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Abstract
Nano-optics and Nano-photocurrents in van der Waals Quantum Materials

Yinan Dong

In this dissertation, we will use local and nonlocal detection of scanning nearfield signals
to unravel emerging quantum phenomena in van der Waals quantum materials at nanoscale. In
Chapter 1, we will introduce the materials and methodologies for this dissertation. Two prototype
van der Waals material systems, graphene and transition metal dichalcogenides (TMD) with their
unconventional allotropes will be discussed. We will also introduce the observables and principles
for using multi-messenger scanning nearfield optical microscopy to study van der Waals materials.
In Chapter 2 and 3, we will focus on nearfield light-matter interactions in monolayer graphene
subject to DC currents. Specifically, we will discuss the discovery of Fizeau drag effect in graphene
plasmonics in Chapter 2, and currrent-driven nonequilibrium effects probed by nanooptics and
nanophotocurrents in Chapter 3. In Chapter 4, we will reveal the flatband excitons in a three-
dimensional super-twisted transition metal dichalcogenide, as well as its other unique properties. In
Chapter 5, we will discuss the quantum geometric photocurrents in crystalline multilayer graphene,
with intrinsic domainless ferroelectricity probed by shift current. In conclusion, with a series
of original discoveries in graphene and TMD, this dissertation establishes nano-optics and nano-
photcurrents as sensitive probes of the emerging quantum properties in van der Waals materials at

a range of temperatures and energy scales.
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Chapter 1: Introduction

In this chapter, we introduce the key materials, observables, and experimental techniques
utilized throughout this dissertation. We begin with an overview of van der Waals and two-
dimensional (2D) materials, focusing on graphene and its various allotropes, as well as the super-
twisted spiral transition metal dichalcogenides investigated in this work. For the observables, we
discuss polariton modes and their connection to the material's optical constants, along with the pho-
tocurrent responses that reveal electronic and optoelectronic properties. The methodological sec-
tion highlights the use of a customized cryogenic multi-messenger scanning near- eld microscopy,
with particular emphasis on scattered-type scanning near- eld optical microscopy (s-SNOM) and
photocurrent nanoscopy. Additional characterization techniques employed in this study include
electrical transport measurements, Raman spectroscopy, second harmonic generation (SHG), and

photoluminescence (PL).

1.1 Materials

1.1.1 Van der Waals and 2D materials

Named after the Dutch physicist Johannes Diderik van der Waals, the dipole-induced inter-
molecular force he discovered in 19th century has opened up vast possibilities in modern con-
densed matter physics, particularly through its role in binding two-dimensional (2D) materials[1]
and their heterostructures[2][3]. Approximately two orders of magnitude weaker than covalent and
ionic bonds, van der Waals (vdW) forces are suf ciently weak to allow materials to be exfoliated
down to the single-layer limit by mechanical means, yet strong enough to enable interlayer electron
hopping and the formation of highly tunable electronic band structures.

Similar to conventional bulk materials, two-dimensional (2D) materials can be categorized



as metals (e.g., NbSk semiconductors (e.g., transition metal dichalcogenides), semimetals (e.g.,
graphene), and insulators (e.g., hexagonal boron nitride). Interest in 2D materials initially stemmed
from the exploration of reduced-dimensional systems, such as 2D electron gases in Ill-V semi-
conductors, fullerenes, and 1D nanowires, and grew rapidly following the isolation of mono-
layer graphene and its quantum Hall effect[4][5]. With signi cant advances in fabrication tech-
niques, heterostructure assembly, and material quality, a wide range of quantum phases of matter
have emerged in recent years. Notable examples include superconducting and correlated phases
in magic-angle twisted bilayer graphene[6][7], rhombohedral graphene[8], and twisted bilayer
WSe[9][10]; the fractional quantum anomalous Hall effect in twisted WTEL] and rhombo-

hedral graphene[12]; and a host of other exotic quantum and correlated phases, such as possible
topological superconductivity[13] and anomalous Hall crystal[14].

Beyond electronic phenomena, 2D materials also provide exceptional control over light—-matter
interactions, driving rapid developments in photonics and polaritonics[15][16][17]. For instance,twisted
slabs of hyperbolic molybdenum trioxide can be used to manipulate phonon polaritons[18], twisted
graphene can form photonic crystals for plasmon polaritons[19], metasurfaces can be engineered
to guide and manipulate polariton propagation[20]; and quantum electrodynamics can be realized
with transition metal dichalcogenide (TMD) waveguides, etc. The extensive tunability of elec-
tronic, photonic, and phononic properties in van der Waals and 2D materials continues to open

new frontiers for both fundamental discoveries and transformative technological applications.

1.1.2 Graphene and its van der Waals allotropes

The carbon element has two most commom natural allotropes, diamond and graphite, bonded
by sp3 and sp2 hybridization of electronic orbitals, respectively. Since 1985, many other allotropes
such as fullerenes and carbon nanotubes start to emerge, leading to many interesting chemical and
physical properties. In 2004, monolayer graphene was isolated, unleashing a new surge of discov-
eries in condensed matter physics. Figure. 1.1 shows a summary of graphene and its allotropes,

modi ed from reference[21]. Today, the evolution of graphene allotropes is still ongoing, such as



the different N-layer crystalline graphene which is introduced later.

