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Abstract

Infrared Nanoscopy of Anisotropic and Correlated Quantum Materials

Francesco L. Ruta

Collective phenomena can give quantum materials unusual properties not found in
common materials. Electronic correlations are responsible for intriguing emergent effects like
superconductivitymetatto-insulator transitions, magnetism, etc. Also, anisotropic excitations of
polar quantum matter can lead to hyperbolicity, when one crystal axis is metallic and another
dielectric. Polaritons, halfght half-matter quasiparticles, have exotic prd@s in hyperbolic
media and are influenced by electronicretations. In this dissertation, we use infrared +ieda
optical nanoscopy to interrogate various quantum materials both with strong anisotropy and
electronic correlations and study their interplay and tunability. We first understand hefieltear
microscopes read out optical anisotrafyand use our theory to study the metalnsulator
transition in polycrystalline V@ (ii). Next, we demonstrate extreme tunability of hyperbolic
phonon po l-MaOi by dontesacing grapkengii). Finally, we introduce two novel
hyperbolic systems: CrSBr and MoQQCWhich host magneticallignhanced hyperbolic exciton

polaritons(iv) andultra-low-loss hyperbolic plasmon polarito(\§, respectively.
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Chapter 1: Probing quantum materials with nano-light

1.1Linear response theory
Probing a physical system requires a method of observation that does not itself significantly
alter the system. An observation must therefore, by definition, be considered a small perturbation.
Consider the total Hamiltonian for a system coupled to amreaitpotential:
© 0 © PP
whereO is the Hamiltonian of the unperturbed system @d describes the acn of the field
potential. We are interested in understanding how the expectation value of an obserable
changes under the weak perturbation of our experimental probe:
6 &g G sY o0 MMYos O P&
wheref is the ground state wavefunction aivd is the time evolution operator. Now, we use
our assumption of a weak perturbation to trunféi@ to linear order of itDyson series, giving
us thelinear response Defining also an external potential that couples linearly to the
observablevigddD o6 _ QI0 oo "I, the change in expectation valueiofid caused

by the extemal field can be written g4):
100 IO Qé& 1. o e PR
where we defined theesponse functian
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In our studies of condensed matter, we will be particularly interested in the electron density

operator” "IFd and its correspondindensity response functioWe will study the density



response in crystals, which are periodic lattices of atoms. For translationally invariant systems like

crystals, the density response function can be expanded in the planeas&ve
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where.;. are the Fourier coefficients ar@@l are reciproal lattice vectors, and we have also
transformed from time to frequencyd o mai n. Martin and Schwinger
described as an inverse di @drteledystems(2)cltovasdatea nt 0

reformatted to include tal field effects that better represent real solids (3):
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This quantity relatesotal and external electric potentials, andw , respectively, where

accounts also for the potential from induced charges and currents.

w 1 ¢€h Tee 1h @ 1 ¢ P&

To obtain a Aimacroscopic dielectric functiono
is called amacroscopic averagéVe first observe that performing a spatial averagepsradic

potential satisfyingo "I @l Ah overa unit cell aR is equivalent to taking th& = 0
component:

w'h O w1 €h Q'¢e w’lh Q' P&y
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Thus, neglecting local field effects (i.e. @ffagonals of ,, are 0), the5, Gex 0 component of

the microscopic dielectric function is the macroscopic dielectric function:



The macroscopic dielectric function, also called the permittivity, relates the total
polarization’Eof a material to the total electric fie#l in the linear response regirt®):
"E 01 - -1h pA 0P T
where we have summed ovér microscopic dipole momentk, and we now define ‘IR
relative to- , the vacuum permittivityA polarized medium will reemit light, giving the medium
a measurable reflectance. The reflectance is the squared amplitude of the reflection caefficient

‘O 70. At the interface of a seminfinite isotropic material in air, the reflectanceppolarized

|l ight can be calcul ated using Maxwell 6s equat
: -1h p
- 1h P

We have shown that the dielectric function is a bridge connecting the world of microscopic
guantum properties to macroscopic observables like the reflectance. As gaatedscopists, we
will be able to extract dielectric functions from our measurements and use them to interrogate

guantum materials.



1.2 Excitations in quantum materials

Rather than studying the vastly complicated interrelated motion of many individual
qguantum particles in materials, modern condensed matter physics views materials from the
perspective of collective excitations, or quasiparticles, that interact weaklypmatlnothe(s).
The form of the dielectric function discussed in Section 1.1 will depend on the specific material
system of interest and its excitations. Metals, for example, intuitively understood as seas of free
electrons, can support plasmons, or etecttdensity waves. Semiconductors with electronic
bandgaps cannot support plasmons because no bands cross the Fermi level, but instead allow for
excitons, or bound electrdmle pairs. Materials may also support phonons, waves of lattice
vibrations. We na®d some of the common excitations here but there are many other quasiparticles
that hae been catalogued by physicists over the years. Optical excitations, generically, correspond

to the poles of the density response function. The Lehmann spectral represéhfation
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shows us that excitations occur @ 'O, exactly the energy gap between levels of the

Hamiltonian'© from Equation 1.1.

A simple practical model for the dielectric function, called lthheentz modelcan be
derived by considering electronic transitionsuinidentical independent atoms induced by an
electromagnetic field\  (6). Plugging a timelependent wavefunctiasf the form

g ™o ™ o
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into the Schrodinger equation for the total Hamiltonian with external potentiahiigqul.1), we
can obtain values for the coefficienbs 0 . After some calculation, we can obtain the expectation

value of the induced dipole moment (7):
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Using Equation 1.10, the dielectric function then has the Lorentzian form:
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wherg 1 1 and we have defined tluscillator strength:
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Furthermore, the energy levels of theatoms will in reality be coupled to a thermal bath and they

will broaden via a scattering rdte
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In metals, we can arrive at a similar model calledDhe&de model by modeling electrons

as free charged masses under an applied electric field:
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where] — is called theplasma frequencgind describes the frequency of oscillations in the

electron density. We observe that by sending © 1t (intraband only) and applying thi@sum

rule 8 "Q p), a general analytiproperty of response functions, in Equation 1.18, we can
recover the Drude model from the quantum approach. Conversely, we can derive a Lorentz model
using the classical approach by adding a spring force term modeling bound electrons to Equation
1.19. In gplying the Drude model to real metals, it is common to replaceth the effective

band mass. More generallg, definition of] can be formulated from Fermi velocities of
electronic bandg3):

Q a Qi 1ol
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where¢ is the band index an®2 1 is the energyderivative of the equilibrium distribution
function.In a material with a single isotropic parabolic band at 0 K, Equation Ingdies to

the form of  obtained with the classical model.

In practice, it is often necessary to account for possible-fnégjuency absorption
mechanisms outside of the experimental range by adding an adjustaméeameter. Also, for
conwenience, we will absorb th@Q 7- & prefactor into the oscillator strength. Both a Drude
component and several Lorentzian components are often used to specify the dielectric function of
a real material:

1 _ < &
- - _ — (6)
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In some cases, the permittivity may have more complicated or asymmetric frequency dependence

and may even depend on momentarpropety callednonlocality Furthermore, in real solids, we



may need to consider both electrons and holes, as in the case of excitons. Optical absorption is
then a fundamentally twparticle process and computation of the oscillator strength is more
complicated. One stat#f-the-art technique introduces an electtomie correlation function
obeying a Dyson equation called tBetheSalpeter equatioBSE) (9). The BSE is nowadays

often used to compute optical absorption in semiconductors, after Hanke and Sham first applied it

to silicon (10). For our purposes, thmple DrudeLorentz model will get us surprisingly far.



1.3 Polaritons and guided modes

Light can become temporarily trapped inside a material or at its interfaces. In other words,
light encountering a finite slab or interface can become a waveguide mode or a surface mode (4).
Bound states of light in a laterally homogenous geometry corrdgpemerically to proper poles
of the reflection coefficient (improper poles are callddaky modes(11), which is equivalent to
saying that the incident fiel@ T that is, the light mode is sedistained. If the proper pole is
also a simple pole with real coefficient, often approximately true in peadtien we can use a
more manageable expression for obtaininglane dispersion relations of selfistained light
modey(12).

Q  AOCIH Aigin P& T

Waveguide modes and surface modes can be distinguished by computing tiadiplane

propagation constar® -1 7w Q. A mostly realQ is an oscillatory waveguide mode,
a mostly imaginaryQ is an evanescent surface mode, at T is an ideal plane wave.
Neglecting losses (i.e., the imaginary part o zero) we see that the crossover between real and

imaginary’Q happens at the material light cone wfi@n Q k 11 T

Polesofi correspond to special solutions calfelaritonswhen there is a polar excitation
that couples strongly to the trapped light moday type of matter excitation discussed in Section
1.2 can in principle form a polariton (13%trong coupling of daritons can be understood
approximately in some limit§l4) with a linear model of two coupled light and matter oscillators
with resonance frequencies and] , scattering rates andr , and coupling constaifit The

determinant of theorresponding eigenvalue problem is:

11 Qo1 0 I pPg L



At zero-detuning( 1 ), the normal modes of the couglescillator model are separated by:

Fd ¢l r r PR @

=10

Strong coupling manifests as a split light dispersion aboutegmance frequency, that is, when
Equation 1.26 has a finite real component. Further, polaritons scatter equally through light and
matter channels; so, we say polaritons are-ligiit and halfmatter, i.e., Equation 1.26 has no
imaginary part in the stng coupling regimePolaritons can also couple strongly to each other.
We call the composite quasiparticle formed from two strowglypled polaritons a hybrid
polariton (15). In Chapter 3, we will present a new hybrid polariton where the coupling can be

tuned electronically or by adjusting propagation direction.

An important quality of polaritons is that they can confine light orders of magnitude below
its free wavelength. This is equivalent to saying at Q (nearfield limit). One can imagine
that this is of interest for the miniaturization of ligidsed structures and circuitry, an engineering
field called nanophotonics (16). Alsie haltlight, hal-matter nature of polaritons makes them
attractive for combining and interfacing the high speeds and large bandwidths of photonics with
the large processing power of integrated nanoscale electronicsN@f7Jo mention, since
depends on A} as we saw in Section 1.1, polaritons will serve as probes ofrhighentum

dielectric responses, which are difficult to measure by other methods.

10



1.4 Anisotropic and hyperbolic media

Anisotropy can be modeled by generalizing thedacdielectric function to a tenserThe
number of unique components-ofn the principal basis are determined by the symmetry of the
material 6s cryst al |l attice (18). Material | at:
m3, 432,13m, andm3m), uniaxial (point groups 33, 32, 3n, 4,1, 4/m, 422, 4nm 12m, 4/mmm)
6, @, 6/m, 622, 6nm @mM2, and &hmmn), orthorhombic (point groups 222ym2 and mmn),
monoclinic (point groups 2y, 2/m), or triclinic (point groups 1 anpl). Cubic lattices are isotropic
and have only one unique component and so can be characterized by one fregpendgnt
dielectric function. Polycrystalline or amorphous materials can also often be approximated as
isotropic. Uniaxial materials have twaique components, orthorhombic materials have three

unique components, monoclinic have up to four, and triclinic materials have up to six.

We can generally categorize these symmetries by the number of optic axes they admit.
Optic axes are special directions along which unpolarized light with a wavevector parallel to an
optic axis will not experience birefringence, i.e. light cannot be decsadpmto two waves
experiencing different dielectric functions. Uniaxial materials have one optic axis and
orthorhombic, monoclinic, and triclinic crystals (together called biaxial materials) have two. Light
in isotropic crystals will not experience bingilyence along any direction. Table 1.1 below

summarizes the symmetries of crystals studied in this work.

11



Tabl eCrly.slt:al symmetries of materials
Material|Lattice |Optic ajySpace giChp
M1V Q Monocl inBiaxial |[PZc 2
2 WS ¢ HexagonigUni axi alP@ mmc 2
GrapheneHexagonagUni axi alP6/ mmm 3
| -Mo © Ort horhd¢Biaxial |[Pbnm 3
Cr SBr Orthor h¢Bi axial |[Pmmn 4
Mo O¢l MonoclinBiaxial [C2/ m 5
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Plane waves in a uniaxial medium with different amd outof-plane permittivities will

follow a dispersion relation given by (18):

N Q 0
s

T P& X

where-g and- are the inand outof-plane dielectric tensaomponents, respectivelyhe plot

of this equation inhreedimensionalQspace showing all allowed momentum vectors for a given
frequency will be referred to as thisofrequency surfacesubdiffractional light modes will in
general follow more comigated dispersion relations than Equation 1.27, but we may similarly
plot their allowed momentum vectors. However, sincesgdtained solutions require an -adt
plane heterogenous geometry like an interface or slab, we cannot define ¥sarglso we only

show a twedimensional cut in'Q, Q) space called thisofrequency contouitFC).

The extreme of anisotropy, where light experiences a positive permittivity along one
principal axis and a negative permittivity along anotheryigerbolicity T so-called because
Equation 1.27 becomes the equation of a hyperboloid rather than that of an ellipsoid. In biaxial
materials, the dispersion relation is in general more complicated and the hyperbolic isofrequency
surface is not exactly a hyperboloid typerboloidlike. In any case, the isofrequency topology
will not be compact and thus will correspond to an infinite photonic density of states, which has

been shown to enhance spontaneous (19) and thermal emission (20).

When the driver of hyerbolicity is an anisotropic matter excitation, hyperbolic media will
host a new type of polariton called a hyperbolic polariton. In the quasistatic limit, the dispersion

of hyperbolic polaritons can be expressed as (21):

13



7 ’ s s~ A oA s~ A ;oA o~ M__
Q] EAOAQ—A-l AOAQ—A—l “ah o, o=

P& Y

where- and-  are the superstrate and substrate dielectric functions, respectivelyjsand

the thickness of the hyperbolic mediudyperbolic polaritons have a fundamertial Tmode

andinfinite higher order modes with increasing confinement. Hyperbolic polaritons can appear

outside of the material light cone with réal - 1 Tw ‘QF- . Any type of material
excitation can in principle create a hyperbolic polariton. Hyperbolic phonon polaritc24)21
hyperbolic plasmon polaritons (25), and hyperbolic excittrzinsition polaritons (26) have so
far been reportedxperimentally. In this dissertation, we will present images of stetady
hyperbolic exciton polaritons (Chapter 4) and ultna-loss hyperbolic plasmon polaritons

(Chapter 5) for the first time.

1.5Near-field optical microscopy

Ernst Abbe is credited with discovering the physical limit on the resolution of image

forming microscopes under coherent illumination. The Abbe limit is commonly expressed as:

Q 6o PE

where Qs the resolvable feature size, ¢“7Q is the wavelength of light, anél 0 is the
numerical aperture. This limit exists because light diffracts upomaictiag with a samplé

modeled as a grating. That is, points on the illuminated sample act as secondary sources of
propagating waves, which interfere to form intensity patterns of finite width in the image plane

(18). As discussed in Section 1.3, polaritons are subdiffractional and imaging them will require us

14



to beat Abbeds diffraction | imit. Il n princiopl
light directly in the neafield, before diffraction occurs. To do just this, néaftd optical

microscopes were invented.

