1. Name

Summary of Professional Accomplishments

Mateusz Goryca

2. Diplomas, degrees conferred in specific areas of science or arts,
including the name of the institution which conferred the degree, year
of degree conferment, title of the PhD dissertation

2012

2007

Ph.D. degree in Solid State Physics received with distinction from University of
Warsaw, Poland and Université Joseph Fourier, Grenoble, France (now Université
Grenoble Alpes) — the Ph.D. work was carried out at both universities within the
cotutelle program; title of the Ph.D. dissertation: Spin dynamics in low-dimensional
semiconductor structures.

M.S. diploma in Solid State Physics, graduation with honors; University of Warsaw,
Poland.

3. Information on employment in research institutes or
faculties/departments or school of arts

11.2020—present

09.2017-10.2020

11.2013-09.2017

09.2013-10.2013

03.2012-08.2013

University of Warsaw, Faculty of Physics, Poland — research work and teaching as an
assistant professor (PL: adiunki);

Los Alamos National Laboratory, USA — research work as a Director's Postdoctoral
Fellow;

University of Warsaw, Faculty of Physics, Poland — research work and teaching as an
assistant professor (PL: adiunkt);

French National Centre for Scientific Research (CNRS), Grenoble, France — research
work as a Visiting Research Associate;

University of Warsaw, Faculty of Physics, Poland — research work and teaching as an
assistant professor (PL: adiunki).
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the Act.

The achievement described herein is a cycle of scientific articles on optical studies of
two-dimensional spin systems using non-conventional experimental methods.

I. Introduction

In solid state physics, optical experimental techniques play a pivotal role in unraveling
the intricate properties of condensed matter systems. By hamessing the light-matter
interactions to probe electronic or structural properties, they facilitate the precise
determination of optical constants, band structure, and other parameters essential for the
design and optimization of novel materials and devices. Among conventional, most
commonly used techniques are simple linear time-integrated spectroscopy (including
photoluminescence, absorption, Raman scattering, and Fourier transform infrared
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spectroscopy), time-resolved techniques (including pump-probe spectroscopy), and
magneto-optical experiments. However, sometimes to gain access to crucial information on
the studied system one needs to resolve to a less conventional approach. This is either due
to the need for extreme experimental conditions (e.g. extreme pressure or magnetic field,
ultra-low temperatures) or entirely different procedures, often borrowed from seemingly
unrelated fields of research.

In my work presented here, I exploited two such non-conventional experimental
techniques to probe the fundamental properties of two different two-dimensional (2D) spin
systems: Transition Metal Dichalcogenide (TMD) monolayers and Artificial Spin Ices
(ASIs). First, T used extreme magnetic fields (produced with the world-strongest non-
destructive pulsed magnet, among others) to study the fundamental optoelectronic
parameters of the TMD family, as well as interesting properties of 2D gas of resident
electrons and holes in those materials. Then, I utilized a rare, yet very powerful, technique
of optical noise spectroscopy to reveal the dynamic properties of those 2D carrier gases.
Finally, employing the know-how gathered in those experiments, I used noise spectroscopy
to study a number of interesting phenomena in several ASI systems.

Below, I start with a description of the two studied systems, followed by a discussion
of the presented cycle of scientific articles.

L1. Transition Metal Dichalcogenides

TMDs, such as MoS; and WSe;,, are a family of 2D materials widely investigated
nowadays due to their quite unusual properties. Their atomically-thin layers have a
graphene-like hexagonal crystal structure but — in marked contrast to graphene — they are
semiconducting. In their bulk form, TMDs exhibit an indirect band gap [1,2], but they
become direct-gap semiconductors when thinned down to a single monolayer [3,4]. This
makes them immediately useful for optoelectronics applications such as light emitters and
photodetectors. Furthermore, due to the absence of a lattice inversion center, their band
structure has two non-equivalent valleys at the K and X’ points of the hexagonal Brillouin
zone [5,6]. Unlike in most conventional semiconductors, this valley degree of freedom is
directly coupled to specific circular polarizations of the optical transitions in these
materials. Such valley-specific selection rules arise due to so-called spin-valley locking [5]
caused by strong spin-orbit coupling. These two properties of TMDs — the presence of
nonzero direct bandgap and the valley degree of freedom directly coupled to light — have
rejuvenated interests in the field of valleytronics. It is focused on the long-standing idea of
exploiting an electron's or hole's valley to encode information [7-12], in the case of TMDs
enriched with the presence of an all-optical interface to induce and detect the valley
polarization (in marked contrast to most conventional semiconductors).