Figure 1.1:Graphene and its van der Waals allotropesModi ed from reference[21].

Monolayer graphene

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice with lattice constant
1.42 A. As can be seen from the electronic con guration of carbon element, 1s2 2s2 2p?, after an sp2
hybridization, there is an additional electron per lattice site inzherbitals. The stablé bonds
from sp2 hybridization result in the mechanically robust in-plane lattice structure.c Tomds
originating from the?, orbitals, on the other hand, is half lled, resulting in weak out-of-plane
coupling and characteristic electronic properties[22] of graphene.

Crystallographically, the Bravais lattice for graphene is hexagonal where two carbon atoms (A
and B) form the basis for translation, as illustrated in Figure 1.2. The threefold rotational sym-
metry of the lattice structure not only shapes the electronic band structure of crystalline graphene
allotropes but also has profound impacts on many other properties such as the circular light ab-
sorption[23] [24]and Landau-level transitions [25] through the trigonal warping effect [26]. In the

following we calculate the electronic band structure of graphene following reference [22] with the



Figure 1.2:Lattice structure of monolayer graphene. a.The Bravais lattice for graphene. The
blue and orange circles represent two carbon atoms that form the basis of the translational lat-
tice.The arrowsa;» are the lattice vectors; anth-3 are the nearest-neighbor vectors. b.The
reciprocal lattice for graphene with lattice vecttws,. The hexagon is the rst Brillouin zone.

simplest tight-binding method. According to Figure 1.2, the lattice vectors of monolayer graphene

can be chosen as

0 P 0 P—
a;= =13 3- ap==13- 3 (1.1)
2 2
with nearest-neighbor vectors as
0. P- 0 P—
% = 511— P %= 511— 3P %= 011-0° (1.2)
The corresponding reciprocal lattice vectors are
2c . P- 2C P~
- __11_ 0__ - __11_ 0
b1 20 1- 3~ by 20 1- 3 (1.3)

We can obtain reasonable low-energy electronic band structures from the tight-binding model

even by just considering the nearest-neighbor hopping of electrons. The Hamiltonian is



Figure 1.3: Tight-binding band structure of graphene in the rst Brillouin zone with only
nearest neighbor electron hopping.Calculated with the coordinates de ned in Figure 1.2 and
C= 28eV. The Dirac cone structures are caused by the hexagonal structure and the hal?, lling

orbitals.



= C ° 10 gli_g, hece® (1.4)
tB—ig-f
whereC(around 2.8 eV) is the hopping ener@g,creates an electron on sublattice A at §itand
1gannihilates an electron on sublattice B at $iteThef here represents the electron spin index
f = "+#. In some context, a quasi-spin concept is also created referring to the choice of the A or
B lattice sites where electron wavefunction can be written in spinor form, irrelevant with the real
spin index.
The tight-binding Hamiltonian in momentum space is
O h i
k= C 5tk°0Y 1k , h.c. (1.5)
k
where 5'k° = ! ;3:1 exp& % s the structure factor which encodes the lattice geometry and deter-
mines the band structure as shown below.
We can choose a set of eigenfunctions in a spinor form
QY4 & %2a

= exp&k r- ° ®) (1.6)

®
« 8 |

where4 & %2 represents the wavefunction amplitudes on the A and B lattice sites. This gives
a
8 k= C%®° (1.7)

Diagonalizing the matrix yields the energy eigenvalues, which are the conduction and valence

bands

K= ] k] (1.8)

as plotted in Figure. 1.3. The conduction and valence bands touch at the Dirac poin® &.g.

%—8—3% Q0= Z_ 53% ), close to which the band structures are in the shape of Dirac cones.
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Placing the origin at a Dirac point, for momentumthe energy dispersion is
'q°  \Ejqj (1.9)

where\ is Plank constant, anBl is Fermi velocity E =~ 105 10°mes 2¢300). This energy

dispersion obeys the 2D Dirac equation with zero mass,
8E2 r = (1.10)

Therefore, low-energy graphene electrons are referred to as Dirac quasiparticles or relativistic

fermions.

Crystalline graphene hierarchy

In natural crystalline graphene of N layers, there are only two elementary ways of stacking,
i.e. Bernal or rhombohedral. This is because the in-plange sliding vector of graphene can only be
integer combinations d¥% as shown above in Figure 1.2. A%_g;l_z_gl% , %, %°mustbe a
lattice vector, the in-plane coordination of a fourth layer would inevitably be the same as one of
the previous three layers. Therefore, there are only two elementary stacking orders, AB (Bernal
type) and ABC (rhombohedral type), as demonstrated in Figure 1.4.

The two different stacking orders lead to two types of crystalline trilayer graphene with dras-
tically different properties[27][28]. For example, the inversion symmetry (point re ection invari-
ance) is broken for ABA (Bernal) trilayer graphene, but preserved in ABC (rhombohedral) trilayer
graphene, leading to prominent second harmonic generation in the former which is absent in the
latter[29]. The electronic band structures of multilayer graphene are non-trivial to obtain [30][31],
requiring detailed efforts such as by k - p theory and density functional theory to obtain the ap-
propriate tight-binding parameters. A general trend for the rhombohedral multilayer graphene is
that the atness of the low-energy surface bands increases with the number of layers [32]. This

phenomenon indicates the emergence of strong correlation physics and has caught a lot of atten-



Figure 1.4: The two elemental stacking orders for crystalline graphene.a.Bernal stacking
where two alternative sliding vector$$ move graphene back to the original in-plane coordinate.
b. Rhombohedreal stacking where any three consecutive sliding vector&8m 1-2-3° move
graphene back to the original in-plane coordinate.