In this dissertation, we focus on the apertureless scattgegscanning nedield optical
microscope (SNOM) (2728). In sSNOM imaging, a metallic tip isluminated by narrowband
laser light with freespace wavevectd® 1 T The tip acts as an antenna, enhancing the field
at its apex and adding momentum so that light may couple to subdiffractional modes. The tip
launches polaritons and waveguide modes with wavev&rtolQ that transmit or reflect at edges
and déects and interfere with tigcattered light, creating standing wave fringes as the tip scans.
These experiments are usually operated wiajgping mode and only the signal demodulated at
the higher harmonics of the tapping frequency is recorded. Thisguce ensures that only fields
confined under the tip apex contribute to the si§®8). The spatial extent of tipnhanced fields
is on the order of the tip radius, which can be fabricated to nanometer resolution, allowing for
confinement of light to seeral orders of magnitude below the diffraction limit. Furthermore, s
SNOM imaging became a highly practical experimental tool with the invention of
pseudoheterodyne detectiavhereby backscattered light is interfered with light from a vibrating

mirror and only signal from interference sidebands is collected (30).

When illuminated by a broadband laser, the backscattered light frorfSIR©M can be
sent to an interferometer and the Fourier transform of the interferogram will give both amplitude
and phase (31) spectra with nanometric spatial resolution. This teehmiljue referred to as

nancFTIR (32). NaneFTIR spectroscopy relies on the-8pmple interaction, which includes

15



polarizations along both irand outof-plane directions. As we will show in Chapter 2, together
with the increased momentum from tip scattering, this will give us improved sensitivity-od-out

plane responses relative to-fagld FTIR.

16



Chapter 2: Nano-spectroscopy of anisotropic media

2.1 Introductio n

Quantum materials exhibit remarkable optical and electronic anisotropyof{lane
anisotropy is particularly common in layered tdimensional quantum materials because of
strong inplane covalent bonding and weak-odiplane van der Waals (vdW) inteteons. Some
materials with quasbnedimensional structures can also exhibitpiane anisotropy. Stark
anisotropy in quantum materials presents opportunities to study unusual physical phenomena like
hyperbolic phonon polaritons in hexagonal boron nit(Rle22) and molybdenum trioxide (23
24), interlayer excitons (334) and valley polarization (35) in transition metal dichalcogenides,
and the intrinsic Josephson effect in cuprate superconducteBs)3Botential nexgeneration
optoelectronic technotpes exploit the anisotropy of layered vdW materials:-diffibactional

focusing (38), picosecond photodetection (39), and terahertz emission (40), among others.

Optical characterization is an indispensable tool for interrogating the physics of quantum
materials and engineering the unique device concepts enabled by them. Measuring their
anisotropic dielectric tensors, especially the-afgplane components at fieitfrequencies, is
difficult, however. Some materials, particularly vdW materials, tend to be too thin for rRormal
incidence eaxis reflectometry and too small for obligiureidence transmission, reflectance or
ellipsometry (41). Exfoliation techniques rareyield highquality flakes exceeding lateral
dimensions of tens of microns, while standard spectroscopic ellipgomtactically limited to
~100 x?2spobsizes (42). Furthermore, near phase transition®(43)moiré superlattices
(44), quantum materials can sometimes exhibit optical nanotextures that are impossible to resolve

with diffraction-limited techngues.

17



Nanaspectroscopy can overcome the challenges of spatial resolution, but distinguishing
in- and outof-plane responses from ndald signal remains a difficulty. Furthermore, models of
naneFTIR spectra are not currently equipped to handle appreciaplane anisotropy. In this
chapter, we will present a model for naRBIR spectra of arbitrary anisotropic crystals and then
we will discuss how to invert an anisotropic néald model with many degrees of freedom to

identify orthogonal components of thelectric tensor simultaneously.

18



2.2 Nearfield model for anisotropic crystals

Spectra bfetteamphrtude and phase of a | at
calcul ated given its complex Fresnel refl ecti
and sampl e, and the demodul ati dn nmodaltetl isn ghsa.v eM;:
devel oped to pentdosA Bl n hewsre wardlkwu, awe out i |l i ze t
4%5This model assumes an axisymmetric hyperbol
geometry and is unique in tWatrabhegetbbhameonhn

di pol es, emitting a field dihstted by ideinr BBtesk e
functions af fThe MmModbil ak@édsingrmrmhr osgbadcuadppiec
of the probe and demodul at-edatwti ¢ hed fsiieled.t r Bm
densiitndurc etdhda probe by ‘O nacnidd ebnyt rielflluencitn aotni oonf f

a distance d below the tbpsistdatesmbhéedrbngs
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where qgplanéehmgmesnttuhne, frequenetpheobalmpglet Fr esn
coeffici-potaunded ,plzl unsi natsipoat i al coordinate

an@dan@are t he 4alnldu nstamaptlieeerd pr obe response fun.

The |l ightning rod model I's only strictly
nonbirefrimgeeaeti a-eygmmenalrlyowmaterials exhibitin

be a dependphame omoltdari 2zaati on angl e and some
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the axisymmetry assumptiowocThempefoxnanatwe nmu
symmetry c¢crystals. We ebdppogsmat hdtort tbe raeéearr
approxi mated bypodwern agidngr etf hieatpi odni f e amfeit ciic
pol ari zatkdaonrd dmgqlogpsohar angdisr gfil @c)t.i oWe (r ewr it

Equation 2:1 accordingly

_ 0¥ a — _ QRQ%A/AQ i nh i ey O (23)
The Euler angles in the Teiryan XY 2Z3 convention] and—-orient the transformed ax{see
such that it iperpendicular to the reflection plane, wiigotates the plane of incidence through
the reflection plane. The Miller indice€X)aconvey that the reflection plane intersects the crystal
axes apT'Q p¥Q andpZaand can be converteditoand— Calculatingg A i h-4%o for the
case of an arbitraritpriented lowsymmety slab boils down to being able to express its dielectric
tensor in an arbitrary coordinate system specifiedl By- and%. The rest of the calculation will

be straightforward.

Let us considemonoclinic vanadium dioxide (V£) as an example. The firerder
insulatorto-metal transition (IMT) system V£Is a canonical platform to explore nanoscale phase
separation in lightnduced states within quantum materiad®-68). The resistivity changes by
several orders of magnitude across the IMT (Fig. 2.1) which is accompanied by a, often
synchronous, structural transition. Several works have, however, shown that the metallic phase
can emerge in an isostructural transitib6,(5962). Several reports have provided experimental
evidence supporting the notion that the heterogeneous transient conductivity can naturally emerge

in the optically driven IMT(50-52). Nonetheless, many aspects of the obseinagsient phase

20



separation remain unclear. Specifically, it is not yet understood whether the observed

heterogeneity arises spontaneously or if it is pinned byxisting sources of disorder.

Contrasting neafield signals are observeid data recorded on a \(dilm at room
temperature. The contrast is apparent in the representativenfieared image shown in Fig. 2.2¢
collectedwith narrowband, mid R pul ses wi t h718 2Z0cmeldige2rtand o f
2.2e shownanooptical spectraof the neaffield amplitude S and phas&%o. obtained with a
broadband laser at two representative locationarfd L2) within our film. Heterogeneity ofand
%o is only observed within aarrow Reststrahlen band (607 “énvi] M 800 cm') where
monclinic phonons dominate the optical response of\We (55, 63. The data shown in Fig.
2.2, obtained at room temperature (i.e. the Ylth is in the monoclinieinsulating phase), unveil

built-in static inhomogeneity.

We proceed to overview the primary characteristics of our sample that govern its spectroscopic
response. The VAilm investigated in this work is grown on acut sapphire substrate by pulsed
laser deposition. The structure of our Mms has been previously characterized in Ref. 64. X
ray diffraction (XRD) measurements reveal a nearly (>97%) singly orienteck(Qtil§ phase at
370 K (Fig. 2.1). Upon cooling, a symmetowering structural phase transition occurs around
340 K. Inequivalent twin domas with (200y: and (211y: orientations were observed by
measuring the synchrotrdrased XRD patterns (64) in agreement with prior workss@5 Thus,

we consider these two orientations (see Figs. 2.2a and 2.2b) in our modeling.

21



The M1 monoclinic phase of \VMFig. 22a) hasa P2/c space group and hosts 15 IR active
phonon modesncluding eight A modes with purely longitudinal character and seveliREactive
modes with transverse charact@B)( The net dipolenoment of the Amodes is along thie-axis,
which drives the permittivity negative along this direction within the experimentally accessible
frequency window 0607 cm* M] M 800 cm'. The B, modes, which have a dipole momentrajo
thea-axis, weakly impact the dielectric tensor within the same frequency range. Thus, beth the

andc axes retain dielectrilike properties.

22



(a) (b) ] Z
10° S 8le
i s 3=
= = = |2
=14 S - o |e
g 1o P o NHE
8 8 =3 L |E
g10° z s
2] @
T 402 = S
- — 300K
10 L L L L L L L _A_.JL! '—A* A i
300 320 340 360 380 20 40 60 80
Temperature (K) 20 (deg.)

Figure 2.1: Characteristics of our VO2/Al203 sample. atwo-point resistance vs. temperature.

b, X-ray diffractionintensity measured on a nominally similar film.
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Figure 2.2: Reporting the local structural orientation with nano-spectroscopy. athe crystal

structure of monoclinic MV O. using lattice parameters from Réf. The €11)v:and (2001

planes are shaded in red and blue respectilselthe projected structures where tihé v and

(2001 planes are normal to the substrateNearfield amplitude data are shown with a false

color map in perspective. The twin interfaces are oriented at alegfee angle against the
substrate normdb5). The sample thickness is d=100 rdnande, experimental spectra dfthe

nearfield amplitude, S, andtheneasf i el d p h as e, attwo repisentativedocations r e d
of the V& film, L1 and Ly, are shown with red and blue traces respectivebndg, calculations

of f the neaffield amplitude, S, ang the neasf i el d phase, a. Cal cul at.

(¢11)v1 and (2001 orientations are shown with red and blue traces respectively.
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We use the adapted anisotropic lightning rod model to account for the biaxial monoclinic
strudure of VQ. To do this, we consider reflection from Y&k the average of-plane reflections
in rotatedbases corresponding to different crystal orientations, as discussed in the derivation of
Equation 2.3. We then calculated the naptical spectra using the optical constants of,VO
established in Ref63. In our model, we make the approximation that the dielectric tensor is
homogeneous and calculate the raptical spectra of the allowed2@)Mm: and €111

crystallographic orientations

We first def inmeata ofne fwehtea mec eWeo roirei ent t he ax
thiErystal axi %di s ep adlalrelsalmdtabn gt éiteh @corny. s tTahle a x i

i stha yz nploamgidarn oddtihreect i on pr v @yfuriovna ldtehnet | vy

directionTHe&i dgi el2eBtani.c tensor of a monocl ini

foll owing folim i@ind he basis of
1
. mToo- 1 -] 24)
T

When testing this model -agaanslt -datad we lwil |l

be a fiHieoagdepranydent fitting parameter. With the
reference basis can be simplified:
-] T T
- L1 - T (25)
T T - ]

The dielectric tensor can be written for any

basis. To perform the rotatcimamndpwasf Eubererpagt
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which wil|l. d&npceendweonhave EWlear Eggu@lte on R2h & mat

change the basis of the dielectshowhehsoFi ¢§§o
-7 Y -1Y (26)
AlTAT% AT-DOB OEOEAT% OEDOEI AI-OFERA %0
Y AlTOB AT-AT% OEDEDEBN OEAT AT-OED B 27)
OEI OEAITO AT-B1 O

With the dreliactriec rtoemsed basi s, t-he com
pol ari zed 1i Aic icdherntn cdwi chdtad ed f-ori emt @d bst abr u
4x4 propagati oB6meMaxwel Imed hodr I[( 6equati ons i n

medi um can be written @ordpactslyystiem toHe dfidrfmrae

— 9 (28)
where 70 “O {0 "0 and the commpmaént s afet.l
foll ows when t heofxzi npcliadneencies: t he pl ane

o - Nd - p not - - N - us

\/ 11 - 7- - nm- - -7 7- T[l’l (29)
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The gener al solution to the &€ysatmgiof sd8tf Her

el ectromagnetic field cof@posiedhe st ad tmeditummvied :
a Q AgEQ a (210)

The ma®r ARWD2s call editome matapaga To evaluate

matrix, we c¢ompuiQehQil sanai geé mwalvieed or s
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wp EATT® 0 AITTGAITTG 0O (215)
©w ¢AT®d O AT AITd © (216)

28



andir® p &y are cosines of the angles of

accordingly.

Let us now plug chrival ted®6¢68pt &awdoducreimpar
cal cul a3N MM daot as. The dielectric tensor compo

oscillator mo d e |

- - B —r (217)

where tihre qghiieqqdlcy di el ectri c- pvdi mniet ttihwi toys cii $ | ¢ d
i, center] faredqulencegywmdhé@ gp®getrnoscopi c respon
par tihcountoanr. pT h'@ sswikedr it pt i ndi cate The osteVvhat
parametRefs. fT6dmwer e used i n -ftrhd gu emoa K ,preerxncietptti
and, (D12 i n Ref. 63)-.;, = We=s¢t asal wekil, f &osy frorughl
fitting the modeadt ao The espefri ameot apar ameter

bel.ow

Finally, we see thathe calculated spectra reproduce the salient features observed in ou
experimental nanoptical spectra (Figs. 2.2g) andaccount for the observed contrast. Our
modeling corroborates the notion that phonons enhance theoptinal contrast sensitivity to the

local structural orientation.
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TableL@rdantz oscillator paramet er\8Qdloong hiet sdi

anﬁlcrysta‘l‘lh}eaﬁxies.arpdar amet er & rwer REetfja B amet er s

are extracted FTOR fOatai-ngvatshesenawmwl.i trarily
i1 R ( cn i ] T [T sCcn| r T
11189 . 54/0.01|9 277 . 01]{0. 065
21281 . 53|/0.07]- 324 . 49/0. 03]-
31310 . 69/0. 05]- 351 . 67|/0. 04]-

4 {336 . 49/0. 02]- 367 . 88|/0. 04]-
51500 . 77|/0. 06]- 392 . 99]/0. 03]-

6 |521 . 34/0. 04]- 519 . 08|/0. 11]-

7 1607 . 42/0. 04]- 7009 . 25/0.07]-

8 |[637 . 67/0.10]- - - -
91720 .15/0. 05]- - - -
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2.3 Probing anisotropy with nano-spectroscopy

Extraction of the optical constanteom spectra has previously been addressed in the
specific case of crystals with isotropic polarizability (71, 45). Many quantum materials are
uniaxial, however, with distinct irand outof-plane dielectric tensoomponents (Fig. 2.4), as are
many other layered compounds. Simultaneously characterizing both directions tiegaehcy
is anill -posedproblem: there is no unique solution since there are many equivalent combinations
of in- and outof-plane contributionshtat can produce measured values of the-fielar signal.
This occurs because there are more degrees of freedom (the two complex dielectric tensor

components) than constraints (one value of complexfreddrsignal).
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Figure 2.4 Nano-resolved dielectric tensors of uniaxial materialsA scatteringtype scanning
nearfield optical microscope {(SNOM) with an interferometeand broadband lasean function
as a Fourier transform infrared spectrometer with nanoscale spatial resolutiofFiR)0The
incident and backcattered fields (E) have a mixture of iand outof-plane polarizations.