Last but not least, TMDs (together with some other layered materials) also offer a
unique possibility to combine different systems by stacking their monolayers mechanically
on top of each other in a designed, precise sequence [13]. This gives an unprecedented fine
construction control over the resulting so-called van der Waals heterostructures with
properties not found in nature and impossible to create with other methods.

1.2. Artificial Spin Ice

Artificial Spin Ices (ASIs) are two-dimensional metamaterials made of interacting
nanomagnets arranged into periodic lattices, wherein the interactions between individual
elements can be engineered by the size, spacing, and overall geometry of the lattice
[14,15]. Originally they were conceived to emulate the frustrated magnetic interactions in
natural pyrochlore spin ice materials (such as Ho,Ti,O; or Dy,Ti,0O7) which exhibit low-
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temperature states characterized by a residual entropy, closely related to that of crystalline
water ice -~ hence the name spin ice. However, the essentially unlimited freedom to design
ASI lattices has soon allowed studies of novel magnetic topologies not found in natural
systems and in which the degrees of magnetic frustration, extensive degeneracy, and
residual entropy can be intentionally engineered [16,17]. At the same time, the small size
and shape anisotropy of each nanomagnet constituting the ASI lattice make it behave —
with a very good approximation — as a single Ising-like macrospin, rendering the
description and modeling of the ASI system quite straightforward.

One of the most exciting properties of both natural spin ices and ASIs is that the
fundamental excitations in those systems have an emergent description in terms of effective
magnetic monopoles [18-20] — that is, mobile quasiparticles that possess the equivalent of
net magnetic charge. These charge excitations originate from a discrete analog of a non-
zero divergence of the magnetic field in the ASI lattice. In an archetypal square ASI, each
vertex of the lattice consists of four magnetic moments, with nearest neighbors
perpendicular to each other. In the lowest-energy state, the orientation of those moments at
each vertex obeys the "2-in/2-out" ice rule and thus the vertices possess no magnetic
charge. However, a spin-flip of any of the four moments at a given vertex leads to a
higher-energy "3-in/1-out" or "1-in/3-out" configuration which can be described with a
language of magnetic monopole quasiparticle. Such quasiparticles can interact with each
other and with applied magnetic fields via the magnetic analog of the electronic Coulomb
interaction, leading to the emergence of a range of novel phenomena [15,21], including the
possibility of realization of the idea of “magnetricity” (magnetic analog of electricity) [21].

II. TMD spectroscopy in extreme magnetic fields

From the point of view of TMDs' applications in optoelectronics, properties related to
the excitons, the fundamental quasiparticle excitations by light, are particularly relevant.
The exciton’s mass, size, binding energy, and lifetime are key variables, as well as the
dielectric screening properties and the free particle bandgap of the material itself. These
material parameters constitute essential ingredients for realistic optoelectronic device
models, as well as for the design and engineering of functional van der Waals
heterostructures. However, until very recently, many of those fundamental parameters —
the exciton masses and the effective dielectric screening lengths in particular — were still
assumed from density functional theory calculations [22-24] and have not been
experimentally measured.