Figure 1.5:Four allotropes for crystalline tetralayer graphene. a. ABAC, b. ABAB, c. ABCB

d. ABCA, SLDW refers to single layer domain wall.The four phases are listed in an order where
only one atomic layer sliding occurs to form a different structure in the neighboring phases. This
is the most commonly observed arrangement order for tetralyaer graphene phase grains in nature.



Figure 1.6:Typical SNOM image for 3 and 4 layer graphene.Top panel and bottom panel are

the amplitude and phase channels of fourth-order pseudoheterodyne near eld signals excited by
4" m laser. The trilayer and tetralyer are natually connected with grain boundary shapes of two
phases for trilayer and three phases of tetralyer.

tion. A small caveat in the eld is that diagnostics of N-layer rhombohedral graphene assuming
that there are only two phases (Bernal and rhombohedral) can be perfunctory, as the number of
stacking order possibilities for N-layer crystalline graphene is to the ord&f & or exactly this
number with dielectric environment or elds breaking the out-of-plane mirror symmetry. More-
over, the relative optical contrasts for different phases of graphene with the same numbers of layers
are very sensitive to photon energy (especially around optical phonons and interband transitions),
displacement eld and doping level. Therefore, the relative contrast inversion does not mean the
structural phase change.

By mixing the two stacking orders, non-rhombohedral and non-Bernal stacking can be found
in graphene thicker than three layers. Such structures have recently been revealed in tetralyer
graphene[33][34][35]. As sketched in Figure 1.5. We found certain phases are more likely to be
found connected to others when only a single-layer domain wall is needed for one phase to slide
into another. In Figure 1.6, we demonstrate the representative SNOM images of the connected

trilyaer and tetralayer graphene. Both ABA and ABC for trilayer, as well as the ABAB, ABCB,



and ABAC stacking orders for tetralayer graphene often appear in the vicinity of each other in

exfoliated graphite.

1.1.3 Supertwisted spiral TMD

Transition metal dichaocogenide (TMD) materials are a family of van der Waals materials in
the formula of MX, where M represents a transition metal such as molybdenum (Mo), tungsten
(W), or vanadium (V); and X represents a chalcogen atom such as sulfur (S), selenium (Se) or
tellurium (Te). While the metastable monolayer tetragonal (1T and distorted 1T') phases exist,
few-layer to bulk TMDs are predominantly found in either 2H (hexagonal) or 3R (rhombohedral)
stacking orders [36]. By chemical vapor deposition (CVD), a mixture of 2H and 3R stacking
can also appear in the pyramid shape of bulk TMD akes [37]. Different from graphene, the d-
orbitals from heavy metals result in strong spin-orbit coupling. While p-orbitals from chalcogens
can modulate the band structure through d-p hybridization, the predominating electronic properties
around band edges, esepcially around K points, are originated from d-orbitals [38].

The twist angle has become a prominent tuning knob for controlling the properties of 2D mate-
rials. In addition to the two-dimensional Moiré physics, with continuous twists of successive lay-
ers towards bulk thickness, the materials lose translational symmetry and gain a hon-symmorphic
screw-rotational symmetry. Three-dimensional topological twistronics has been predicted theoreti-
cally for chiral graphite with Weyl fermions, but the material itself remains experimentally absent.
On the other hand, supertwisted spiral TMDs have been successfully synthesized recently [39],

whose electronic, optical and excitonic properties will be presented in this dissertation.

1.2 Objects of study

The key objects of study in this dissertation are van der Waals polaritons and photocurrents
on the nanoscale. The former relies on optical readouts while the latter is directly monitored by

electric signals when the materials are optically excited.
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Figure 1.7:Rich symmetries of TMD. a. Elemental stacking orders for few-layer TMD other than
1-T and 1-T' phases. Adapted from reference[36]. b. Stacking orders for CVD grown spiral TMD
with complex and noncentrosymmetric stacking orders. Adapted from reference[37]. c. Twisting
from R and H is different. d. Super-twisted spiral TMD. Adapted from reference [39].

1.2.1 Polaritons

Polaritons [40] are quasiparticles that are hybrids of light and matter, with the matter parts as
collective excitations and the light part dispersed in energy due to light-matter interactions. In van
der Waals (vdW) materials, these interactions are especially rich because of the two-dimensional
con nement and highly tunable material properties [15][16][41]. Van der Waals polaritons can
be classi ed by the origin of the material excitations that couple to light. Prominent types in-
clude electronic oscillation induced plasmon polaritons, lattice vibrations coupled phonons po-
laritons, electron-hole pair bounded exciton polaritons, spin wave induced magnon polaritons,
and Cooper-pair polaritons from superconductors. The polariton modes are characterized by their
energy-momentum dispersion, which can be derived from the optical constants by calculating the

loss function. The general expression for optical conductivity with collective excitations can be
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described by the following formula[15]:

fyo=8_ (0 8 ( (1.11)
cl,8g 't cl2 |5 8lg *

wherel , g and( are optical frequency, relaxation time and spectral weights, respectively.