Extracting the dielectric properties from nalRdIR spectra involves solving an inverse problem
numerically.
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lIl-posed problems can begularized,that is, made to have a unique solution, by the
addition of constraints or reduction of parameters. Iffiédd optics, ellipsometry can measure
optical responses from different polarizations and angles of incidence, which can provide
unlimited independerconstraints. However, ellipsometry is often foregone in favor of reflectance
spectroscopy, where dielectifienctions can be modeled with Kramé¢sonig (KK)-consistent
oscillators. Such application of an approgriatodel represents a casegpafameterizatior(72):
the constraints in this case are the many frequeesylved values of reflectanaad the degrees
of freedom are the few parameters of the-&dhsistent model. Hbosed problems can thus be
regularized by parameterization (73). Here, we apply parameterization to the analysis-of nano
FTIR spectra, which has important advantages. Foremloase data are measured directly unlike
in far-field reflectance, where the KK relation for calculating phase speatmtractable for large
angles of incidence (74). Second, due to the highlane momentum of fields scattered by the
probe, neafield experiments have a higher sensitivity to-ofiplane dielectric constants than
far-field measurements. Finally, demddtion of neaifield scattering signals in tapping mode can

suppress background signals and reduce the noise level of data (29).

In addition to employing parametrization, we exploit the information in the coupling of a
uniaxial sample to a substrate resonance. Since vdW materials tend to be thin, subsurface layers
have a measurable contribution to the #edd signal (7577). In marticular, substrate resonances
are only partially screened and have been considered when interpretingfnareal spectra in
the past (43, /39). In our work, we notice that, in naR@ IR experiments, screening of a
resonant substrate is dependent lom full dielectric tensor of uniaxial samples. We, thereby,

demonstrate the ability to quantitatively determine the optical anisotropy with numerical least
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squares optimization. Unlike analysis of waveguide modes (80) or polarite@4)2he proposed
method is applicable to arbitrary infrared frequencies and many nonbirefringent uniaxial materials.
To validate the proposed technique, n&TdR spectra on a 2H tungsten diselenide (Yy8ake

were measured. It was found that the complexamd outof-plane dielectric tensor components

of WSe in the midIR can be simultaneously and quantitatively extracted when ars8ii3trate
phonon resonance is introdt The midlR dielectric tensor of 2HWVSe will be shownto be

consistent with interpolated literature values.

The inverse problem of solving for the complex dielectric tensor of a uniaxial material from
the neaffield amplitude and phase at a given frequency is goosked problem, as discussed
above. The problem can be regularized by parameterization of teetdetensor components as
constant functions of frequency. This parameterization is appropriate for featureless or flat nano
FTIR spectra produced by materials whose dielectric tensors are approximately constant in the

investigated spectral range. these cases, we use T parametersijd est the frequency

independent dielectric constantstr i and- . Note that h 4 Shgh For example,

semiconductor transition metal dichalcogenides have deserdionic resonances in the visible
and neaR (81-82) but are expected to be mostly featureless in thelRaids it will turn out,
parameterization alone willot be enough to extract the full dielectric tensor because of finite
noise in nand-TIR spectra. We exploit the mi® phonon resonance in an Si€ubstrate, which
modifies the parameter sensitivities of the forward model, to distinguisnioh outof-plane
dielectric tensor components for a realistic signal to noise ratio. In this workFidRalata on

the transition metal dichalcogenide 2MSe on SiQ in the midIR (870-1155 cm') are used to
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demonstrate inversion of a nd@ld spectrum produced by a uniaxial dielectric tensor that is

nearly constant across a narrow frequency range.

To first build intuition in two dimensions, the W&#electric tensor was considered purely
real and only the nedield third-harmonic amplitude (S3A) was used to determine both the in
and outof-plane real dielectric constants ( ¢) in a leastsquares regression. This assumption
will be relaxedater. The neafield amplitude spectrum of@ 1T ¥ L nm WSe flake on a 285 nm
SiOy/Si substrate referenced to gold is shown in Fig. 2.7. The thickness of the flake was measured
by AFM (Fig. 2.5). Deviations from a featureless response, observed at arourdl20 cmt,
are attributed to a phonon resonance from the SiOstrate layer that is partially screened by the
WSe slab. The optical parameters of the substrate were constrainednmependent experiment

on the bare substrate (Fig. 2.6).

It is deceptively easy to solve a leaquares problem, fit the data well, and then claim that
the fit parameters are meaningful. If not careful, this may lead to overparameterization. On the
other hand, one might believe that only one parameter can tbacted per independent
experiment, potentially missing exclusiveformation. The question of exactly how many
parameters are retrievable from parameterized inverse problems has been stutsectx(é3,

83-84), but this understanding is often overlooked by practitioners of optical characteri@akgon.
approach for linear systems is to perform singular value decomposition (SVD) on the Jacobian
of the forward problem, the matrix charactevigthe sensitivity of the model amplitudéoand

phaseY Uto the free parameters:
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The components of the Jacobian, the derivatives dbtiaeard model with respect to thieee
parameters, were calculated with a cendiiierence formula (85) nedine maximum likelihood

estimate:

— (2.19

The finite difference h mustebtuned to balance truncation ertorQ with cancellation error.

We found that a value of h=2(@roduced reasonable results.
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Figure 2.6. Nano-spectroscopy of bare substrate resonanca, third-harmonic amplitude and
phase data on the bargg/Si substrate adjacent to the -Se flake. b, the extracted complex
dielectric function from a fouoscillator fit to a. Extracteddielectric functiols were used to

characterize the substrate resonance screened by thesltSm the main text.
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Figure 2.5 Height profile of the 2H-WSe slab from atomic force microscopy The slab
thickness at the location of naR@ IR spectroscopy wgs 1 X U nm. The inset is a topography
image showing thexfoliated WSeflake on a Si@'Si substrate with pregterned gold (Au).
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Singular values, whesquared, are proportional to the amount of variance explained by
their corresponding singular vectors (86). The singular vdlueX) pf8 it , of thegd 1
Jacobian are measuring the variance in seigitf the forward model to its parameters across
the & frequencies of the spectrum. The mafi¥contains the lefsingular vectors, which are
directions of maximum variance in tlgg -dimensional data space. The matiXwith adjoint
@ ) contairs rightsingular vector®) 8 h) , which are the directions of maximum variance (in
descending order) in the fedimensional parameter spatfesome singular values are zero, then
the Jacobian is not full rank and it is said that some paramegemstadentifiable If one singular
value is much larger than the rest, then the vast majority of the variance can be explained by one
parameter. On the other hand, if the singular values are about equal, then more parameters are
necessary to explain all the variance. Siexperimental spectra have finite noise, the nurober
practically identifiable(sometimes callecktrievable parameters equals the number of singular
values ,Q phB [ , whose singular vectors explain a fraction of the variance above the noise
level (73):

. . .3
y

K Y06 'Y (2.20

where SNR,tohbesé@signiab, 06 is defineml @a$ora he no

nominal parameter set divided by the uncertainty level on the/data

Since the forward majs nonlinear, an approach based on computing the Jacobian at a
nominal parameter set is only approximate but will provide intuition. To rigorously characterize
the identifiability of the parameters, we define thresholds oretie surfaces Error surfaces
show the weighted sum of squared differenceg petween data and the model for different
parameter values
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0 O Phy O (2.2])
whered is a vector of the frequenagsolved values of the forward meldcomputation of third
harmonic amplitude and phase; aiilis a vector of the averaged thindrmonic amplitude and
phase data from naffeTl' IR spectroscopyl hresholds are calculated by the quantile function of a
chi-squared distribution with differentonfidence levels between 0 and 1. Error bars on the
parameters correspond to the edge of the parameter space within the thresholdsptdidestte

regions(CRs).

To demonstrate this, we first recognize that the objective function can be written in terms
of the negative logikelihood for normallydistributed observational noise:

.-ho RAYd AT T GO T ic-ho RV (2.22)
where-pand-o  are the sample and substrate dielectric ten€hssthe sample thickness abd
is the likelihood.A tip radius of curvature (r) of 25 nm was estimated from the tip height
corresponding to 1/e of the max signal in Aeeld approach curves. A tapping amplitude (TA) of
83 nm was recordedssuming uncorrelated parameters;catled likelihood-based confidence
intervals™ are defined by a confidence region:

.-the  RAYdRQ ... -dho HAYdHRR ... HKQQ (2.23)
where... | ¢ is the quantile function, the inverse cumulative density function, for a confidence
level| of the chisquared distribution witk "Qegrees of freedonThe color scales on the error
surfaces in Figs. 2.7 and 2.8 shawferent quantiles of the ctsquared distribution, corresponding
to a level of confidenca | p. We consider the simultaneous confidemdervals that hold

jointly for all parameters®"Q ¢ . A hat denotes the maximum likelihood estimate.
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Once the threshold is calculated, we use iterative, adaptive calculations of the profile
likelihood to traverse the landscape in search of the peoihtre the likelihood crosses the

threshold. The profile likelihood is:

— [T EL. & (2.24)

The idea is to take an incremental step in incrggdetreasing direction of one parameteand
reoptimize the other parameters, then repeat the process until the threshold is fdaistep
size is proportional to the flatness of the likelihodtk claim to have a practical naeentifiability

when a maximum step size is reached. More details on this approachfoanda Ref. 83.
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Figure 2.7: Fitting real dielectric tensor to nearfield amplitude. a, measured nedield third-
harmonic amplitude (S3A) of a 107 nm WStke on an Si@Si substrate. The green star
indicates the frequency (900 drwhere a fit to the inand outof-plane real dielectric constants

of WSe was attempted, the error (..) surface shows that the problem ispiised: a continuum

of equatquality solutions exist, the dielectric tensor is parameterized with constant functions
across the data points of the thick green lthestill, the ... surface has many viablsolutions

within the error threshold so only one of either the an outof-plane dielectric constants is
identifiable. e, if parameterized across a spectral region with a screened substrate resonance,
howeverf, the... surface reveals a unique gtibn for the dielectric tensor. The colors are scaled

in d andf to illustrate confidence regions (CRS).
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First, we consider a single frequency data point where the spectrum is featureless (green
star at 900 cmin Fig. 2.7a) and look at the corresponding error surface in Fig. 2.7b. There is a
continuum of minima in this landscape: the infinitelany solutions to the #bosed problem of
determining the dielectric tensor of uniaxial W3 a specific frequency. Next, we consider a
series of frequency data points (thick green line in Fig. 2.7c) over which the dielectric tensor is
effectively unchanging. In th case, the included data covered only a flat response from the
sample. The singular values of the Jacobian for these data are 0.04 and 0.001. According to
Equation 2.20, an unreasonalgigod minimum SNR of about 45 is necessary to retrieve both
parametes. Indeed, Fig. 2.7d shows that many solutions of approximately equal quality remain,
which are practically impossible to distinguish for the data SNR. In other words, the 95% CR is
infinite. Lastly, in Fig. 2.7e, the considered data points (thick gree) how encompass the
spectral region with the substrate resonance. The singular values of the Jacobian are now 0.07 and
0.02, so an SNR above ~3 is sufficient to resolve both parameters from the amplitude data. The
corresponding.. surface (Fig. 2.7f) indeed shows that the 95% CR has now reduced to a finite

range.

If the assumption of a real dielectric tensor is not acceptable, both amplitude and phase
data will be necessaryVe demonstrate that both real and imaginary pdrtseoin- and outof-
plane components, a totalof T parameters, can be extracted from amplitude and phase spectra
with a screened substrate resonaM@eover, including phase data can reduce the uncertainty in
the extracted real dielectric componerftgy. 2.8a shows the nefield amplitude and phase
spectra of the WSesample. The singular values of the Jacobian only for data up to 95@rem

0.100, 0.042, 0003, and 0.001. Their rightgular vectors span the parameter space, but an
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unrealistic SNR of ~94 would be necessary to resolve the complex dielectric tensor. When the data
points include the screened substrate resonance, the singular values of the Jacobian are 0.21, 0.13,
0.09, and 0.07. Plugging in the singular values into Egua&.20, we determine that the complete

complex dielectric tensor is retrievable if the SNR is better than ~3.

Fig. 2.8b shows an error surface in the subspace of the real dielectric components when
fitting both amplitude and phasagain showing that there is a finite CR. Estimates of the
imaginary parts of the dielectric components are nearly independent of the values on the real
components. An optimization algorithm convergedto p & Sh- m8t §,- o®& 2h
and- @t 8. Leastsquares optimization was performed with LMFIT (87). The NeMead
algorithm was used and parameters were constrained to positivei@a during optimization.

Error bars are reported with a 95% confidence level and are asymmetric since the optimal dielectric
tensor is offcenter in the 95% CR. Fig. 2.8c shows that the reallRihlues are consistent with
interpolation between static (  p & and- X&) (81, 88)and neaiR (-  p @ and-

U8y (81, 89) measurements within the error bars. The extracted imaginary components were zero
in the mdIR, which is consistent with known energies of the main absorption edge erd th
exciton series in 2AVSe (81). This is also consistent with pumppobe measurements which

observe no interband transitions in bulk \WBethe midIR (90).
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Figure 2.8 Fitting complex dielectric tensor to nearfield signal. a, measured nedield third-
harmonic amplitude (S3A) and phase (S3P) of a 107 nnmyi&&e on an SiQ@Si substrateb,

we attempt to fitboth the real and imaginary components of theand outof-plane dielectric
constantslf the dielectric tensor is parameterized acrites substrate resonance, then all four

parameters are identifiable. The surface in the subspace of the real dielectric components shows

a finite 95% confidence region (CR), correspondingto p & &h- md8t 8,- o& B8h
and- mdt §, which c, is consistent with literature values.sensitivity curves reveal that the

model is dissimilarly sensitive to the parameters on the resonance, but similarly sensitive away

from the resonance.
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We can understand the results of the SVD of the Jacobian by looking at the parameter
sensitivity curves, that is, the columns of Jlaeobian (Fig. 2.8d). Nedield amplitude is primarily
sensitive to values and nedield phase te values.n the flat spectral regions, the sensitivities
of the in and outof-plane dielectric components are almost linearly dependent and their relative
contributions to the signal cannot be distinguished. Over the resornamwever, the signal
appears to be disparately sensitive to the parameters. One might recognize intuitively that the
sensitivity curves argarther away from being linearly dependent when the screened substrate

resonance is introduced.