In principle, these crucial material properties can be directly accessed with the use of
optical spectroscopy of excitons in large magnetic fields — and historically has been in
many "conventional" III-V and II-VI semiconductors. This is because of how magnetic
fields influence exciton energies [25,26]. At field B weak enough to make the cyclotron
energy hw, = heB/m, significantly less than the exciton binding energy, the lowest-order
correction to the exciton's energy is the quadratic diamagnetic shift: AE = oB’, where the
diamagnetic coefficient o depends on the size of the exciton's envelope wavefunction in
the plane normal to B, and the exciton's reduced mass m,. The former depends primarily on
the dielectric properties of the material (and its immediate surroundings in the case of low-
dimensional structures where the exciton's wavefunction extends beyond the structure
itself) [27,28]. In the opposite limit of a strong magnetic field where the cyclotron energy
is significantly larger than the exciton binding energy, the latter is negligible compared to
the separation between the electron or hole Landau levels (LLs). Under such conditions,
interband optical transitions occur between the linearly dispersing LLs in the valence and
conduction bands. Thus the transition energies of the excitonic states increase
approximately linearly with B, with the slope of (N+'2)hw, = (N+¥4)heB/m, (where N is the
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index of the LLs involved in the transition), if we neglect the spin effects. As such,
measuring the linear magnetic field dependence of the excitonic transitions' energies in the
regime of strong magnetic fields provides a powerful tool to directly measure the exciton's
mass, independent of any other material parameter or model of the electrostatic potential.
As mentioned above, such an approach has been successfully used for a plethora of
conventional semiconductor systems [29-31], for which the field required for the strong
field regime is typically a few tesla. However, the situation with monolayer TMDs is much
more difficult. Due to much larger exciton binding energy (hundreds of meVs vs. ~5 meV
for GaAs) and much smaller exciton radius (~1 nm vs. ~10 nm for GaAs), the field
required to drive the monolayer TMD into the high field regime is of the order of 1000 T,
rendering the experiment impossible.

To solve this issue, in work [MG1] we used a twofold approach: first, we focused not
only on most strongly bound exciton ground (Is) state but also — thanks to the high quality
of studied materials and the use of strong magnetic fields — we were able to follow much
less-strongly bound excited (2s, 3s, ...) Rydberg states, as in [32] for WSe, monolayer.
This allowed us to reduce the required magnetic field below 100 T which is still an
extreme field, nevertheless experimentally achievable. By using the world-strongest non-
destructive pulse magnet [33] we then observed the evolution of the excitonic states visible
in the absorption spectra for the entire family of the Mo- and W-based TMDs. From the
almost-linear diamagnetic shift of the highest observed Rydberg states alone, we were able
to precisely estimate the exciton reduced mass for all those materials without any
assumptions on any other material parameters or model of the electrostatic potential. Even
more precise estimates of m, were achieved by modeling the field dependence of all the
exciton energies with the use of the popular Rytova—Keldysh potential [34,35]. This also
allowed the determination of a number of other crucial material parameters including the
exciton binding energies, the free-particle bandgaps, the dielectric screening parameters,
and the excitons' sizes. Since our experiments were performed for the entire family of Mo-
and W-based TMDs, we were able to experimentally confirm long-standing expectations
of heavier exciton masses and larger dielectric screening lengths as the chalcogen atomic
mass increases (from S to Se to Te), and also as the metal atom becomes lighter (from W
to Mo). Importantly, measured exciton reduced masses turned out to be significantly larger
than those predicted by DFT calculations [22-24], especially for Mo-based TMDs, which is
consistent with surprisingly heavy electron masses revealed by transport measurements
[36,37].

My contribution to the work presented in [MG1] was leading and included the design
and preparation of unique elements of the experimental setup, carrying out the optical
measurements in extreme magnetic fields in collaboration with the second, third, and
eighth authors of the paper, performing data analysis together with the second author,
fitting the Rytova—Keldysh model to the experimental data to determine key parameters of
studied materials, and preparation of the manuscript together with second and the last
author.

In follow-up works [MG3, MG5] we took advantage of heavy carrier masses
determined in [MG1], as well as extreme 2D quantum confinement and reduced dielectric
screening, that together render monolayer TMDs excellent platform to study electron-
electron interactions and many-body correlations. By using similar experimental
techniques — absorption spectroscopy in extreme pulsed magnetic fields — we studied in
detail electrostatically gated TMD monolayers which offered a unique possibility to
simultaneously tune both the magnetic field and the carrier density. Many previous optical
studies have shown that doping a TMD monolayer with a low density of additional carriers
leads to rapid suppression of the neutral exciton absorption resonance (X°) and the
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appearance of positively or negatively charged excitons (Xi trions) at lower energy [38-
41]. In the simplest picture, trions are quasiparticles comprising a photoexcited neutral
exciton dressed by a resident hole or electron. Some researchers have also proposed a
complementary description, valid especially in the regime of small carrier densities, as the
attractive branch of exciton-polaron resonance arising from the collective response of the
Fermi sea to the photoexcited exciton [42,43]. Regardless of the description, charged
excitonic transitions provide a convenient optical means to study the rich physics of the 2D
gas of resident carriers in a TMD monolayer.