The rst term with spectral weigh{p represents the contribution from free electrons in a
Drude form which can describe the plasmon oscillations. The second term with spectral yeight
represents the contribution from bounded charges, such as excitons or optical phonons, in the form
of Lorentz oscillators. The parameteg is characteristic for the exciton or the optical phonon
energy. For van der Waals materials, the spectral weights can be effectively tuned by many knobs
such as doping, displacement elds, material thickness, dielectric environment, and stacking order.

In real space, polaritons manifest as con ned electromagnetic waves of waveleaythgt
travel along the material surface or through layered structures. They directly re ect the polariton
momentum that is coherently driven by the photon enelgy (The polariton momentum is a
complex quantity determined by both the conductivity of material itself and the effective dielectric
environment. Their relationship i, = %Hmh‘;—f 1 for very thin or 2D materials, wheré, is the
effective dielectric environment. For thicker or anisotropic materials, the optical constants are in

tensor forms.

1.2.2 Photocurrent

Photocurrent is the electrical current generated when a material absorbs light. Compared with
direct optical measurements, photocurrents link the AC and DC responses, making it a more sen-
sitive probe for material properties in a broad energy spectrum. Photocurrent signals are typically
locally excited by photons and remotely collected through electrodes, enabling their sensitivity not
only to the optically excited processes, but also to the electronic properties in a non-local fashion.

Photocurrents provide observables with multi-origins for multiphysics [42]. Depending on the

intrinsic properties and extrinsic con gurations of materials, photocurrent can arise from a range
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of mechanisms, equilibrium and non-equilibrium, such as photothermoelectric effect, bolometric
effect, Schwinger effect, and quantum geometric (bulk photovoltaic) effects, which will be dis-
cussed later in this dissertation. It is very common that these effects are mixed together in the same
material system, some of which can be well distinguished from each other by varying experimental
conditions, and others may not be easy to disentangle. For example, hotspots in complex structures
of monolayer graphene can either be explained by profound electron interactions [43] or geomet-
ric effects with photothermoelectric photocurrents [44]. Despite their complexity, photocurrents
can reveal a range of physical quantities and properties, such as thermal conductivity, electronic
structure, collective excitations, crystal symmetries, domain networks, interface properties, and

guantum geometry.

Figure 1.8:Types of charge quantum geometric (bulk photovoltaic) photocurrentsThe P and
T refer to inversion symmetry and time-reversal symmetry, respectively. Adapted from reference
[42].

In addition to the energy spectrum of photoexcitation, the structure of the light serves as a
powerful tuning knob for photocurrent generation. Due to the topological nature [45] of nonlinear
optical effects, bulk photovoltaic (BPV) currents are known to encode the quantum geometry of
non-centrosymmetric materials[46] as the interband transition dipole matrix elements build both
the second-order conductivity tensors for BPV current generation and the quantum geometric quan-
tities such as berry connection. Two prominent types of the BPV currents are shift [47][48] and

injection currents [49][49] which are summarized above in Figure 1.6 by their symmetry require-

ments. The shift current originates from a real-space shift of photoexcited electron wavepackets;
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while the injection current is from the photoexcited change in carrier group velocity. Nonmagnetic
materials can host only circular injection and linear shift current, while the linear injection and
circular shift current can only be generated in magnetic materials, as summarized in Figure 1.6
adapted from reference [42]. This dissertation will discuss the linear shift and circular injection
current in multilayer graphene. In a broader context, circular polarized light can generally excite
both spin- and valley- degree of freedom, leading to a diverse range of photocurrents depending on
the material properties, such as valley-Hall photocurrents in gapped hexagonal materials [50], spin
shift [51] and spin injection [52] currents in topological insulators, twistronic-Hall current with

transverse biases and screw-type crystal symmetry.

1.3 Methodology

1.3.1 Multi-messenger scanning near eld optical microscopy

In this subsection, we will discuss the core approaches that are utilized in this dissertation
to probe the local electronic properties and collective excitations in the nanoscale. The cryo-
genic scanning near eld optical microscopy (cryo-SNOM) we use is a home-built setup which
can simultaneously measure multiple channels of signals based on the tapping-mode atomic force
microscopy. The sample and the multi-model scanning probe system are located inside an ultra-
high vacuum (around0 ° mbar) chamber with a Janis cryostat that can cool the sample down
to around 10K by liquid helium with an effective thermal link. While the eld is still under de-
velopment for extending to more modalities, a brief summary is listed below in Figure 1.9 [53].
Typical channels that can readily be obtained within single scans include scattered-type scanning
near eld microscopy (SNOM), nano-photocurrent (PC), magnetic force microscopy (MFM) and
kelvin probe force microscopy (KPFM). In addition, there are many other functionalities being
developed for multi-messenger sensing, such as optical-scanning tunneling microscopy (STM),
nano-photoluminescence (PL), nano-Raman, and nano-second harmonic generation (SHG), and

NV-magnetometry,etc.

14



Figure 1.9: Multi-messenger sensing with scanning probes.Integrable functionalities, in-
principle, include MFM, NV-magnetometry, PC-AFM, KPFM, nano-THz, nano-IR, optical-STM,
nano-PL, nano-Raman, and nano-SHG, etc.