To offer a more physical perspective on this phenomememook at the Fresnel reflection
coefficient of ppolarized light incident on a uniaxial slab on an isotropic subsiratgf in
Equation 2.25 belowThis term, whichappears in Equation 2.1, issponsible for the bulk of the
frequency deperahce of the forward model. The ffeld reflectance and phase of a
nonbirefringent material are the modulus squared and complex argument of the reflection
coefficient of the sample. The nefgld signal is also a functional of the reflection coefficiduit,
evaluated at higher values of theplane momentumyy(l 1 7¢). For a uniaxial slabd( p) on

an isotropic substraté  ¢), the reflection coefficient of-polarized incident light nh is:

~

i (2.%5)

wherei and 0 —, andQ - = = —1n in the quasstatic near

field limit. The indexd  Ttis air. For isotropic materials, - -

46



Fig. 2.9 shows the derivatives of Equation 2.25 across a-oudiflator resonance it
¢ with respect to inand outof-plane dielectric constants for two setsjobne representativef
a 45degree angle of incidence (Fig. 2.9a) and the other at characteristic momenta of-fleddhear
response (Fig. 2.9byhe derivatives of in Fig. 2.9 were calculated with Equation 2.19 and h=10
®. The farfield sensitivity to the nonresonamiit-of-plane dielectric function is negligible. On the
other hand, the nedield signal is about as sensitive to the -ofiplane dielectric tensor
component as to the-plane componentligh in-plane momenta of lighj from tip scattering
entail signficant sensitivity to oubf-plane responsesn-plane momentum is limited bghe
physical angle of incidence in féield optics @ 1 7o O B4). Furthermorelike in Fig. 2.9d, the
parameters are dissimilarly sensitive on and off the screened seilysgahance, and are each

sensitive to the resonance in a unique way. We speculate that this stems from the fact that the

dielectric tensor components appeat/fas- in the reflection terms but— in the propagation

terms of Equaon 2.25 inthe quasstatic neadfield limit.
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Figure 2.9: Sensitivities of reflection coefficientSensitivity of far a and neadffield b reflection
based measurements of uniaxial materials t@amd outof-plane complex dielectric constants.
Due to limited inplane momentum, fdield measurements are weakly sensitive to honresonant
out-of-plane dielectric functions. Nedfield measuremes, where tip scattering provides high in
plane momenta, have appreciable sensitivity to-obylane dielectric tensor components.
Furthermore, across a substraésanance, inand outof-plane sensitivity curves are linearly
independent and their associated parameters can be distinguished insguaest regression

(similarly to Figure 2.8d).
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Chapter 3: Coupling surface and hyperbolic polaritons

3.1 Introduction

Integrated nanophotonics requires dynamical tuning of hyperpolaritons, but this is
challenging since hyperbolicity in the two most widely studied systersNh a fMdOs)Us
rooted in crystastructure. Heterostructuring and hybridizing hyperbolic modes with other modes
can modify their properties (947), but adjusting tuning parameters typically requires altering
devi ce de-MoQg forexawpld, ikplarig hyperbolic phonon polaritons can be modified
by fabricating doubléayer structures with a predefined twist angle as the tuning parameter (91
94). The sofrequency contour (IFC) characterizing the propagatitettiondependent momenta
of in-plane hyperbolic modes can be tuned through a topological transition (98) from an open
hyperbola to a closed curve by sweeping twist angle. On the other hand, cainaming of k
BN phonon polaritons has been demonstrated by means of hybridization with graphene surface
plasmons (95). Surface plasmphonon polariton (S and hyperbolic plasmephonon polariton
(HP®) hybrid modes have gatanable dispersions enatllby the carriedensitydependent Fermi
energyO of graphene (99). However, graphenBi admits only modest electronic tunability

without topological transitions.

Here, we will discussa g r ap h eMo®; hetenostrudture that can be tuned
electronically through a topological transition as evidenced by direct imaging of propagating
polaritons. At charge neutrality, graphene does not host plasmons and the IFC is a hyperbola. Upon
electronic doping, the IFGansitions to a closed curve as graphene surface plasmons hybridize

wi t -MoObhyperbolic phonon polaritons. We demonstrate the topological transition of the
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polariton wavefront experimentally and tune momenta of hybrid modes by modsyary laser
frequencyl . Furthermore, calculations cobrrated by experiments reveal tHay rotating the
polaritonic wavevectothe hybrid mode characterized by the closedig@nedrom HP to SP
asits plasmonphononcoupling is modified. Gr a p h-&oCe is thus an ideal platform for
studying theeffect of anisotropigplasmonrphonon couplingon properties of hybrichyperbolic
polaritons. In particular, walentify an exceptional point in the directiaependenpolariton

dispersion.
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Figure 3.1: Dopinginduced topological transition by plasmonphonon hybridization. a,
graphend}MoQs device schematic in a scatteritype scanning nedield optical microscope {s
SNOM). Inset shows an optical microscope image of a sample. Graphene doping is achieved via
charge transfer with WO The sSNOM tip acts as a dipole antenna, launcipogaritons in all
permitted directions. Without doping, there is no propagation along the [001] direction and the,
wavefront andg, isofrequency contour (IFC) are hyperbolic. Upon doping, propagation is allowed
along the [001] direction and the, wavefront ande, isofrequency contour of the firetder mode

are closed curves.semianalytical IFCs undergoing a topological transition upon dogjregong

the [100] direction, polaritons have eaftplane propagation constantwith Re k >> Im k; such

that the oubf-plane electric field is oscillatory like a waveguide mode (left inset). Along the [001],
Im k; >> Re k and polaritons are surface waves with decaying electric field profile (right inset).
h, plasmon mode splitting ( ©7 Q] ) caused bMoOstphoron §s i furicfon db
momentumn and inplane angle— The plot reveals an exceptional point (EP). The doped IFC
from f is approximated as a curve on the surface Ked line). i, scattering rates Q3 of

1 Q] modes are anticorrelated. The IFC passes about the EP and theodgh degeneracy,

indicating a transition from strong to weak coupling.
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3.2 Theory of hybrid polaritons

We focus on frequencies i-MoO4(82@97cmiwhere r est

the topological transition occurs. Finite difference time domain simulations show that, without
doping, graphene is devoid of plasmonic response and the heterostructure is optically equivalent
t o b-BlaOg(neglecting lossesichargeneutral graphene). In the cleavage plane of the [100]

(x) and [001] (y)xrystal axes (Fig. 3.1a), the phonon polariton wavefront is a hyperbola (Fig. 3.1b).
The IFC, related to the wavefront by a Fourier transform, is likewise a hyperbola (Fig. 3.1c).
Multiple hyperbolas appear: corresponding to higireler, short wavelengtiyperbolic modes.

Upon doping the graphene to apprecialle the wavefront becomes a closed curve with
anisotropic polariton wavelengths as a result of plaspfmmon hybridization (Fig. 3.1d). The

first-order IFC undergoes a topological transition to a closed peanut shape (Fig. 3.1e).
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The device is shown schatically in Fig. 3.2a. Theolariton modes are described by
quasistatic electric potentialst 0 Q 0 Q inside UMoOz and
0Q i in the space above the graphene layer, whiere § iy is the in-plane
wavevector. Given fixed frequenty, we need to determine the-ptane momentaj of the
pol aritons. The qu asinsgleBMo®s,c T Ma x wdehd tdthe ballg u at i o
dispersion relation

-n -4 -0 8 (31)

The boundary conditions for on the top and bottom surfaces@MoOs give two equations
satisfied byd , which can be interpreted as twomplexr e f | e catsieo ns hiiipfht s 0 :

.00
— —_- 32
5 Q h =5 Q 8 (32)

Solving the boundary condition equation on theandbottom interfaces, one obtains the

well-known expressiofor thecomplexphase shift (10A01):

Q

"‘ "‘

( 3).

where- istheperntit i vi ty of t hMoOs,u Isshe twadimensional sheet U
conductivity of the top interface (if there is any tdionensional conducting layer there), and

- are the complex dielectric permittivities of the slab. We havee@fin - AT & - OE}
asthe effectivep | ane di el ect tMo@swhee+isihetarigle beiweapanatfie U

x direction. Note thdt are not necessarily real numbers and can be imaginary for evanescent
waves.Existence of solutions to Equation 3.2 leads to the polariton eigenmode condition in the

nearfield limit:
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¢da 1 1 ¢4 (3.
where0 N & is the mode order. Graphene affects the mode via its effect @hése shift |,
which | eads to hybridizat i o+MoOp phonore golaritogsr a p h e n
Equations 3.1, 3.3, and 3.4 determine the isofrequency contours (IFCs) in Fig. 3:2b for
T mh T which happens in the experimal frequency range. Combining Equations 3.1,

3.3, and 3.4 gives:

can— @i

w1 a (3.5)

’H ’H

N

The directiordependent dispersigje@ h— and dissipationjaeiadh— of hybrid modes in graphene

with optical conductivity, on a b-MoDxslataof thiddnes®at arbitrary fequency can

be computed by solving Equation 3.5 above. Fig. 3.1f shows that calculatedt/®Cs mteV

and0.4 eV in the middle reststrahlen band are consistent with simulated IFCs in Figs. 3.1c and

3.1e, respectively.

The angle—specifies thén-plane propagation direction with respect to the [100] direction.

The firstorder hybrid model{ 1) crosses over from a hyperbolic plasrmitonon polariton

(HP®) for— —to a surface plasmephonon polariton (S¥for— —where the critickangle
—is defined such th& A- — 1= We can see this by analyzing the-ofsplane propagation
const ant-MoOsn@i dre -0 where- - AT & - OE¥ In the doped

structure, the waslaunched by the tip is a surface wave®($iR Q >> Re™Q) along the [001]
direction; and a waveguide mode #MRe Q >> Im Q) along the [100] direction. Along

intermediate directions (Fig. 3.1g), the polariton is an® WP to the open angle—

AOAOQORTA T2 A ,i.e., the asymptote of the undoped hyperbola. Abeyit is an SP. Note

55



that HP and SP in this work are only defined by their.kAt —, both real and imaginary
components ot drop precipitously. Neglecting iplane losses (dashed lines), mat—: the

polariton is an ideal plane wave propagatinglsne with finite momentum.

Al ong the [001] direction -MoOsghtnen isnabsérd | e r e
and tlke plasmormphonon coupling strength must be zero. Along the [100] direction, graphene
p | as mo nMoOspmdonsthybridize due to strong coupling; that is, the plasmon mode splits
into plasmorphonon polariton branches above and below ta&is transverseptical (TO)
phonon frequency . Tuning the iAplane propagation angtemust then modify the plasmen
phonon coupling, which transitions at some point between strong and weak coupling regimes.
Prior work (102 has recognized that the transitioccurs at an exceptional point (EP), above
which plasmons experience Rabi splitting from strong coupling to phonons. Below the EP, there
is no mode splitting: plasmons and phonons are weakly coupled in a manner akin to

electromagneticalynduced transpancy.

We now show quantitatively that tuning-can be expected to modify plasmphonon
coupling. Consider twal i me n s-MaOg with higb-frequency permittivities set to unitfhe

whole device can be viewed as a tdimensional plane with net sheet conductivjty

» withcont ri buti ons fr o-MoOb whete, gr ap h em & remed U

totheinpl ane components o ~MoOshHybridpolaritoescanibe viewed asn s o r
the plasmonic modes of the 2D plane, whose dispersions armuhete by

¢rQ .. . A p
., Al 6 , OE+ 58 ( 3.

- 1M p ww—n,,n ﬂo1
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Therefore, the dispersion is-plane hyperbolic if) I, and) [, are opposite in sign. By

increasing the dang level of graphene, one can obviously render them the same sign, thus
changing the polaritons to ndnyperbolic. However, the 2D limit makes the approximation that
theinpl ane el ectric field -Mo©sslamwhelpiegertkeigndttrue.n z i r
Note that there is no HPnode in the 2D limit. Hybrid polaritons in the strong coupling regime

are always SPand the hyperbolit-MoOs phonon is effectively a surface phonon at .

Supposing the Fermi energ® sl Q" the grapkne optical conductivity computed

with the Kubo formula using the bare bubble approximation in Gaussian units (m/s) is given by

(12):

\ 22 (3.7)

wherel is the scattering ratef @raphene. Only intraband contributions are considered and
nonlocal effects are neglected singé Q. The dielectric-Mo@magor coOr
modeled by the T@QO equation (103) with a single oscillator along each crystallographic

direction:

(3.8)
where| and| are the frequencies of the transverse and longitudinal optical phonon modes,
respectively. In the middle reststrahlen band, only tarection or LO0] phonon is strongly
dispersive, so we set thedyrection permittivity to a constant value for simplicity. By combining

Equations 3.8.10, we can then write:
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. . pAI & - pOEL

(3.9)

wheré n k 2 S . Finally, taking- p and- p, the total dielectric function of Druede

o)

like graphene withlectron coupling to ifplane hyperbolic phonons modulated by the quantity

| Ah—k —AT &is then:

- 1M~ p —— | Ah——m—, (3.10)

The analytical real and imaginary roots of Equation 3.10 are plotted in Figs. 3.1h and 3.1i,
respectively. Larger near the [100] direction split plasmon modes atinto two branches above
and below , labeled and] , respectively (Fig. 3.1h). and] have anticorrelated
scattering rateg ands3 (Fig. 3.1i). Splitting is reduced asrotates toward the [001] direction
until reaching a complex degeneracy, beyond whicland  coalesce and and3s split. This
degeneracy is in fact the exceptional point discussed previously that marks the crossover from
strong to weak coupling. The doped IFC from Fig. 3.1f is a curve (solid red line)jon theface,
passing abat the EP and traversing from strong to weak coupling (white dotted lines) in the two

dimensional limit as the mode evolves from®#®SPin the finite slab.
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3.3 Nanceimaging and tunability

We used oxidized tungsten diselenide (W dope graphene (104) by a charge transfer
process. Highuality WO-d o p e d g rMo@shheterastfutiures were fabricated using a
polycaprolactone polymésased dry transfer tech#MoQpbuk (105)
crystals purchased from a materials supplier (HQ Graphene) onttsEsObstrates. A monolayer
or bilayer WSeon graphene heterostructure isvMoGshen tr
flake. Finally, we treat samples in a t&Zone generator (Jelight UVEGeaner) at 300 K to oxidize

the topmost WSeamonolayer into WQ(106).

