020 MHz while the magnon band begins

around 2280 MHz.

To check these assumptions continuous NV ODMR measurements are performed, with the

probe field driven by the stripline antenna and swept in frequency from about 2000 to 2400 MHz.

As seen in Fig. B.8(a), the NV bare resonance is observed at 2020 MHz via a sharp decrease

in NV PL contrast, consistent with direct drive of this transition by the probe field generated by

the stripline antenna. A second, broad ODMR feature (reduction in NV PL contrast) is observed

around 2275 MHz consistent with the stripline driving magnons in the YIG film, which then scatter

and drive the 0 → +1 transition. The frequency onset of this FMR is consistent with the predicted

dispersion relation, see Fig. B.7. The power to the stripline antenna is −20 dBm.

It is also important to test whether the observed decrease in NV PL contrast has an impact on

timescales relevant for dressed state spectrum analyzer YIG measurements. This test is crucial to

rule out that the observed decrease in NV spin magnitude Λ in a spectrum analyzer measurement

arises from enhanced T1 spin relaxation (e.g., from resonant drive or FMR-induced noise at the NV

resonance) instead of the assumed NV spin decoherence induced by the AC Stark shift mixterm,

as manifested in changes in the NV spin phase variance ⟨ϕ2⟩. The test consists of a modified NV

T1 measurement consisting of (i) laser initialization and readout pulses, each 6 µs long and (ii) two

τ = 500 ns pulses of the probe field between the laser pulses, with a brief delay (110 ns) between
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the probe field pulses. The frequency fprobe of the probe field pulses is then iterated across a range

of about 600 MHz and the modified T1 measurement is repeated for each fprobe value. Finally, the

entire suite of measurements is repeated for three probe field powers (-25 dBm, -20 dBm, and -15

dBm). The 500 ns duration of the two probe field pulses is chosen to be consistent with the typical

pulse durations used in the YIG experiments reported in Chapter 2. The result of this modified

T1 test, shown in Fig.B.8(b) confirms that FMR-enhanced NV T1 relaxation is insignificant on the

timescales of our YIG measurements.

(a) (b)

-15 dbm

-20 dbm
-25 dbm

Figure B.8: Characterization of effect of YIG film on NV PL behavior in presence of probe
field drive by the stripline antenna. (a) Continuous NV ODMR measurement with probe field
frequency iteratively swept over about 400 MHz, from the expected NV resonance to the FMR
of the YIG film. The applied probe field power is −20 dBm. (b) Modified NV T1 measurements
for a timescale used in the dressed state spectrum analyzer pulse sequences (500 ns) rule out
FMR-enhanced longitudinal NV spin relaxation as the origin of observed decreases in NV PL
contrast and NV spin magnitude far from the NV bare resonance. Consistent results are found
for three probe field powers.

B.3.3 Fits

Spin Echo For the fit of the magnon spectra measured using the dressed state spin echo sequence,

the following equation is used:

Ss(f) ≈
∫

dk · n(f, µ)F (k, d)D(f, k) ≈ n(f, µ)

∫
dk′ · δk′−k(f)k′ e−2dk

′
(
1− e−2tyigk

′
)
.(B.42)
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Here n(f, µ) = kBT
hf−µ is the Rayleigh-Jeans distribution for which we estimate µ = 0 as the

probe field driving the magnons is relatively weak compared to past work and the fit is used for

qualitative interpretation. F (k, d) is a filter function describing the field outside of the 2D plane.

In this context tyig is the thickness of the YIG film, in our case 100 nm [7]. D(f, k) denotes the

magnon spectral density which we estimate here as D(f, k) = 1
π

W
W 2+[k(f)−k]2 ≈ δk′−k(f) given that

the FMR spectrum is much narrower than that of the YIG thermal noise. k(f) is the dispersion

relation of eq. B.41.

Inserting these relations into Eq. (2.7) gives the final fit function:

⟨ϕ2⟩(fprobe;A, d) = A · 1

∆2
· kBT

hfprobe
· k(fprobe)

2 e−2dk(fprobe)
(
1− e−2tyigk(fprobe)

)
. (B.43)

where we assumed the broad noise limit discussed in Appendix B.1.3 for the frequency filter and

included all prefactors besides the detuning scaling 1
∆2 into the amplitude A. Note: the additional

k is due to the volume element of the 2D integral.

Ramsey For the Ramsey measurements we use:

⟨ϕ2⟩(fprobe) ∝ (Bstriplineχ(k, f))
2

≈(
∫

dk · L(k, d)D(f, k))2 ≈ (

∫
dk′ · δk′−k(fprobe) sinc(k′ · xstripline/2))

2(B.44)

Here we introduce the stripline antenna filter function L(k, l). We approximate this filter by

assuming that the antenna has a rectangular shape in the x-z plane. In that case we get L(k, d) =
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sinc(k′ ·xstripline/2), as all the launched magnons under the stripline interfere and thereby effectively

create a Fourier transform of the stripline. The final fit function is then:

⟨ϕ2⟩(f ;A, xstripline) = A · 1

∆2
· sin(π · k(fprobe) · xstripline/2)

2, (B.45)

where the π originates from the sinc definition. When assuming the linear dispersion relation

k ∝ f , we can additionally take a Fourier transform of the data from the oscillations of ⟨ϕ2⟩ as a

function of probe frequency in the range fprobe = [2400, 2650] MHz (see Fig. 2.7 (c)) and determine

the oscillation spacing of about 100 MHz, which corresponds to a magnon group velocity vmagnon ≈

1450m
s .
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Chunhui Du, Daniel Fernandez, Joaquin F. Rodriguez-Nieva, Felix Büttner, Eugene Demler,
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