In [MG3], using a hole-doped WSe, monolayer, we first demonstrated that the valley
Zeeman effect of the resident holes (described with effective hole g-factor g;) can be tuned
with the carrier density in a wide range. Such an observation was possible through optical
identification of the number of filled LLs in K and K’ valleys separately for any given
carrier density, exploiting valley-specific optical selection rules. It is consistent with the
expectation that electron-electron interactions increase at small carrier densities leading to
enhancement of g, [44-46], and was crucial to our main goal of controlling the LL
alignment in the K and K’ valleys. In the case of "conventional" 2D electron or hole gases,
such as those in Si, GaAs, or AlAs semiconductors, the control over the alignment of LLs
with different quantum numbers is typically achieved by the application of a tilted
magnetic field which enables tuning orbital (cyclotron) and spin (Zeeman) energies
independently. However, in TMD monolayers, due to very strong spin-orbit coupling,
spins are locked out-of-plane [46-48], rendering the tilted-B method useless.

Therefore in our work, we exploited the carrier-density-tunable g; to energetically
align chosen LLs in the K and K’ valleys and observed that under such conditions the 2D
hole gas becomes unstable. As evidenced by the sudden disappearance and reappearance of

optical absorption (charged exciton X+) related to holes in one valley, those holes
spontaneously transfer to the opposite valley. This means spontaneous valley polarization,
analogous to the transition to the quantum Hall ferromagnet state in conventional
semiconductors [49-53]. Whether such instability represents a true first-order phase
transition remains an open question, but detailed transport studies in similar fields and
doping regimes could answer this question. Particularly, the presence or absence of
hysteretic resistance [52-53] could dispel the doubts. Nevertheless, the observed abrupt
changes in the 2D hole gas valley polarization highlight the key role of e-e interactions in
monolayer TMDs.

In turn, in [MG5] we focused on the important role played by many-body correlations
in high density electron gas in a WSe; monolayer. As it has been reported in several
previous studies, apart from neutral exciton visible at zero carrier density and charged
excitons appearing at low density of additional holes or electrons, an additional strong
absorption feature emerges in high-quality WSe, monolayers in the regime of large
electron densities [38,39,54-57]. The origin of this resonance (often referred to as X™),
located well below the energy of any trion or attractive polaron resonance, remained

unclear while various interpretations have been proposed: from a fine structure of the X
trion, to a doubly charged negative trion, to a new quasiparticle arising from exciton
interactions with intervalley plasmons [39,55,56,58). First optical studies in the magnetic
field have shown, however, that the resonance in question evolves into a series of discrete
absorption peaks in the applied field, which was interpreted remarkably well within a
simple picture of single-particle optical transitions between LLs in the valence and
conduction bands [55]. Such an interpretation was somewhat surprising, given the very
large exciton binding energies and strong e-e interactions in TMD monolayers.
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Therefore, to shed more light on the origin of the X' resonance, we performed
absorption spectroscopy studies of a WSe,; monolayer in the regime of strong electron
doping, in magnetic fields almost an order of magnitude stronger than those used in [55].
The use of such strong fields allowed us to clearly demonstrate repeated filling and
emptying of the lowest (0th) optically active LL in the X" valley by the dense electron sea
during the field sweep, evidenced by multiple quenchings and reappearances of the
corresponding optical transition due to Pauli blocking. Such observation remains consistent
with earlier studies [55] and with the single-particle picture. Crucially, however, we also
showed that these quenchings and reappearances are accompanied by changes in the
energy and oscillator strength of optical absorption to higher-lying LLs in both the K’ and
K valleys, which are not occupied. Correspondence between those optical transitions

unambiguously demonstrates that the X' resonance is a many-body state with intervalley
correlations, i.e. it can be described as a state involving not only the photoexcited electron-
hole pair but also opposite-spin electrons in the same valley, as well as both up- and down-
spin electrons in the opposite valley. In [MG5] we did not elaborate on the exact

composition of the X' wavefunction, however a later theoretical work by D. Van Tuan et
al. [59] has shown that our findings can be successfully described with a language of a six-
and eight-body exciton states (“hexcitons” and “oxcitons”, respectively), depending on the
number of distinguishable electron reservoirs with which the photoexcited e-h pair can
interact.