Doping graphene usingithhigh-work-function materials like WQo r -RUCk has proven
to be nondetrimental to SNOM imaging (107108). Furthermore, by stacking either monolayer
or bilayer tungsten diselenide (W&p@rior to oxidation, we cantune t@ of gr aphene o1
MoOz between ~0.60 eV and 0.45 eV, respectively. Doping levels were determined by fitting
( M) data to calculated dispersions with graphene Fermi energy as a free parameter, and were
corroborated by Raman spectroscopy. Fig. 3.3a shows Raman spectrachayer bilayer, and
undoped samples. The undoped graph@rend 2D peaks appear at 1582 ¢mand 2689 cm,
respectively. The bilaye® peak shifts to 1591.5 chand the monolayes peak shifts further to
1596 cmt while 2D peaks shift to 2695 cthand 2691 cm for bilayer and monolayer samples,
respectively. The gray lines in Fig. 3.3b represen@Glamd 2D peak positions corresponding to
approximate doping levels from a standard analysis (109) using empirical parameters from Ref.
104. The undoped s®le was used as a zerarrier reference point. Qualitatively, our analysis

agrees with trends determined from dispersion fitting.
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Figure 3. 3: Raman s p eMoDsheterastouptiyes with vagyinggVWSee n e / U
layer number.a,Gand2Dpeaks i n Raman sNo®shetaroatruaiures with @ p h e n €
(blue), 1 (red), and 2 (purple) layers of tungsten diselenide {Mg&eked on top and oxidizeal.

the oxidized WSghole dopes graphene by a chatgesfer process, as evidenced by the shifte

G and2D Raman peaks. Since oxidation is datfited, only the topmost layer is oxidized. The

pristine bottom WSglayer in the bilayer structure acts as a spacer that reduces the doping level.

Also, the bilayelG peak has a secondary undoped peak due to the many bubbles and tears in the

bilayer sample.
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Additionally, the bilayer sample has a secondary und&@pdak likely corresponding to
the many bubbles and tears seen in topography (Fig. 3.6). Finally, we remark that the spectral
weight ratio of G to 2D peaks changes visibly upon doping. Overall, Raman spectroscopy is
consistent with the appearance of plasmon polaritons irfiediimages from substantial doping

of the graphene layer.

Il n Fig. 3. 4, we i mage pVoOsaeterostroatuses withhand ar i 0
without graphene doping. In Fig. 3.4a, a circular void in higldped graphene produces a closed
wavefront with the characteristic elliptical shape of hybrid plasptoonon polaritons. [100] and
[001] modes as well as modes aemediate angles are visible. The simulatedReavefront
(Fig. 3.4b) is consistent with the experimental wavefront. For reference, we also obtained a near
field amplitude i mage (Fig. 3. 4cNoOaWebbseriemul| at e
the hyperbolic wavefront and absence of [0@bdes consistent with previous reports-2283. In
Fig. 3.4e, we show line profiles extracted from the white dashed lines in Fig. 3.4a. The [100] and
[001] modes have anisotropic wavelengths (compare the red and blue lines). Additionally, in Fig.
3.4f, we show [100] line profiles from either side of the Y\&dge in Fig. 3.4g (white dashed line)
showing an increase in polariton wavelength upon doping. Fringes bend at the boundary between
doped and undoped regions. The measured polariton wavelength oe graphoOs without
WOy is consistent with low to no doping, indicating that charge transfer is negligible between

graphenawOand U
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Figure 3.4: Nearfield infrared imaging of hybrid plasmon-phonon modes. a neasfield
amplitude image of a W@yraghenel:MoOs heterostructure with ~0.60 eV hole doping in
graphene from charge transfer with the YWbnolayer. The experimental polariton wavefront
displays the characteristic elliptical shape from fhdliéerence timedomain simulations shown
in panelb to the right.c, nearfield amplitude image andl, simulated wavefront of a defect in
b a r-KloOdlaunching hyperbolic wavefronisin contrast to the closed wavefrontdarwhere
[001] modes appear after the topological transition caused by plgsmoman hybridization.e,
line profiles extracted along the white dashed linea ghowing both [100] and [001] modes.
Black dashed lines align the first peak$100] line profiles extracted from either side of the WO
edge (white dashed line) ga Wavelengths of [100] modes increase as a result of plaphmmon

hybridization upon doping.
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Nearfield amplitude images at=900 cm! on monolayer and bilayer Wsgsamples with
O 0.60 eV andO 0.45 eV are shown in Figs. 3.5a and 3.5b, respectively. The [001]
direction, which pr ohi bi-Mo®safhss frequency, aaw hgsts anp a g a t
SP. We dserve a significant tunability of the [001] mode by modifydg(Fig. 3.5c), while the
wavelength of the [100] mode changes only slightly (compare blue and red lines). The degree of
anisotropy between orthogonal directions can thus be tuned draliyaiz modifying’O . Both
[100] and [001] modes disperse]ads tuned from 87915 cm! (Fig. 3.5d), in agreement with
the calculated dispersion (Fig. 3.5e). Note thatB&les merge with the fiestrder hyperbolic
phonon mode of the lower restgtten band below , becoming HPmodes and distinguishing
them from pure plasmons. We remark that [001] modes in Fig. 3.5b are reflected from a physical
boundary of the Wgraphene layer that isJl&om the [001] direction. In Fig. 3.7, we shalat
8J yields a negligible correction to the dispersion calculation and we consider these modes to be
effectively along the [001]. In Fig. 3.5e, the [100] Hias highetorder branches. Some extra
fringes likely corresponding to higherder modes are visible in 875 ¢rand 885 crit profiles
(pink and purple in Fig. 3.5d). For reference, we also plot the polariton dispersion dh\ba@s

(Fig. 3.5f). Modes are absent along [@@1] direction for =875915 cm’.
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Figure 3.5: Tuning hybrid modes by WGQ/WSe: layer number and laser frequency.Near

field amplitude images o, WOx/graphené}MoOs with ~0.60 eV hole doping and, WO/1L-
WSe/graphend}+MoOs with ~0.45 eV hole doping. [100] and [001] modes are visibly less
anisotropic in the more highly doped sampmlenearfield line profiles showing that increasing
doping level substantially increases the wavelength of [001] spdé only marginally increases
[100] mode wavelengths. Black dashed lines align the first pdakae profiles extracted from
the sample ib excited at different laser frequencies from &% cm!. Note [001] modes iy

are reflected from a physical boundary of the Wgtaphene layer atJdrom the [001], which is
practically equivalent to the [001] direction (Supplementary Figure, Gpnomenta from fitting

profiles ind are consistent with the dispersion calculated from the imaginary partmptiiarized

reflection coefficient. are TO(LO) frequencies daxis phonons: values plotted as white

dashed linesNote thatthere is a splitting at  from the upper Reststrahlen band phonon not
considered in Equation 1, cdculated dispersion of phonon polaritons in baloOs showing

the absence of [001] modes for875915 cm.
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Figure 3.6: Topography and frequencydependent neasfield imaging. a, topography of
WOJ/WSe/ g r a p-Mes stdcl collocated with nedield images. Cyan arrows point to
bubbles (raised topography) and black arrow points to a physical edge wfyi&jaheneb,

or i ent aMoOxflake relativello graphene edge. The normal to the graphene edge where
line profiles were extracted is 82rom the [100] direction, or Bfrom the [001] directionc,

frequencydependent fourttharmonic neafield imaging showing dispersion of hybrid modes

from 875915 cm'. All scale bars are 1 um.
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Figure 3.7: Comparison of [001] and 8 "[001] plasnon-phonon polariton dispersions The
physical boundary of graphene in Figs. 3b and S3aéf&om the crystal axis 0f-MoOs. Modes
reflected from this boundary propagate alerg Y ¢ ar 8] "[001]. Momenta of these modes are
practically indistinguishiale from [001] modes at the investigated excitation frequencies, as shown
in dispersion calculation above. We thus neglect thamdie correction in the main text.
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3.4 Topology and dissipation

We now expound on the exact topological transition point in grapbiémeDs and the role
of dissipation.Figure 3.8a shows the IFC evolving with doping from hyperbola to peanut to
extended circle. Theeanutshaped IFC (blue contour in Figure 3.8a) goes from concave to convex
shape around the open angle Divergenceof the critical wavevector) at — marks the
topological transition, assuming no othiediverges first, since bounded and unbounded curves
cannot be homeomorphiq. increases as the graphene conductivity decreases (Figure 3.8b),
diverging at,, TLin an approximate analytical equation (dashed lingsxan be computed
analytically whenQ © 1t (assuming losslesg) © “, and] © “. With these assumptions,

Equation 3.5 simplifies to

- —_— — I (3.
wherery k —— and the dielectric constant of air is unity. Solving Equation 3.11 gives
n p _— =~ -~
- = - - h -k ——h op C
T P P - o P

Upon incremental doping away from zero conductivity, the IFC changes topology as momenta
above— gain large but finite values. In this picture, the topological transition point is exactly at

” misince evemarginally-conducting IFCs will be bounded and only the hyperbola at Tt

will be unboundedThis topological transition admits discontinuous changes in the polaritonic
density of states, analogously to the Lifshitz transition for Fermi surfaces EuDhumerical

calculations (squares in Fig. 3.8b, Equation 3.5) support this trend up to low conductivities.
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In practice, [001] modes will not be observable until appreciable Fermi e@ergyth
modest, because propagation lengths becomarter, omaciezreases, a® decreases. In Fig.
3.8c,nag@mtted in polar coordinates is the imaginary counterpart of the IFC referred to as the loss
contour . Loss contour c al c-MdOa With entrirssic matenas i d e r
scatering rat¢ T A and intrabanenly graphene with dopinmdependent scattering rate
[ 1 7 . Nota benehat we implicitly assume thaffeandrjeeaee parallel, which may not
always be a good approximation. Loss contours shewncreasing along all directions &3
decreases, consistent with finddference timedomain simulations (Fig. 3.9). The ex&at at
which [001] modes are first observable, initiating this practical topological transition, will thus
depend on the spati al r eMoOslslabt(Figo3rl0).aAdditionallir, at t hi c
very low doping, plasmons pass the interband transition threshold and are overdamped (111).

Nonlocal and other corrections to the graphene conductivity will also becorogamip(12).
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Figure 3.8 Directional dissipation and topological transition point. a, IFC evolves with
graphene Fermi energy from hyperboloid (0 eV) to peanut shape (0.4 eV) to extended circle (1
eV). At intermediate doping, the IFC inflects around the open ardlelack dashed line) which

marks the HPto SP transformationb, dependence of momentuim at — on the graphene
conductivity modulated by the Fermi energy. The topological transition occursiyvietomes

finite upon deviation frontharge neutrality in an approximate analytical model (dashed lines).
Full electrodynamics calculations (squares) support the trend up to low conductyyifiess
contour at 0.4 eV show®decreases in hybrid mode (solid blue) relative to uncoupkguhgne
(dashed blue) as the wavevector (black arrow) rotates away from the [001] direction. The undoped
loss contour (purple) diverges-at, beyond which no mode existh. Along the [001] direction,

the hybrid mode scattering rate 0 nois eqial to the graphene scattering rate Along the

[100] direction,3 is slightly larger than the phonon scattering fasndcan be tuned slightly by

moderate doping.
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Loss contours at intermediate doping (e.g., solid tihe in Fig. 3.8c) reveathat 10
decreases as the wavevector rotates away from the [001] direction (imagine black arrow rotating
with length matching the loss contour). Dissipation can thus be reduced relative to unhybridized

graphene (dashed blue line) by changing propagatrentain sincé | .

From Equation 3.6, we can also obtain an approximate -amatlitical equation for the
directiondependent scattering ratethre twodimensional limits3 0 rjag ®herev is the group
velocity. The scattering rate of thgybrid modes can be obtained setonsistently by satisfying

the following relation:

| % AT & (3.13)

wherel % k ¢* 2 - Q] 1 FQL0s 1 When— T the righthand side goes to
zero, forcingg [ on the lefthand side. In contrastat 1t ,J3 is not forced to equal the phonon
scattering rate. Since the righthand sidevusagk positive, it must be the case that 3 [ [

given that [ 8Numericalsolutions to Equation 3.13 are plotted in.EAd@d.

The scattering rate in the twehmensional approximation (red line Fig. 3.1i) provides
some intuition on where the eM©Osphmondplitstte pat i C
graphene plasmon into two modes and]  with respective scattering ratesA T 3\. As the
wavevector angle—rotates in Fig. 3.1i, the loss contour (red line) aves fromstronger
coupling wheres 3 , through a degeneracy where and] share losses equally, to weaker
coupling wheres 3 . The] loss follows the opposing path (pink line) with increasing

when3 decreases and woversa such that 3 i [ for fixed] andf .
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In summary, we have demonstrated an electronitadlyced topological transition and
the existence of SHHPPhy br i d modes i n-MaOs kbeteqsracturg byalipebte ne / U
imaging of plaritons using anrSNOM. Our observations are consistent with full calculations for
the electrodynamics of coupled plasrmmonon modes. Also, we demonstrated the tunability of
hybrid polariton modes by modifying doping level and excitation frequenayhéf our nano
imaging data augmented with calculations revealirdimate relationship between plasmon
phonon coupling and the properties WMBOshybric
integrated into a gated structure will serve as a hanophotonic platform for engineering devices with
dynamical isofrequency topajes and directional plasmgrhonon coupling. Furthermore,
patterning W@ g r a p h e-M@0s aould indpire new forms of photonic crystals with
subwavelength periodic changes in i seMo@equenc
device with an ultrafst laser may permit picosecond (112) switching of isofrequency topology for

time-varying metasurfaces.
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Figure 3.9: Polariton wavefront near topological transition. a-h, Simulated ReO field on a
100 +4vaOs4lab with graphene of various Rarenergie$O undenl =926 cm* illumination.
Polariton wavefronts evolve from hyperbolic to ovular with increased doping. [001] modes first
become visible aroun® =0.125 eV d, for this set of simulation parametefg lower dopingsb

andc, [001] modes are overdampeaddbr too highly confined to observe for the selected mesh

resolution.
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Figure 3.1Q Dependence of hybrid 40Qsahicknesea rs, 'mo me n
isofrequency andy, | oss cont o-WMoGs hewrbstragures with7@ mre(blug) and

197nm (red)thick -MoOs slabs. Both momenturisand dissipatiomjseiegrease with decreasing

U-MoOs thicknessc, experimental topography line profiles (i) taken from corresponding atomic

force microscopy images (ii and)iiid, experimental nedield amplitude line profiles on

structures withO =0.60 eV and varying thickness (corresponding 4fietat images shown in