Atomic force microscopy

Atomic Force Microscopy (AFM) is one of the most widely used scanning probe techniques,
offering high spatial resolution by utilizing sharp tips to probe surface properties at the nanoscale.
Traditionally, the AFM operation modes can be classi ed by tip motion as contact mode, non-
contact mode, and the (intermittent contact) tapping mode. By monitoring the oscillation amplitude
and resonant frequency shifts of the AFM tip, information of the sample surface can be captured
due to tip-sample interaction. The most commonly used method for monitoring and controlling
the AFM probe is optical detection, where de ection laser is used for reading the tip position.

In this dissertation, tapping mode AFM is used for scanning near eld optical microscopy
(SNOM). Different from the traditional optical lever detection[54], ber-based interferometry de-
tection is used for better sensitivity and compatibility with ultra-high vacuum chamber[55]. A
sharp metallic tip (around 10nm diameter) at the apex of a cantilever is driven to oscillate near
its mechanical resonance frequency (typically tens to hundreds of kHz). A single-mode optical
ber is positioned close to the oscillating cantilever where de ection laser light is sent through the
ber. The laser beam re ected from the cleaved ber end and the back of the oscillating cantilever
interfere with each other, producing oscillating signals sensitive to the distance between the ber
and the oscillator. A feedback loop maintains constant oscillation amplitude by adjusting the tip

height, thereby mapping the topography.

15



Worth to mention, in recent years, piezoelectric detection methods are also used in scanning
near eld optics with tuning fork gPlus[56][57] and Akiyama probes[58], which can bene t low-

light near eld experiments where de ection laser is unwanted.

Scanning near eld optical miscoscopy

Scanning near- eld optical microscopy (SNOM) is a technique that surpasses the far- eld
diffraction limit of conventional optical microscopy. SNOM can be broadly classi ed into two
types: aperture-based, and apertureless or scattering-type SNOM (s-SNOM). While aperture-based
SNOM is more straightforward for performing transmission experiments, s-SNOM generally of-
fers better spatial resolution and cleaner near- eld signals with dipole enhancement at the tip apex.

In this dissertation, the s-SNOM signals are extracted with a pseudo-heterodyne detection [59]
method which is more background-free compared with homodyne scheme as introduced below.
Homodyne detection is a method of extracting signals encoded in the main modulation frequency;
while in heterodyne detection two or more frequencies are mixed generating new frequencies, or
sidebands. For tip-demodulated near eld optics, when the detected optical signals are locked to
the tip-tapping frequency, , the diffraction limit is surpassed as the spatial resolution is effec-
tively de ned by the tip size. This approach is known as self-homodyne detection and the tapping
AFM tip can be treated as a nanoscale optical chopper. Higher-order homodyne detection can
readily suppress some background signals which are not demodulated by the tapping AFM tip.
However, a large portion of the far- eld background can still be demodulated and therefore mix
with the near eld signals. This effect is especially prominent for scattered signals compared with
photocurrents, and for the shorter wavelengths of light with length scales comparable to the AFM
tip apex. To obtain completely background-free signals, we introduces an additional dithering mir-
ror to modulate the background at a second frequency, M, as illustrated in Figure 1.10. Through
two-frequency demodulation, the scattered signal harmonics splits into sidebands with frequencies
5 == , <" < 0-=0° where the far- eld contribution is effectively separated from the

sidebands. The multiplicative demodulated background can only appear at the central harmonic
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frequencies 5.9 = = , but not at the sideband frequenciés,«o. As a result, the higher-order
sidebands provide pure near- eld signals, as illustrated in the schematic spectrum in Figure 1.10.
This method can be generalized for multi-color detection[60] which can be faster than an FTIR

(Fourier-transform infrared spectroscopy).

Figure 1.10: Schematics for pseudo-heterodyne s-SNOMIhe top panel is simpli ed experi-
mental setup and the bottom panel is a schematic signal spectrum. rEipeesents the tip tapping
frequency with different harmonics n=2,3..., and M is the dithering frequency of the reference mir-
ror. DAQ (PC) refers to data acquisition. Adapted from reference [59].

Photocurrent nanoscopy

The photocurrent nanoscopy also makes use of the AFM tip tapping to demodulate signals and
surpass the diffraction limit. After a local optical excitation which can be enhanced by the metal-
lic tip through antenna effect, the generated electrical responses travel through the sample to the
electrodes, after which they are ampli ed by a current or voltage ampli er, and locked to the tip
tapping frequency for spatially tagged read-out [61, 62, 63]. Because the collected photocurrent
signals are directly generated within the materials and do not scatter in free space, high harmonics
(= ,= 2) from self-homodyne detection are suf ciently background-free. Often employed in
parallel with the s-SNOM functionality, photocurrent measurements provide additional sensitivity
to low energy physics and electrostatic features such as charge puddles, defects, and edge states,
while maintain the optical sensitivity from the energy dependent excitation process through detect-

ing photothermoelectric responses, optical coherent modes (polaritons), or electronic wave packet
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shifts, etc, as introduced in section 1.2.2.

In addition to the superior spatial resolution and capability of co-locating signals with other
scanning probe signals, the photocurrent nanoscopy is also compatible with scanning gate nanoscopy
[64], where the metallic tip serves as a top gate to control the doping and displacement eld of the
samples. Despite these prominent advantages, photocurrent nanoscopy does have limitations com-
pared with far- eld photocurrent approaches. The angle dependence of the optical excitation beam
can be partially obstructed by the AFM tip, hindering the momentum resolution. The optical ex-
citation is also primarily enhanced for the p-polarization due to the geometry of the AFM tip as
a vertical dipole. This situation can be released by designing the shape of the tip antenna and

enhancing the coupling strength for s-components, for example, by using spherical or helical tips.