In the case of [MG3] and [MGS5], my contribution was significant and included
performing the measurements in extreme magnetic fields (together with the first and fourth
author in [MG3] or together with the last author in [MGS5]), performing data analysis
together with the first author, and preparation of the manuscript together with the first and
the last author.

The role of many-body interactions in enhancing the electron magnetic susceptibility
in other TMD monolayers was also the central focus of my later work [60], beyond the
scope of the achievement presented herein.

I11. Revealing TMD valley relaxation times with valley noise detection

After establishing the fundamental optoelectronic properties of the TMD monolayers
with the use of extreme magnetic fields, we continued our studies with a focus shifted
toward the dynamic properties. Of particular interest was one of the flagship properties of
those materials: the ability to optically encode information in electron's valley degree of
freedom, which forms the conceptual basis of the field of valleytronics. Naturally, for any
valley-based information processing scheme, the intrinsic time scales of valley relaxation
are critically important, which constituted our main motivation for the studies presented in
[MG2]. Many prior studies using the standard pump-probe approach have demonstrated
that while valley-polarized excitons scatter very quickly on picosecond time scales [61-64],
the valley relaxation of resident electrons or holes can be orders of magnitude
longer [65,66], up to the microseconds range in the case of holes at low temperatures [67].
However, the issue with all those pump-probe studies is that, by definition, they are
perturbative. A strong optical pump pulse is used to inject nonequilibrium electrons and
holes that scatter, dissipate energy, and interact, driving the valley polarization of the
resident carriers away from thermal equilibrium. For one, the nature of such a process is
not fully understood yet, but more importantly, optical pumping of both photoexcited
electrons and holes can create optically inactive “dark™ excitons and trions [68-70] whose
lifetime is typically many orders of magnitude longer than their optically active
counterparts'. The presence of such a long-lived reservoir of spin-and-valley polarized
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excitons could, in principle, mask the detection of resident carriers' valley relaxation, as
suggested by some researchers [71].

For those reasons, in our studies we used a non-standard approach: optical noise
spectroscopy. Per the fluctuation-dissipation theorem [72], there is a fundamental
relationship between any system’s dynamic linear response and its intrinsic thermal
fluctuations under conditions of thermal equilibrium: the temporal correlation function of
the thermal fluctuations is determined by the intrinsic time scales of scattering and
relaxation, which is what is measured in a typical pump-probe experiment. Thus, both
approaches (pump-probe and noise-based) provide essentially the same information. The
difference is that the noise-based experiment does not require any perturbation of the
system and thus avoids problems related to strong perturbation or dark excitons.

In studies presented in [MG2], we used an electrostatically gated, hole-doped WSe;
monolayer deposited on a transparent substrate, to allow transmission of light through the
sample. Due to valley-selective optical selection rules, the absorption of left and right
circularly polarized light (o) at energies near the positively charged exciton resonance
strongly depends on resident holes densities p* in K and K valley. Associated with the o™
absorptions are the dispersive indices of refraction #*(E), the difference between which is
directly measured by optical Faraday rotation (in the case of light transmission through the
sample). Therefore, the Faraday rotation (and closely related Kerr rotation for the
reflectance configuration) is fundamentally sensitive to the difference between holes
density in the opposite valleys: p* - p, i.e. the valley polarization, and has been frequently
used as a probe of nonequilibrium valley polarizations in standard pump-probe studies
[66,67,71]. In the situation without a pump pulse, that is under conditions of thermal
equilibrium, the time-averaged hole valley polarization is strictly zero, and therefore no
average Faraday rotation is observed. However, in any real system at finite temperature,
thermodynamic fluctuations exist and so holes in the WSe, monolayer can spontaneously
scatter between K and X' valleys, leading to a small valley polarization that fluctuates
randomly in time about zero.

In our work we have shown that this "valley noise" can indeed be detected as tiny
fluctuations of Faraday rotation, analogously to studies of optical spin noise spectroscopy
in atomic alkali vapors [73] and some conventional semiconducting systems [74,75]. From
a narrow Lorentzian power spectrum of those fluctuations, equivalent to the Fourier
transform of the temporal correlation function [72], we deduced a very long valley
relaxation time (of the order of half a microsecond) of the holes at low temperatures, and
about an order of magnitude shorter one for electrons — in agreement with the expectation
that spin-valley locking is much weaker in the conduction bands than in the valence bands
of monolayer TMDs [76].