Figures 3.4a (197 nm) and 3.5a (72 nm) in the main text). Note that both [001] and [100] mode
wavelenghs decrease in 72 nm sample (blue) relative to 197 nm sampleNoga bene0.60 eV

line profiles in Figure 3.5c are from Figure 3.4a, not Figure 3.5a.
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Chapter 4: Hyperbolic exciton polaritons in a magnetic

semiconductor

4.1 Introduction

Light interaction with excitons, bound states of electrons and holes in crystals, is a rich
subject that has been studied extensively in semiconductor quantum wells ([I221L38d T
more recently in van der Waals (vdW) semiconductors (89,-133). When excitons and light
couple strongly, they form bosonic quasiparticles termed exciton polarfi@)s Exciton
polaritons display intriguing physics: they have been made into-Bost¢ein condensates (114
115 demonstrating superfluidity (11617) with quantized vorticeq118119). Furthermore,
exciton polaritons have been used to realize photonic topological insulators (12@)rdshold

switching devices121), lasing without population inversiqa22),etc

Hyperbolic vdW materials, where permittivities have opposite signs along different crystal
axes, are predicted to host exotic kinds of exciton polaritons called hyperbolic exciton polaritons
(HEPs) (132133). HEPs may confine light to deeper subdiffractional wavelengths and provide
enhanced polaritonic density of states relative to conventional exciton polaritor$3LBASs
discussed in Chapter 1, hyperbolic polaritons can be composed of any polarcexdialy have
been observed with phonons {24), plasmong25), and even transient excitonic transiti¢26),
but their observation with steadyate excitons remains challenging. HEP confinement can reach
length scales comparable to the exciton Bohr radius, leading to unique nonlocal and quantum
effects (132, 134). An experimental realization of HEPs will tbpen new pathways to

manipulate excitons and light at the nanoscale.
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Exciton polaritons are commonly achieved within FaBérot microcavities, where
highly-reflective mirrors on either side of a semiconducting well ensure observable coupling of
excitons and photons. Energy oscillates between trapped photons and exatnms¢Rations),
leading to Rabi splitting of mode frequencies and coalescence of scattering rates X 18labs3
of vdW semiconductors without a closed cavity can themselves serve -ggiddity resonators
that support propagating waveguide modegaating with excitons (125), in a process sometimes
referred to as selfiybridization(126, 13). This geometry lends itself to scanning probe rano
optical techniques since the material surface is exposed, permitting dire¢imagiiog of exciton
polaritons (Fig. 1a). At room temperature, waveguide modes reveal negative phase velocity or
Abackhbeéndimper si on and increased dis<€28pati on
Upon cooling, exciton resonances sharpen, causing aerassing in the wavegde or cavity
mode dispersiofiL29). In hyperbolic materials, we will show HEPs appear inside thecewmgsing

with multimode dispersion.

HEP imaging is technically challenging since light must acquire a large momentum to
couple to HEPs, and exciton resonances must be strong enough to drive the permittivity to negative
values while keeping damping lowrequiring cryogenic temperatures irethase of most vdw
materials (135). In this work, we developed a cryogenic-iméaared neaifield microscope to
satisfy these experimental requirements and present direct images ofsstgadyEPs in the vdW
semiconductor chromium sulfide bromide (CrgBExcitons in CrSBr have large oscillator
strength and small scattering rate even in bulk crystals, enabling observation of exciton polaritons
without the need for a closed cavity (131). Using our hboi# nancoptics apparatus, we

establish the existee of HEPs through a combination of enerdggmperatureand thickness
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dependent measurements. Furthermore, CrSBr is known to bayge Antiferromagnet (AFM),
where individual ferromagnetic vdW layers order antiferromagnetically below the bulk Néel
temperaturéeY p o € (136137). Excitons in CrSBr have been found to couple to magnetic
order (138139)and additional unidentified optical transitions appear beélwl30, 140. We
observe HEPs in CrSBr coupling to these optical transitions, indicatinféisattransitions persist

in the highmomentum response. Finally, we note that the onset of hyperbolicity is concurrent with
the appearance of intralayer ferromagnetic ordep g+t (137, 141), suggesting magneto
electronic coupling may be at play. Calculations within asafisistent excitoniwertexcorrected
manybody perturbative approacll Xw) (142) reveal exciton delocalization upon magnetic

ordering, which contributes to increased exciton spectral weight and robust hyperbolicity in CrSBr.
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Figure 4.1: Hyperbolicity in bulk chromium sulfide bromide (CrSBr). a, schematic of
metallized tip of a scatteringype scanning nedreld optical microscope {SNOM) illuminated

by freespace light with momentur. The tip launches waveguide modes that couple to excitons
(shown as electron)thole (+) pairs) in a semiconducting van der Wasdab.b, experimental
complex bulk CrSBr dielectric functions - Q@ atq¢ w# (blue) andg o (black) highlighting
the temperature dependence of the exciton reson&8)cErSBr has a hyperbolic band (orange
region) with negative only along thed>axis at low temperature. Additional resonan@s&*)
following 8 are observed, transverse magnetic waveguide dispersions gplitP 17 and )
about the hyperbolic band; fundamental () and higher orders( phch..) hyperbolic exciton
polaritons (HEPs) appear inside the gap at low temperature and co8plartd8”*. d, at room
temperature, there is no hyperbolicity add waveguide mode only experiences gentle
backbending a8 between the Si@and CrSBrlight cones (dotted linesg, beam path from a
continuouswave (CW) neainfrared (NIR) source through a beaplitter (BS) going to a

cryogenic sSNOM, detector, and vibrating mirror.
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4.2 Hyperbolic exciton polaritons in CrSBr

First, reflectance spectra of CrSBr flakes were measured using a Bruker Hyperion 2000
microscope connected to a Bruker Vertex 80 V FTIR spectrometer. A tungsten halogen lamp was
used as a light source covering a frequency rang@adbx ¢® A 6 Linearly polarized light was
focused on the sample usingpa objective and the aperture size was set to be smaller than the
sample dimensions. Reflectance spectra in the visible range are normalized to an optically thick

silver layer p x Tt i) on the substrate and recorded with a silidetector.

Dielectric function fitting was performed with a multilayer model consisting of a CrSBr
thin flake with thicknes§on top of aw A [-thick SiC; layer on a seminfinite silicon substrate.
The dielectric function of the SiOlayer is extract® from the measured reflectance using
variational dielectric function (VDF) fitting in the RefFit packa@®). Theaaxis dielectric
response of CrSBr as a function of frequency was initially parameterized by a combination of

Lorentz oscillators

| o ®
- - — T
1 1 Qr
and TauelLorentz oscillators
o 171 1 g ~
- - = h T
] T ] = gl 1 & &
C Y- &
- —| “ b -| T

Here] h'Qandr are the oscillator frequency, oscillator strength and linewidth of the Lorentz

oscillator, respctively.- is the highfrequency dielectric permittivity. Taticorentz oscillators
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were used to better describe the asymmetric lineshape of the excitonic resonances in CrSBr. In
Equation 4.2, ,06,1 j,and’ describe the ceaer frequency, height, onset frequency, and width

of the TaueLorentz oscillator, respectively. @ is a step function and the real part of the dielectric
function - 1 is obtained from KrametKronig relations (Equation 4.3). Using the multi
oscillator model as a starting point (Table 4.1), reflectance spectgaaiis responses of CrSBr

were further refined with VDF fitting in the RefFit packd@®2) (Figure 4.2).

CrSBr is orthorhombic witiPmmnspace group and lattice parametérs T8 x @ Xi,
w T ung, andod T w ¢ ul (136); it has a diagonal biaxial dielectric tensor -» "Qp
in the principal basisThe graxis dielectric permittivity is dominated by exciton resonances below
the semiconducting bandgappad A §143). In this work, we focus on the exciton resonarke (
peaked ap® 1 A ¢ wb)-p& ¢ xAvg¢ 1#). The8 linewidth is broad at room temperature but
narrows significantly at cryogenic temperatures (Fig. 4.1b), likely due to suppression of phonon
induced scattering (144). Along tlieandgaxes, the dielectric functions are effectively constant
in the neatinfrared range-( p cat¢ w+d (Fig. 4.3);- o¥ atg 1, T® atv 1, andy at
¢ w+¥). waxis values were extracted from ndiatd microscopy (Fig. 4.4). BecauSeappears
only along thebaxis and is sharp enough at low temperature to allow for negatiaues, we
observe an energy band aroy&l A gorange region in Fig. 4.1b) where the CrSBr isofrequency
surface is hyperboloidal. Further, we note thestexice of sidebands 8f labeleds8” and8**, at
p® | dhreand p& w cluB respectivelyjn the lowtemperaturasaxis dielectric function (Fig.

4.1b, right panel).
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Figure 4.2: Far-field infrared spectroscopy with 4-axis polarization. Farfield reflectance
spectra from Fourier transform infrared spectroscopy alongrthés for,a, ¢ m, b, v 1, andc,

¢ w+. d-f, corresponding real dielectric functions)(obtained from variational dielectric function
(VDF) fitting. Linewidths are orderof magnitude lower at cryogenic temperatures,cahds a
larger oscillator strength tha(Supplementary Table 1g-i, corresponding imaginary dielectric
functions ( ) obtained from VDF fitting (solid lines). Three peakgjiare the excitong) at'O

p& @ xAuveand two sidebandss{, 8*°) at'0 p& ¢ A& 6and p®& w cAug respectively8 and 8* are
observed im at0 p& ¢ dxeandp® Y phue respectively. Onl is observed in peaked ab
T A6
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Table 4.1: Lorentz and TaucLorentz oscillators initial model parameters.

T(K] Type |B] gfchlvol (e f( cA| ctn| ssa (chn

295 Lor en 3.41 9349. 1239110 2218. i

Tador e 9559. 10637 855097. 982. 2]

Tattoore 12979) 11656 6963186 1480. 1

50 Lore 3.1 11307 221886 2] 341. 9]

>

Tattore 10689, 11007 9443575 46. 06

Tattoore 13456, 14135 2381064 495. 5]

Tadore 15824, 13875 1063389 1142. (

20 Loren 2.67 11316 2855320 373. 1]
Tadore 10779,) 11024 1728437 28. 97
Tadore 13493 14185 2701528 458.6

Tadore 15734, 13329 9155736 2047 . ¢
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Strong coupling between excitons and photons causes acr@sging of the waveguide
mode dispersion at low temperature, and the highly anisotropic nature of the excitons in CrSBr
also admits HEPs between the split waveguide modes (Fig. 4.1c). By comtrasiom
temperature8 is broad and there is no hyperbolic band; we only expect a gentle backbending of
the waveguide mode dispersion (Fig. 4.HEPs can be either surface or bulk modes. Surface
modes disperse from inside the material light canR'O @@ and have evanescent surface
fields. Bulk modes, on the other hand, exist only to the right of the material light cone. In CrSBr,
bulk modes have iplane hyperbolic wavefronts with oscillatory enftplane electric fields
propagating througkhe bulk like waveguide modes. The fundamengal () HEP mode is a
surface mode inside the material light cone and becomes a bulk mode outside. On the other hand,
higherorder HEP modest( plch..) always exist as bulk modes. We will demonstrate this
rigorously on the following pages. Furthermore, the sidebands noted earlier in Fig. 4.1b may
couple to HEPs. Indeed, the backbending features in the HEP dispersion (Fig. 4.1c) &ccur at

and8’* energies.
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Figure 4.3: Far-field infrared spectroscopy witha-axis polarization. a Farfield reflectance
spectrum from Fourier transform infrared spectroscopy polarized along the &e&Brat room
temperature (black). Dielectric function fit (red dashed line) using a complex dielectricntonsta

b, extractedvy-axis dielectric constantis p & 1@ fQ
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Figure 4.4: Fitting c-axis dielectric constant to neaifield data. a, waveguide mode dispersions
for various values ot , the outof-plane dielectric constant. is thebestfit value for room
temperaturéraxis neaffield data (black square&, n).-  yalso fitsgraxis neaifield data £

m well, but these data were not considered during -Egsares fittingb, hyperbolic exciton
polariton dispersions forarious values of .- o is the besfit value for¢ m nearfield data

on ap mlx | sample (black squares). Fonr+, we use the waveguide mode in Figure 3f to extract
- .
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When we consider an orientation where the CrSBr dieleemgot- is diagonale.g.when

the principal> and@axes are aligned to tk@axes, simplifies to a familiar form:

‘FfQ‘li!Q 8
ol o 110 !

where:

~

i —hO0O — andQ -0 .

Qis the thickness of the slab al®l 1 Tcis the momentum of vacuum photohiw consider
a geometry where substrate and superstrate are both vacuum. Equation 4.4 further simplifies and

we get a simpleondition for the polariton modes of the slab:

° o 210 70

We discuss the hyperbolic case where 1. We observetat the fundamental hyperbolic mode
is a surface mode when its dispersion is between the vacuum lighcand material light cone

Q  PF Q by the following argument. Neglecting dissipatipni(Q 1), one has

Therefore, to satisfy Equation 4ds ‘Qvaries in the rang@2 Q "Q, Q must be pwely
imaginary sincé is purely real That is to say, the polariton is a surface malben™@ Q ,
the solution forQ becomes complex sinée can in general be complex, meaning the mode will

have some oscillatory owif-plane compoent like a typical bulk hyperbolic polariton.
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Furthermore, expanding the positive branch ofandQ aboutQ :

i T 22 _5oqg Q—T10 0 T
P — 5 P CQ — &
As we move slightly left ttQ "Q , we see that both andQ are increasing from

onesince - - and - - T.Moreoverj © Has® p pr- Tp pF- - Qk
‘GandclearyQ '@ Q. Thus, as we move farther beld,i mustincrease rapidly while

Q grows comparatively slowly. If the lefthand slope of is smallerthan that ofQ at

Q , then these functions must intersect at some point (Fig. 4.5b). By comparing derivatives of

Equation 4.5, we can solve for the frequency range where this is true:

s1 s “1TQ& p Ty
The range of frequencies satisfying Equation 4.8 admit a solution to Equation A% fof)
"Q , and by the arguments following Equatio® 4. must be a surface mod®aturation of the
bound in Equation 4.8 corresponds to crossing of the material light cdren Bfuation 4.8 is

not satisfied, the fundamental mode still exists, but as a bulk m&de &0 .