1.3.2 Transport and far eld optics
Electrical transport

Electrical transport measurements are fundamental tools in condensed matter physics for prob-
ing the charge dynamics and electronic structure of materials. These techniques enable precise
characterization of key physical quantities such as resistivity and carrier density. To fully capture
the electronic response of a system, measurements are typically performed under controlled varia-
tions of external parameters, including temperature, magnetic eld, electric eld, and gate voltage.
The interplay between these external stimuli and material properties allows us to extract carrier
type, scattering mechanisms and band topology. Comprehensive transport analysis often involves
combining longitudinal and transverse resistance measurements, multi-terminal geometries, and
both DC and AC current excitations. In this dissertation, we mainly use electrical transport as
a supplemental tool to precharacterize the device properties and monitor the global properties of
the sample during local scanning probe experiments. Speci cally, gate-dependent resistance and
current-voltage curves are monitored simultaneously when s-SNOM and photocurrent nanoscopy
are performed under gated and current biased conditions. As detailed in later chapters, such con-

current modalities enable us to monitor the current ow, heating and bolometric effects that are
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in uencing the optical response functions.

Second harmonic generation

Second harmonic generation (SHG) and third harmonic generation (THG) are nonlinear optical
processes in which incident photons interact with a material to produce new photons at integer
multiples of the original frequency. SHG arises from the second-order nonlinear susceptibility , and
occurs only in non-centrosymmetric media, making it a powerful probe of symmetry breaking and
interfaces. THG, governed by the third-order susceptibility, does not require inversion symmetry
and can occur in a broader range of materials, including centrosymmetric systems[65]. Physically,
these processes involve the coherent mixing of electromagnetic elds within the material, where
the nonlinear polarization drives radiation at harmonic frequencies. SHG and THG are widely
used to investigate crystal structures, electronic structures, strain effects, and phase transitions. In
low-dimensional and quantum material studies, second harmonic generation routinely serves as the
crucial approach for diagnosing the crystal orientation, layer number and the stacking order of the
exfoliated 2D material akes. As presented in later chapters, the existence of SHG signals are used
to diagnose the broken inversion symmetry of certain crystalline graphene stacking orders; the
polarization dependence are used to con rm the rotation of supertwisting TMDs; the new excitons

discovered can also change the SHG by modifying nonlinear conductivities.

Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering process between photons and matter
which can probe vibrational, rotational, and other low-energy excitations. Raman shifts can be
classi ed as Stokes and anti-Stokes ones, with the former for incident photons to lose energy by
creating phonons, and the latter gaining energy by absorbing thermally excited phonons. Raman
processes can also be classi ed as spontaneous and resonant types, according to whether incident
photon energy matches an electronic transition to enhance speci ¢ vibrational modes. For 2D

materials, such as transition metal dichalcogenides (TMDs) or graphene, Stokes-type spontaneous
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Raman spectroscopy is widely used to measure zone-center phonon modes, which are sensitive to
layer number, strain and doping. In this dissertation, Raman spectroscopy assists the identi ca-
tion of graphene stacking orders, and re ects the thickness and rotation properties of supertwisted

TMD.

Photoluminescence spectroscopy

Photoluminescence (PL) refers to the process in which semiconductors absorb photons with
energy larger than the band gap and the photons excite electrons from the valence band to the con-
duction band, followed by radiative recombination that emits lower energy photons. The resulting
emission spectrum reveals key information about band structure, excitonic states, defect levels, and
energy gaps. Similarly to other spectroscopic experiments, PL can also be extended to nanoscale
fashion, assisted by an AFM tip, and examined with time resolution using ultrafast light. In this
dissertation, PL was used to identify the excitons and their origins in supertwisted spiral TMD; PL

was also observed in multilayer graphene.

1.4 Outline

This dissertation is committed to investigating several underdeveloped territories in light-matter
interactions of van der Waals materials with the background introduced above.

In Chapters 2 and 3, we will systematically examine the current-driven responses in monolayer
graphene with nano-infrared imaging. We will rst discuss the current-driven relativistic and non-
linear effect, Fizeau drag in graphene plasmonics in Chapter 2, which in full, is a reprint of the

manuscript:

* Y. Dong, L. Xiong, I. Phinney, Z. Sun, R. Jing, A.S. McLeod, S. Zhang, S. Liu, F. L. Ruta,
H. Gao, Z. Dong, R. Pan, J.H. Edgar, P. Jarillo-Herrero, L.S. Levitov, A.J. Millis, M.M.
Fogler, D.A.Bandurin, D.N.Basov. Fizeau drag in graphene plasmoNiasjre (2021).
DOI: 10.1038/s41586-021-03640-x
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We will then discuss the currrent-driven nonequilibrium effects, especially the Cherenkov
phonon emission and Schwinger pair generation in Chapter 3, which in full, is a reprint of the

manuscript:

* Y. Dong, Z. Sun, I. Y. Phinney, D. Sun, T. I. Andersen, L. Xiong, Y. Shao, S. Zhang, Andrey
Rikhter, S. Liu, P. Jarillo-Herrero, P. Kim, C.R. Dean, A.J. Millis, M. M. Fogler, D. A. Ban-
durin, D. N. Basov. Current-driven nonequilibrium electrodynamics in graphene revealed by

nano-infrared imagingNature Communication@025) DOI : 10.1038/s41467-025-58953-6

In Chapter 4, we will steer from infrared to visible wavelengths and reveal the atband ex-
citons in a three-dimensional super-twisted transition metal dichalcogenide, as well as its unique

electronic and phononic properties. Chapter 4, in full, is a reprint of the manuscript:

* Y. Dong, Y. Zhao, L. Klebl, T. Handa, D. Xu, C. Trovatello, L. He, D. Sun, T. Darlington, K.
Kwock, J. Tulyagankhodjaev, Y. Bai, Y. Shao , M. Fu, R. Queiroz, M. Delor, P. J. Schuck,
X. Zhu, T. Wehling, S. Jin, E. Mele, D. N. Basov. Flat band excitons in a three-dimensional

supertwisted spiral transition metal dichalcogengldmitted2025).

In Chapter 5, we will study the multilayer crystalline graphene with the nano-optics and nano-
photocurrents observables. We will rst demonstrate the natural diversity of crystalline graphene
phases, and then reveal the shift and injection photocurrents that encodes quantum geometry. Fi-
nally, we use shift current to probe the intrisic domainless ferroelectricity in noncentrosymmetric

phases of tetralayer graphene. A manuscript is in preparation:

* Y. Dong, D. Sun, J. Profe, L. Klebl, M. Sanchez, T. Stauber and D. N. Basov. Quantum

geometric photocurrents in crystalline multilayer graphene. (2025).
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Chapter 2: Fizeau drag in graphene plasmonics

2.1 Background and Motivation

2.1.1 Graphene plasmonics

Graphene surface plasmon polaritons (SPPs)[66, 67, 68, 69, 70, 71], or short-term graphene
plasmons, are collective oscillations of charge carriers coupled with electromagnetic elds con-
ned at the graphene surface. Unlike plasmons in conventional metals, graphene plasmons are
highly tunable, strongly con ned, and operate predominantly in the terahertz to mid-infrared fre-
guency range with a unique two-dimensional, gapless Dirac band structure. The propagating
graphene plasmons can be imaged by scanning near- eld microscopy with wavelengths highly
tunable by the electrostatic gate. Graphene also withstands ultrahigh current densities, enabling

the carrier drift velocity to be comparable to the SPP group velocity for drag effect.

2.1.2 From light drag to plasmon drag

Dragging of light by moving dielectrics was predicted by Fresnel [72] and veri ed by Fizeau's
celebrated experiments [73] with owing water. This momentous discovery is among the exper-
imental cornerstones of Einstein's special relativity model and is well understood [74][75] in the
context of relativistic kinematics. In contrast, experiments on dragging photons by an electron ow
in solids are riddled with inconsistencies and so far eluded agreement with the theory [76, 77, 78].
Here we report on the electron ow dragging surface plasmon polaritons (SPPs): hybrid quasi-
particles of infrared photons and electrons in graphene. The drag is visualized directly through
infrared nano-imaging of propagating plasmonic waves in the presence of a high-density current.
The polaritons in graphene shorten their wavelength when launched against the drifting carriers.

Unlike the Fizeau effect for light, the SPP drag by electrical currents de es the simple kinematics
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interpretation and is linked to the nonlinear electrodynamics of the Dirac electrons in graphene.
The observed plasmonic Fizeau drag enables breaking of time-reversal symmetry and reciprocity
[79] at infrared frequencies without resorting to magnetic elds [80, 81], or chiral optical pumping
[82, 83].

Fizeau drag is sometimes confused with the term Doppler shift. The difference is that, the
original Fizeau experiment makes use of the moving medium to shift the light wavelength, while
the Doppler effect occurs due to the movement of source or observer. In solid-state materials, the
con ned and propagating photons are hybrid with the electron oscillations, making electron ow

the equivalent moving medium to tune the relativistic effects for graphene plasmons.

2.1.3 Optical Nonreciprocity with plasmon polaritons

Optical non-reciprocity refers to a phenomenon in which light propagation depends on the di-
rection of travel, meaning that transmission from point A to B differs from B to A. This breaks
Lorentz reciprocity, a principle that normally ensures symmetric light transmission in linear, time-
invariant systems without magnetic or nonlinear effects. Optical non-reciprocity is an essential
concept for building information devices with photons, in reminiscence to a p-n junction for con-
trolling the ow of electrons. However, free-space and guided lights are naturally reciprocal, unless
resorting to magnetic elds or chiral optical pumping. With strong light-matter interaction or po-
lariton modes, this scenario can be changed.

Here we use SPPs in graphene to reveal the Fizeau drag in solid state materials. Crucially,
graphene also withstands ultra-high current densities[84] so that the carrier drift v&aeitybe
comparable with the SPP group velocity. In the absence of current, the SPP dispersion follows
T @=11@ p@(Figure 2.1a), wheré and @are the frequency and wavevector of SPPs,
respectively. Under applied current, the dispersion is predicted to depend [85, 86, 87, 88, 89] on
the relative orientation of SPP propagation and carrier ow, generating the plasmonic Fizeau effect
that breaks the reciprocity of the systeht @ < | 1@. Here we report on exploiting the unique

attributes of graphene to demonstrate the physics of the plasmonic Fizeau effect where SPPs are
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dragged by drifting Dirac electrons.