An important point of our work was to resolve long-lasting concems about the earlier
pump-probe studies of doped TMD monolayers regarding the long-lived dark states or
other perturbations that can affect the slow valley relaxation of resident carriers. To resolve
those concerns, we directly compared the results of the noise-based experiments to the
valley relaxation measured independently by optical pump-probe experiment using the
same WSe; monolayers. An excellent agreement that we obtained validates the
interpretation of the conventional perturbative pump-probe approach. Importantly, such
validation would not be possible without perturbation-free measurements. The fluctuation-
based method is particularly well suited for systems with exceptionally slow relaxation
where the intrinsic relaxation time scales revealed by noise can be longer than the time
scales accessible with perturbative methods. For such systems, any experimentally related
perturbation may be stronger than the very weak interactions that lead to slow relaxation.
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My contribution to [MG2] was leading and included the design and preparation of the
experimental setup, performing the optical measurements with help from the third author,
performing all data analysis, and preparing the manuscript together with the last author.

IV. Magnetic monopoles in ASIs studied via noise spectroscopy

At the time of the experiments described above, we were also studying a different type
of a 2D spin system: a square ASI. While many previous studies have established a number
of interesting static properties of that system, most notably the presence of magnetic
monopoles [18-20], the dynamical studies of the system kinetics were much less
developed. This was mainly due to the technical limitations of magnetic imaging
techniques most commonly used to probe ASIs [77-79], and the existing studies of system
kinetics were limited to a rather narrow range of time scales and characteristic frequencies
[80-82]. Additionally, while external magnetic fields are quite obvious tuning parameter
for ASIs (which by definition are magnetic systems), most of the abovementioned
techniques are either difficult or simply impossible to combine with applied fields. For that
reasons, an alternative means of accessing the ASI dynamics were highly desired.

Having established a powerful noise-based optical toolset for studies of spin-and-
valley dynamics in TMDs, we quickly realized that an analogous approach can prove
extremely useful in the case of ASIs, circumventing the limitations of most commonly
used standard experimental techniques. The frequency range covered by a noise
spectrometer can, in principle, span over many orders of magnitude, while our all-optical
approach is perfectly compatible with applied magnetic fields. Therefore we followed this
idea by establishing a high-bandwidth magneto-optical noise spectrometer to passively
detect spontaneous magnetization fluctuations in square ASI [MG4]. A weak linearly
polarized probe laser was focused on and reflected from the ASI surface at a large
incidence angle. Due to the longitudinal magneto-optical Kerr effect, magnetization
fluctuations on the sample surface imparted Kerr rotation fluctuations on the polarization
of the reflected laser, which were detected with balanced photodiodes. The frequency
spectrum of those fluctuations was recorded in a wide frequency range (typically spanning
5-6 orders of magnitude), allowing for detailed analysis of underlying spin dynamics.
Thanks to the virtually unlimited ability to design the geometry of the nanoislands
constituting the ASI lattice, they were prepared small and thin enough to make them
thermally active near room temperature, meaning that in the absence of biasing fields, each
island’s spin can flip back and forth spontaneously. These spontaneous flips ensure that the
lattice can efficiently sample the vast manifold of possible moment configurations and
remain near its magnetic ground state in thermal equilibrium.

The main result of [MG4] was the discovery that the square ASI lattice can host, in
specific regions of its magnetic phase diagram, plasma-like regimes containing a high
density of mobile magnetic monopoles. These regimes result from the vanishing tension on
the Dirac strings connecting mobile monopoles at the crossovers between different
magnetic orderings of the system. At such crossovers, certain spin flips — and associated
motion of monopoles — have no energy cost, allowing the monopoles to diffuse freely
through the lattice. Detailed analysis of the frequency spectrum of the magnetization
fluctuations — and thus underlying monopole kinetics — revealed that monopoles' motion is
most diffusive (i.e. minimally correlated) in the plasma regime. The experimental results
were strongly supported by detailed Monte Carlo simulations which allowed the
observation that both the density of monopoles and their kinetic properties can be tuned
with the magnetic field. Altogether, those results opened the door to new exotic regimes of
effective magnetic charges in synthetic matter and provided a new framework for probing

their physics.
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My contribution to the work presented in [MG4] was leading and included the design,
construction, and optimization of the broadband noise spectrometer, carrying out all the
experimental work, analyzing the data in collaboration with the last author, performing the
key Monte Carlo simulations (preliminary simulations were also performed by the seventh
author), and preparation of the manuscript, together with the last author.