Suppose now the dielectriariction is a single Lorentz oscillator (Equation 4.1) With
m Then- © Hoas] ©71 from above. S © Q andQ diverges immediately below
'Q,and we hav&®)  © "Q for the surface mode as illustrated in Figha. Meanwhile, higher

order modes witlQ "Q always havé © pas] ©7 and the selbscillation condition is

simply &€ “TQ - Q 'Q ¥ . The righthand side will always diverge unlé@s "Q for

all mode ordes ¢, thus forcingQy © Q.
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Figure 4.5: Hyperbolic surface polaritons. ahyperbolic polariton dispersion of a toy suspended
anisotropic material with a single-plane Lorentz oscillator dielectric function in the near
infrared. The fundmental mode is a surface mode With © Q inside the material light cone

z

and a bulk mode outside, crossing the material light cone “atwhen 2 A 1

“1"Q - p .Higherorder modes are always bulk modes Vitdth © "Q . b, below °, the
two terms in Equation 4.5 intersect betw&eandQ , corresponding to a surface mode solution.
The initial slope of the exponential term is higher than that obuti  diverges af@. c, above
1 *, the two terms do not intersect abd@ebecause the initial slope of the exponential term is

smaller.
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4.3 Nangeimaging experiments

To access HEPs experimentally, we performed cryogenic scattgpagscanning near
field optical mcroscopy (SSNOM) on a homéuilt system illuminated by a tunable continuous
wave neaiinfrared laser (Fig. 4.1e), the M Squared SolsTiSapphire laser to be specific. Ag
coated TERS tips (OMNI TERSNCAg) from AppNano were used in the crggstem.
Tenperature measurements were performed with a silicon diode sensor (Lakestgx@)dXed
underneath the sample holder receiver. We also use a comme3blald system to characterize

CrSBr waveguide modes at room temperature, also with an M SquaredSSolsTi

Recall, in sSSNOM experiments, a tapping metallized tip is illuminated by laser light and
the backscattered signal is demodulated at the higher harmonics ofttygpiipg frequency. The
tip can launch modes, including highomentum polaritons that canria® excited with freespace
light, which propagate to sample edges, transmit or reflect, and interfere with backscattered light
from the tip. As the tip scans, interference fringes appear, corresponding to various light modes
inside the material (e.gvaveguide modes and polaritons) or air modes, which arespraee
standing waves from interfering scattering at the tip and sample edge that disperse like the vacuum

light cone(0 "OG.
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Figure 4.6: Geometrical correction to the inplane wavevector. g schematic of sample
geometry in the roomemperature nedreld microscope detailing the 4plane direction—of
incident light (blue arrow) relative to sample edges (solid black limesimilar schematic for
sample in the cryogenic micragpe. Inset shows light incident at an-ofi#plane angle o g J
for room temperature experiment am@J for cryogenic experiment, ratio of true wavevector
to observed wavevector for differeatvith O p& x A6andQ p#® x p mA | . Relevant-are

marked with dashed gray lines.
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In the neaiinfrared, we will also have to take care to correct observed wavevectors
according to the path taken back to the detector. Relative tinfrédled polaritons, the iplane
wavevector of neainfrared exion polaritonsQs close to the momentum of frepace lightQ
1 ¥ Modes launched by theSNOM tip thus tend to transmit through sample edges and
outcouple to the fafield. Fringes in sSSNOM images are interferograms of edgansmitted
modesand light backscattered from the tip, which follow different paths back to the detector.
Analysis of SSNOM fringes must account for this path difference by applying a geometrical

correction to extracted momenta (89):

(4.9)

I Kk AOAGRIN AT-6 (4.10)
whereQ is the observed momentum extracted from Fourier analysisg i3 the outof-
plane incident angle (80), ards the inplane incident angle relae to the sample edge parallel.
Given'Q and—-one can solve Equations 4.9 and4.10-seifsistently to obtaif Figs. 4.6a

and 4.6b deta#—for sample orientations used in room temperature and cryogenic configurations,

respectively. Fig. 6c plotsG¥Q for fixed energy and true momentum.

We verify at room temperature that excitons and photons couple directionally in CrSBr.
Fig. 4.7 shows select roetamperature-SNOM images and line profiles from corners of CrSBr
crystals at pbton energies in the range ¢ p® VA 6 Fringes in Figs. 4.7a and 4.7b are
superpositions of the fundamental transverse magnetic waveguide modg gifdair mode
interference fringes. Nedield amplitude line profiles along thgaxis (Fig. 4.7¢) showa region
of negative or backbending dispersion reffollow dashed lines). On the other hand, line profiles
along thewaxis (Fig. 4.7d) maintain a positive linear dispersion throughout the investigated
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energy range, indicating thataxis TMy modes daot interact with excitons. In Fig. 4.7e, after
applying the geometrical correction, Fourier peaks of bip#ind@-axis profiles are overlaid on

the) Ii loss function based on the dielectric functions obtained froffieiarreflectometry. Fast
Fourier transforms (FFTs) of line profiles in Figs. 4.7c and 4.7d can be found in Fig. 4.8. We note
excellent agreement between the calculated dispersion and momenta extracted frveldnear
profiles, affirming that excitoqphoton coupling occurs only abithegyaxis. Furthermore, within

our calculation, theéxaxis backbending in real hQ space (Fig. 4.7e) corresponds to a Rabi

splitting in complex electrodynamicsaff ¢ ¢ lpA 6

The waveguide mode dispersion splits about the hyperbolic band with@dece Rabi
splitting energy ofsy p @ lo A Gt ¢ # (Fig. 4.9d).3 is smaller at¢ 1 than at room
temperature because of the redueedFig. 4.4) which was overlooked by other studies (130)
Coupling between excitons and light is often undedtwithin the framework of the coupled
oscillator model. In twalimensional quantum well structures with mirrors, the-gstfillation
condition for polaritons can be mapped analytically to a coupled oscillator model by making a
nearresonance assumptiobd). In waveguide geometries, however, the-gstfillation condition
cannot similarly be cast analytically into

modeod cannot be neatly decoupled into indiuvi
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Figure 4.7: Roomtemperature nancimaging of CrSBr waveguide modesRoom temperature
nearfield images ata, O p& & 6and,b, O p& )A eshowing interference fringes alodgand
waxes of @ p I I CrSBr microcrystalc, line profiles along the white dasheéshxis ine ina at
probe energies frord p& ¢ p® WA 6 A region of negative dispersion (black dashed line) is
observed near the exciton resona(®ed, line profiles along théraxis line ina have a positive
linear dispersion (black dashed line) throughbeta p& ¢ p& VA éenergy rangee, geometry
corrected Fourier peaks of line profilesdmndd overlaid on the ii loss function calculated
using optical constants from téield spectroscopy.-SNOM data are consistent with the vacuum

light coneand waveguide mode dispersions. The waveguide mode dispersion backber@ls near
only along thebaxis.
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Figure 4.8: Fourier analysis of neafield amplitude data. Fourier transforms of line profiles

shown in,a, Fig. 4.7c andb, Fig. 4.7d. Peak kations after geometrical correction correspond to
plotted data points in Fig. 4.7e. Red dashed line traces air mode peaks and black dashed line traces
TMo waveguide mode peaks. A backbending dispersion is observed near the exciton energy
& p& WA & only along thewaxis. ¢, Fourier transforms ofy ¢ 1+ nearfield profiles. Blue peak

positions are plotted in Fig. 4.12c.
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A more general calculation for Rabi splitting energies involves computing the separation
between complex poles (145) of Equation 4.4. Complex el ectrodynami cs r e
decaying electric fields (146), while our experiments probe spatialtaying standing waves.
Complexy el ectrodynamics do not represent our p
physical and can be probed directly via other methods. Unlike cosfpdelutions, complex
eigenvalues are homotopic to the coupled oscillatmteghand provide an unambiguous value for

the Rabi splitting energy. In Fig. 4.9, we search complespace for zeros of ...

P iiQ . To enforce zeraletuning, a real value for k can be chosen such tliat
) 15 when2 A 2 A (strong coupling); o2 A 2 A when) | ) i (weak
coupling). If the dielectric function can beperssed as a single oscillator, thef ) 15

[ ¥t at zero detuning in the strong coupling regime. We obtain Rabi splitting energies of
1 1 ¢ ¢ kp A 6using thec¢ w+ dielectric function andQ ppki, Q p® ¢ ¢ ¢
p MAT (Fig. 49a) andst  p ¢ Io A dising theg 1# dielectric function and2 p mtix I,
O p8tu p mMAT (Fig. 4.9b). Reduced scattering rates at low temperature typically increase
31 , but other features of change simultaneously, particularly, leading © complicated
temperature dependence. Although, it may be that the two solutions around R8 eV in Fig.
4.9a are actually weak coupling solutions and thus the room temperature dispersion is in the weak
coupling regime. Finally, we plot complax s o | fortdiffeent sletuningZ AQ in Figs. 4.9¢c
and 4.9d, showing that thepincide approximately with dispersions of split waveguide modes in
the) [i loss function. Finally, we remark that the coupling strength is only a parameter of the

coupledoscillator model and is not wedlefined in the generalization described above.
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Figure 4.9: Rabi splitting in complexo electrodynamics.Complexy pol es of Equat
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¢ wo and, b, p oo A 6for Fig. 4.12 sample at . Complex poles at different detuning
approximately match split waveguide mode dispersions forRig. 4.7 andd, Fig. 4.12) ii

loss functions.
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Next, we will peform neasfield naneimaging of CrSBr at cryogenic temperatures. We
now expect HEPs to appear within the splitting. Fig. 4.10a she8NGM images aiO
p® x A 6of ac il CrSBrcrystal atY ¢ w+ andu 1 in the same region. Both images are
normalizedto the substrate and plotted on the same color scale. Thetoperature image is
noticeably brighter, consistent with a negativeand the appearance of a hyperbolic band.
Moreover, additional subdiffractional fringes with different periodicity @ppen thev 1# image
(black arrows). After the geometrical correction, their corresponding momenturp8isp
p MA [ at¢ m; which is beyond the material light cone w60 p& x A6°Y ¢ 1

p®& T p A | . This momentum is consistenttivithet  p bulk HEP mode.

In realspace (Fig. 4.10b), HEP fringes (orange diamonds) are partially obscured by air
modes (green circles). In FFT spectra (Fig. 4.10c), however, HEPs (orange diamond) and air
modes (green circle) can be readily distinguisivgd fit two Lorentzian lineshapes (dashed blue
lines) to the measured FFT spectrum, decompose them, and show their correspondpageecal
inverse FFTs in Fig. 4.10b. If only the HEP peak is filtered in, then the correspondisgaeal
fringes are showin the bottom of Fig. 4.10b. We extract an HEP propagation Iéngth 1@ t i
with a confinement factof¥Q ofx ¢& at this energyNote thatC¥'Q can be even higher at the
edge of the hyperbolic band and for thinner samples or hgider modes. A twalimensional
FFT filter can similarly be used to remoaie mode fringes from Fig. 4.10a. The filtered néeld
image atv 1¢ is shown in Fig. 4.10d. The HEP fringes are now unobscured and their averaged
line profile (black line) is comparable to the esienensional Fouriefiltered line profile with HEP

only in Fig. 4.10b.
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The Fourier filtered image in Fig. 4.10d was obtained using the 2D fast Fourier transform
(FFT) filtering tool in Gwyddion. Air mode peaks at positive and negative momenta were removed
from the mask in Fourier space, as shown by the red circles in tbenbo#et of Fig. 4.10d. One
dimensional line profiles (Fig. 4.10b), on the other hand, were Fourier transformed using SciPy.fft
methods and sometimes processed with BaselineRemoval and gaussianfilter_1d methods. Fourier
filtering was performed by fitting &rentzian functions to FFT peaks and analytically taking their

inverse Fourier transform:
Yo 0 2 A )y iQ 5 'Q o] 8% P p

We see that the propagation lengtthdefined as the distan@euntil the realspace amplitude
drops topTQof its initial value,can thus be estimated from the halflith at halfmaximum) 1Q

of the Lorentzian peak simply & pf) i'Q

Line profiles along the white dashéshxis line in Fig. 4.10a are shown in Fig. 4.10e at
"Y ¢ wip mho fland¢ 1# in black, gray, cyan, and purple, respectively. At room temperature,
we observe TMlwaveguide modes and air modes with similar periodicitiep. At¥, TMo modes
disappear as the waveguide mode dispersion splits and only air modes remain. New peaks appear
between the air mode fringes at even lower temperatures, changing position fiong 1%
(follow black dashed lines). Calculations usingffatd optical constants suggest that the HEP
wavelength should increase with decreasing temperature (Fig. 4.11&e@®mes more negative
T in agreement with the experimental line profiles. Fig. 4.10f showsra nearfield image
outside the hyperbolic band,@t p& 1A 6with corresponding FFT spectrum below. Fig. 4.10f
looks qualitatively different from Figt.10a ab 1#. We now see the Tpvaveguide mode since
the probe energy is far from the aatossing. Unlike the HEP in Fig. 4.10c, the corrected

97



momentum of the ThWpeak in Fig. 4.10g % p& p TA [ , less than the momentum of the
material lightcone (red dashed line). Also, the ¥Mode is much less lossy than the HEP, as seen

by either comparing propagation lengths or FFT peak intensities relative to air modes.

To further confirm our assignment of HEPs, we investigated another CrSBr crystal of
different thickness. Fig. 4.12a shows a rigeld image at the corner of@mtfx | CrSBr crystal
at’Y ¢ 1 andO p@& x A 6We again see a subdiffractional fringe propagating alongthe
axis. No subdiffractional fringe was observed alongdfexisi as expected from the-plane
hyperbolic isofrequency contour (left panel). The large anisotropyeleet observed andg-axis
air modes, on the other hand, is due to the different interference paths along the two directions;
which are also different from Fig. 4.7 (Fig. 4.6). In Fig. 4.12b, the averaged line profile in
thep 1l | sample (blue)s compared to a line profile from tlgert it i sample (purple) at the
same temperature and photon energy. The fringe wavelength shortens with decreasing thickness,
which is consistent with the welistablished property that hyperbolic modes have higher momenta
in thinner samples (223). By contrast, waveguide modes follow the opposite trend (Fig. 4.11):

allowing us to distinguish HEPs from waveguide modes and conventional exciton polaritons.
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Figure 4.10: Low temperature naneimaging of hyperbolic exciton polaritons in CrSBr. g,
Collocatedo p# x A& eearfield images of & mini CrSBr microcrystal atY ¢ w+eandu .
Images are normalized to the asaeraged substrate signal and displayed on the same color scale.
CrSBr becomes significantlprighter atv = and new subdiffractional fringes appear (black
arrows) corresponding to the suspected hyperbolic exciton polariton (HERaxis neaifield

line profile andc, corresponding fast Fourier transform (FFT) revealing observed mofenta

of the air mode (green circle) and HEP (orange diamond). Decomposed air mode and HEP FFT
peaks with corresponding resppace profiles shown ib. d, Nearfield image atv = with air
modes removed via 2D Fourier filtering. The bottom inset atdis the filtered regions of the 2D
FFT.e, @axis line profiles along the white dashed lina@t"yY ¢ w+fp m#L 1, andg . The
subdiffractional fringes only appear in leemperature profiles and redshift with decreasing
temperature (dashed &g).f, v # nearfield image outside hyperbolic band and averaged line
profile (black line) with,g, corresponding FFT reveal Tovinode inside the material light cone
(red dashed line).
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Figure 4.11. Temperature and thickness dependence of hyperbolic exciton polaritons.
Calculated,a, temperature andy, thickness dependence of p hyperbolic exciton polariton
(HEP) and fundamental transverse electric waveguide mode) (li&ing farfield optical

constants (assuming-axis is not temperatwdependent) andyaxis dielectric constants from

Figure 4.4.
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Figure 4.12: Thickness dependence and dispersion of hyperbolic exciton polaritons.”&

¢  nearfield image of the corner of@mix | CrSBr microcrystal @ p& x & 6 The hyperbolic
exciton polariton (HEP) fringe appears only along lkaxis as expected from its/perbolic
isofrequency contour (left inset), averagedyaxis line profile (blue) compared to a line profile
at the saméYand O on a¢ nini crystal (purple). Air mode wavelengths do not change with
thickness (aligned by vertical dashed lines) while HEP fringe (black arrow) blueshifts with
decreasing thickness (diagonal dashed Imy@&xperimental HEP and air mode momenta at various
energies overlaid on 1 ) ii loss function (dashed orange line corresponds fo @ ii i)- 8°
sidebad causes backbending of HEP dispersion (white ltheJEP does not appear in ndeaid
image at0  p& YA 6but,e, appears inimage a p& x & gblack arrow). Scale bars aoegi .

f, theoretical propagation length with and without8” in orange and black, respectivel’.

causes significarit reduction.