2.2 Main Results

2.2.1 Experimental setup

We fabricated multi-terminal graphene devices schematically shown in Figure 2.1b. Mono-
layer graphene (MLG) encapsulated in hexagonal boron nitride (hBN) was integrated into back-
gated structures assembled on a Si/SiO2 substrate£28&f oxide). Gold SPP launcher [69,

71] are deposited directly on graphene in between the source and drain electrodes such that the
current-gating effect [90] from spatial inhomogeneity of electron density n is minimized. The
gold launchers also served as ohmic contacts to graphene and as heat sinks for electrons in our
high-current experiments. Finally, the width of current-carrying channel was narrowed down to

2 "< to boost the local current density and enhance the Fizeau drag effect. Real-space SPP im-
ages were acquired using low-temperature near- eld optical nanoscopy techniques. An infrared
(IR) laser of frequency illuminated the gold launcher (Figure 2.1b) which launched propagating
SPPs. The SPP electric eld was out-coupled by a metallized tip of an atomic force microscope
(AFM) into free-space photons and subsequently registered by a detector. Using the demodulated
detector signal, the real-space pro les of SPPs were reconstructed [69, 70, 71]. The experiments
were performed at cryogenic temperatures to reduce phonon-induced losses [71] and thus improve

the delity of the measurements.

2.2.2 Plasmon dispersion calculation

We rst take alook at how the frequency-momentum dispersid@ of SPPs is affected by the
electric current in the graphene channel. The direct observable of our nano-imaging experiments
is the wavelength » of SPPs, which is related to the real part of the SPP wavevégter2ce -

(@= @, 8@). In realistic graphene devices, the square root law of SPP dispersion is modi ed
by phonon resonances in the hBN substrate [69, 70, 71] but the dispersion rela@remains

@ @symmetric. Under applied direct current (dc) with densgy, the Dirac electrons supporting
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SPPs in graphene acquire a drift velody= 32°=4, where4 is the elementary charge ards
carrier density. The drifting carriers were predicted [85]-[89] to induce a plasmonic Fizeau effect
which leads to an increase in when SPP co-propagate with the carriers (Figure 2.1, right branch)
and decrease in, for counter-propagation scenario (Figure 2.1, left branch). Our detailed theory
later corroborates this intuition but reveals additional caveats. Speci cally, the drifting carriers
modify the electromagnetic response of the system in a quasi-relativistic way [85, 91] , with the
Lorentz factorW= 11 D*E 20 *2 whereE is the graphene Fermi velocity. In addition, the
corrections of Fizeau shift in the second order of the drift velocity are numerically signi cant,

prompting nonlinearities of the Fizeau shift discussed below.

2.2.3 Gate dependence of plasmon wavelength shift

Now we explore the experimental parameter space of the plasmonic Fizeau effect by model-
ing the wavelength shift_,+ - for our device at different gate voltages, laser frequenciek
and drift velocitiesD (Figure 2.1 ¢, d). Assuming a drift velocity & = 0«1+ , a value readily
achievable in our structures, the SPP wavelength is shortened compdded @for plasmons
counter-propagating with carriers (solid and dashed lines in Figure 2.1c). The magnitude of Fizeau
shift _»¢ - increases at higher laser frequericyand lower gate voltagess (Figure 2.1 d).
Choosing the lowest gate voltage = 40+ seems favorable for generating the largest Fizeau
shift. However, both the amplitude and the propagation length of SPPs rapidly diminish-&4,low
compromising the delity of the experimental data. Higher laser frequency also results in similar
adverse effects. We therefore chose to conduct the measurenert 8®@< ! and a moderate
gate voltagerg = 47+, corresponding to a carrier density= 249  10%22< 2.

Having established qualitative indicators of the plasmonic Fizeau drag, we now examine the
ndings quantitatively. We t every line pro le in data sets such as Figure 2.2 b and obtain the
Fizeau shift _,¢ - as a function of current densitys, and drift velocityD (Figure 2.3 a and
b). The results reveal that the Fizeau shift reach2%% at 3, = 07 < < for counter-

propagation setting (Figure 2.3 a). For co-propagation setting, the shift is vanishingly small within
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Figure 2.1:Plasmonic Fizeau drag in graphene: theory and modeling. ,@heoretically predicted

SPP dispersion with (red line) and without (black line) drifting carriers. Carrier density=is

1 102< 2 and the non-zero drift velocity iD = 07+ with , D along, @direction. Wave
black arrows indicate SPP propagation direction and straight black arrows represent carrier drift
direction. b, schematic of a graphene device with a constricted channel. Under the illumination
of an IR laser, gold launcher excites propagating SPPs, which were visualized by near- eld tip-
based imaging. Black streamlines represent carrier drift directmnie SPP wavelength, as a
function of the laser frequendy with (solid lines) and without (dashed lines) current at different
gate voltagess. The SPP wavelength is diminished under drifting currahtthe Fizeau shift

] _»2*_» ] as afunction of the laser frequentyat different gate voltagess for a typical drift
velocity D= 01+ .
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