In the follow-up work [MG6] we used the same research framework to study further
details of the square ASI as well as the recently introduced quadrupolar ASI [83]. Of
particular interest were the magnetic field-dependent phase diagrams and phase transitions
of those systems. With the use of magnetization noise spectroscopy, we identified stable
phases in the magnetic field and regimes of extensive degeneracy, while Monte Carlo
simulations delivered details of the magnetic-field-dependent equilibrium thermodynamic
properties (e.g. specific heat and magnetic order parameters). This allowed us to fully
reconstruct field-dependent phase diagrams and reveal a rich diversity of magnetic
orderings and phase transitions that can occur in studied ASI systems. In particular, we
analyzed in detail two exotic phases in quadrupolar ASI: ferro-quadrupolar and antiferro-
quadrupolar (first reported in [83]) and demonstrated, that the latter one is much less
stable. Similarly to the square ASI, at the boundaries between the field ranges
characterized with stable long-range magnetic order, the quadrupolar ASI also exhibits
regimes where topologically protected, monopole-like magnetic excitations can proliferate
and diffuse. With the help of Monte Carlo simulations, we analyzed the nature of those
excitations and their similarities to the magnetic monopoles observed in square ASI.

The Monte Carlo simulations played an even more profound role in [MG7] where we
studied an ASI system known as "tetris ice" [84,85]. Formed by the selective removal of
moments from the canonical square ice lattice, tetris ASI belongs to a group of vertex-
frustrated ASIs [86] in which not every lattice vertex can have its moments arranged in its
local low-energy configuration at the same time. This leads to many intriguing phenomena,
including extensive degeneracy of the ground state and long-range ordering driven by the
increase of the entropy [87] (while in classic physical systems, such ordering is associated
with a decrease in entropy). However, despite exhibiting such rich physics in the absence
of an external magnetic field, tetris ASI has not been studied in applied fields prior to our
work. Thus, we studied the field-dependent behavior of tetris lattice, again by combining
the optical detection of its intrinsic magnetization noise with detailed Monte Carlo
simulations. The experimental results revealed particularly intense and narrow bands of
noise for certain directions and ranges of the applied field. Due to the complex nature of
those noise signatures and the non-trivial geometry of the tetris lattice, Monte Carlo
simulations were indispensable to deconstruct these noise features and tease apart the
fluctuations of individual moments in ways that are experimentally intractable. By doing
so, we identified the noise signatures in question as arising from a collective behavior of
magnetic excitations which can fractionalize and separate into two quasiparticles that can
diffuse along extended quasi-1D spin chains in the lattice. These results again
demonstrated the power of noise-based studies and sophisticated Monte Carlo simulations
to reveal microscopic details of complex magnetic phenomena.

My contribution to both [MG6] and [MG7] was leading and included conceiving the
research together with key co-authors, designing, constructing, and optimizating of the
experimental setup, performing all optical measurements, data analysis, and Monte Carlo
simulations, as well as preparation of the manuscript together with the last two authors of
the articles.
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V. Summary

The results discussed here are related to two two-dimensional spin systems: TMD
monolayers and ASI lattices, the studies of which are young, extremely active and quickly
developing fields in condensed matter physics. In my research, I used unconventional,
rarely utilized experimental techniques: magnetic fields of the order of 100 T and non-
perturbative optical noise spectroscopy. This enabled observation of a number of important
and intriguing properties of these systems, including the precise determination of the
fundamental optical parameters of TMD materials, revealing the spin dynamics of both
systems in a way that is free from concerns common for traditional studies, and the
discovery and elucidation of interesting collective spin behaviors in both systems. The
importance and recognition of my results in the scientific community, as well as their
significant contribution to the development of the field to which they relate, is evidenced
not only by the presented scientific articles published in prestigious international journals
but also by the number of invited talks — the details can be found in the /ist of scientific
achievements attached.
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