101



4.4 Magnetic effects

Next, we compare HEP momenta to calculations and assess the experimental evidence for
coupling between HEPs and exciton sidebands. Fig. 4.12c showsnexpat HEP momenta
(blue squares) from neéield data taken on a microcrystal with thickn@&s p mix | at”Y
¢ andO p& @ x p® & 6FFTs of line profiles can be found in Fig. 4.8. Error bars represent

full-width halfmaxima of FFT peaks. Data are da& on the) ii loss function (maxima in
orange) and calculated dispersion (white line). NoteithAt® [i is not always a good indicator
of poles for lossy modes near the light conten dissipatior{) 1'Q is large, as in Fig. 4.12c,
i A@ii may no longer be a good indicator of poles. Consideé at fixed] that is non

holomorphic afQ "Q but analyticomt  Q Q  &with Laurent series:

i Q — ® Q0 1 ¢

We plot) i from Figure 4c in compleXQspace with true dissipatiofFi. 4.13) and reduced
dissipation (Fig. 4.13b). Note Fig. 4.1, the pot resembles a simple pole with real coefficient
ie) I mAT & T, inset of Fig. 4.13b), such thatO C 1) Aid™Q Q. When larger
losses are introduce® begins to deviate from a simple pole with real coeffici€ig.(4.13a).
Either) i® or®  are now nomegligible. Thus, the usujl {i heuristics for poles are invalid.
For this reason, computed dispersions may not necessarily align with maxjméi ofn all

figures.
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Our data agree with the calculated dispersion (white line) and support the existence of
backbending nea® - indicating that HEPs couple to exciton sidebands. Furthermorefiakehar
images taken witlD  p® Y A 6do not have noticeable HEP fringes, suggesting&hatay be
enhancing polariton dissipation. Figs. 4.12d and 4.12e showfiaaimages al0 p& YA 6
and p®& X & 6 respectively. The black arrow indicates the HEP fringe inptirex 4 6image,
which is absent in the® & 8mage. Fig. 4.12f shows calculated HEP propagation lemwgths
and without8”. The 8" sideband causes a significant reduction in propagation landtigher

energies, which explains the absence of HEP fringes in Fig. 4.12d.

Recall that bulk CrSBr is an-fype AFM below”Y p o €. Intralayer ferromagnetic
interactions aligning k#plane spins of Cr orbitals (Fig. 4.14a) actually appear at a slightly higher
temperature ofY p @ #(137) Between'Y and”Y, shortrange ferromagnetic domains form
(141, 147) before giving way to AFM order when interlayer magnetic coupling dominates below
"Y (Fig. 4.14b)In Fig. 4.14c, experimentalaxis- from farfield spectroscopy is shown néar
and "Y. The hyperbolic band of CrSBr caused 8y(white region, - m) first emerges
immediately below’Y and broadens with decreasing temperature. In Fig. 4.14d, we plot the
experimental spectral weight (black crossesd afs a function of temperatur8pectral weight
was defined in this work by the following expression:

Yo — . 1 Q] o

where, 1 2 AQw1 p -1 w]- - 1 is the real part of the optical conductivity.

The integrated spectral range was fro&n T p® VA §p it tp @ AT ). Spectral weight

values were normalized such that tHev 'Y p 1 p.

103



4 f(z)=Im 2" b

© 0.005 0.01

01 015 0.
Imk (10° cm”) Imk (10° cm”)

Figure 4.13: Im rp in complex-k space.Imaginary part of thé-polarized reflection coefficient

i in complexQspace at fixed photon energy p# x & awith a, experimental andy, artificially
reduced dissipatio. A @ii does not align with the complex poleiofvhen dissipation is large

in a. With reduced dissipation Im however, the pole resembles a simple pole with real coefficient

(inset) at approximately A@ii .
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Figure 4.14: Onset of hyperbolicity and magnetic order. a schematic of intralayer
ferromagnetic correlations (dotted lines) aligningplane # Gpins (arrows) below a critical
temperaturéyY p @ £ b, interlayer correlations below the bulk Néel temperattiye (p o <)

order CrSBr into an Aype antiferromagnet (AFM) with ferromagnetic van der Waals layers of
alternating spin (arrowsg, realg-axis permittivity- near’y and”y from fits in Fig. 4.15CrSBr
becomes hyperbolic, m(white), below'y; and the hyperbolic band broadens with decreasing
temperatured, measured spectral weight (black crosses) of the CrSBr exciton (inset shows integral
of real optical conductivity ) increases rapidly with the onset of magnetic order and plateaus

below "Y. Orange line is a guide to the eye. Solid gray lines shada®» theory predicting
enhancement in exciton oscillator strength going from paramagnetic (PM) to AFM atatadh
electronic band structure in AFM (left) and PM (right) phases. Colored bands (orange) show the
distribution of exciton spectral weight across various valence and conduction band states.
Magnetic disordering in the PM phase leads to electron localizattbnealuced dispersion along

3-Y (black arrow).f, the probability of both electron)(and hole (+) being on the samieSite

increases due to electron localization in PM phase.
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All optical conductivities are shown in Fig. 4.15. The spectral weight increases rapidly
below ™Y, then plateaus beloWr. Similar behavior has been observed in other transition metal
magnets and was attributed to magralctronic coupling (14850). 1 Xw calculations on
CrSBr indeed predict a significant increase in exciton oscillator strength going from paramagnetic
(PM) to AFM states (gray lines) and show remarkable agreement with -r@sgleed
photoemission spectroscopy ()5Electrongaking part in exciton formation gain kinetic energy
and become more dispersive alongdhé direction and so less localized in the AFM phase (Fig.
4.14e). Considering electrons hopping in the crystal lattice roughly as atomic transitions, such that
hopping is forbidden between atoms of antiparallel spin, then electrons should indeed be more
itinerant in ferromagnetically polarized monolayers than in a PM lattice with random spins.
Simultaneously, the onsited components of the exciton wavefunction géuced in the ordered
AFM phase (Fig. 4.14f), leading to a larger oscillator strength-{B2). Together with reduced
scattering rates at low temperature, the increased spectral weight from magrieticegd

exciton delocalization allows for robust RE in CrSBr.

Electronic structure and excitonic properties are calculated within acaelfstent
diagrammatic extension of quasiparticle saifisisten"Ow theory 1 30w) (155) calledl Xw .
In contrast to convention"Ow methods1 30w modifies the charge density and is justified by a
variational principlg€155). On the other hanl Xw (142) iteratively update’Q theself-energy
(1), and the screened Coulomb interactiw)) (until all quantities seltonsistently converge to
desired accuracies. Withl Xw, w includes vertex corrections (ladder diagrams) by solving a
Bethé Salpeter equation. Crucially, 01 3w methods are fully selfonsistent in bott and the

charge densit{156). Our results are thus paramefere and have no starting point bil 30w
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and 1 o cycles are iterated until the root mean square chand ieachesp 1t 2 UA

¢ ¢ ¢ supercell of the GBr.S; formula unit with six atoms per unit cell was ust ygtoms

total witht (interstitial sites added to augment the basis with floating orbitals). In paramagnetic
calculations, local spin orientations are arranged in a quasirandom configuration that mimics the
most relevant radial correlation functions of a true random strucfureobjective function
composed ot Y pair ando | triplet functions is minimized, following the approach of Ref. 157.
The objective functiorrontainedp pairs ancg Tttriplets per# Gite. This corresponds to three
shells of# @eighbors whose length ranged betwn& @@ndmng dattice constants, and all triplets
whose sum of lengths did not excep® X lattice constants. The twuparticleexcitonic
Hamiltonian that is solved setbnsistently to compute botiand excitonic eigenvalues and

eigenfunctions, contained 104 valence bandsc gebnduction bands.
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Figure 4.15: Temperature dependence of exciton spectral weight, aeflectance spectra
polarized along thé-axis of a bulkg wk i-thick CrSBr microcrystal at temperatures p

¢ w+. Variational dielectric function fits are black dashed lingscorresponding real optical
conductivities, . Filled areas correspond to areas of integration betweenand used to
calculate the exciton spectral weigBW{j. Inset showSWas a function of temperature. Fitting a

power law (green dashed line) yields a critical exponengod
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In summary, we have observed HEPs in a stetale neafield experiment. The
temperature thickness, and energygdependence of subdiffractional fringes in our rigzld
experiments establish expected HEP properties. Further, we demonstrated cotbeg bEPS
and exciton sidebands in CrSBr, as evidenced by backbending and enhanced HEP losses above
p® Y A 6 Lastly, by measuring exciton spectral weight near magnetic transitions, we proposed
that hyperbolicity in CrSBr is partly driven by magneiectronic coupling. Future work may
integrate CrSBr into an open cavity photonic crystal to improve HEP propadatigths while
still permitting direct imaging158-159). Improving quality may also enable imaging of ¢he
Tt surface modé observations of surface exciton polaritons are rare-{B3) and neadffield
imaging could provide direct proof of their existence. Finally, measuring CrSBr irS&O3
capable of applying magnetic fields (26@3) would allow for studying the interplay between

HEP propagation and magnetic order.
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Chapter 5: Hyperbolic plasmon polaritons in a bad metal

5.1 Introduction

Electrons in correlated materials are subject to additional scattering mechanisms arising
from electrorelectron interactions (164), allowirigquite unintuitivelyi for mean free paths
shorter than the interatomic spacing: thecatbed Mottloffe-Regel imit (165). The conceptual
breakdown of an electronic mean free path of Bloch states atlefeled energy and momentum
is usually accompanied by nonsaturating, linear in temperature resistivity with a shifted Drude
peak (166167).This phenomenology hdmeen broadly observed across higtsuperconductors
(168), density wave materials (169), and healgctron systems (170Pne might naively expect
for collective modes, or plasmons, of such correlated electrons to likewise propagate short
distances. Results on this topic are mixed, however. Some studies suggest that-alaanuliag
like continuum extends to all frequenciamd momenta (171), explaining observations of
overdamped plasmons in néermiliquid systems (17273). Several other experimermstect
unrenormalized plasmons well explained by noninteracting theoriesl{@&)4arguing that many

particle excitations are much less sensitive to correlation effects.

In this work, we present direct optical images ofdoas hyperbolic plasmon polaritons
(HPPs) in the aistable and exfoliatable correlated van der Waals metal Mq@T#178). HPPs,
waveguided plasmons in materials with anisotropic plasma frequencies giving oppsigiteky
dielectric tensor components (1180), tend to be very lossy (25,181) in contrast to e.g. their
hyperbolic phonon analogues ¢24). Surprising}, we find that HPPs in MoOgtan propagate
for several microns, up to about ten cgckt room temperaturie breaking records for HPP

lifetimes and rivaling graphene surface plasmon polaritonsi(98)hout requiring electrostatic
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gating or chemical doping. Furthermore, Mo®@iSlfound to have an ultrabroad hyperbolic band
spanning the neanfrared and visible spectrum, so HPPs can be studied in previoaslyessible

frequency ranges.

MoOCI: belongs to the oxychloride family of van der Waals materials, which is generally
characterized by weak interlayer coupling and lattice distortions enabling exotic anisotropic
physics (182184). In the case of MoOg;lan orbitalselective Peierls distortion produces -one
dimensional dimerized Mo chains, renderMg-dxy bands essentially dispersionless and splitting
them away from the Fermi surface (FS); whilgyglbands disperse through the Fermi level, but
with strong inplane anisotropy (185). Cquuatational studies have suggested this electronic
structure gives MoOGhyperbolic optical anisotropy with interband transitions pushed to higher
energies (186), enabling hyperbolic plasmons (187). Furthermore, transport gtdfjaadicate
thatMoOCbmay be regarded as a f-blectlodintern&ctionas! Its poort h st
room temperature resistivityv v ft A | corresponds to a sheet resistance per plapg Em
twice the resistance quantumfA 1 Em, and MoOCL exhibits colossal nonsaturating

magnetoresistance along with behavior transitioning td-linear transport above 133 K.

In this context, the recosdreaking HPP lifetimes in MoOghre even more remarkable:
we find that a metal with high DC resistivity supports Aeérared hyperbolic plasmons with
| ower damping than previously seen in fAgoodo
HPPs to probe the intraband dynamic$/@iOCl, and understand this contrast. We first discover
that the HPP dispersion differs from predictions by noninteracting theories and from expectations

from DC measurements. Angtesolved photamission spectroscopy (ARPES) interpreted with
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quasiparticle seltonsistent GW 1 3 ' )7theory reveals incoherenty.§, bands and FS
reconstruction by electronic interactions and possibly charge density waves (CDWSs). The
observed HPP dispersion renormalization can be explained by invoking incoherence-boahany
calculations of the MoOgIconductivity. Further, reconciling the higlequency dielectric
function implied by the HPP dispersion with DC conductivity requires a shifted Drude peak,
possibly connected to lefvequency absorption by the same\WWBfrom ARPES, accounting for

apparent conflicts between plasmons and transport.
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Figure 5.1: Hyperbolic plasmon polaritons in molybdenum oxide dichloride. Aexperiment
schematic showing the cantilever and tip of a scattdyipg scanning nedield optical
microscope (SSNOM) scanning a metallic slab of molybdenum oxide dichloride (M@ORlee
space light with momentumok) /c scatters off the-SNOM tip, exciting hyperbolic plasmon
polaritons: waveguiding quasiparticles composed of light and elecBomgarfield amplitude
(9=1.312 eV) andC, topography images of a d8nthick MoOCk microcrystal. Several
unidirectional interference fringes attributable to {mss hyperbolic plasmon polaritons are

observed.
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