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Abstract

Electronic Structure and the Effects of Spin-Orbit Coupling and Orbital Character in
Low-Dimensional Semiconducting Materials with Electronic Device Applications

by
Drew Latzke
Doctor of Philosophy in Applied Science and Technology
and the Designated Emphasis in Nanoscale Science and Engineering
University of California, Berkeley

Professor Alessandra Lanzara, Chair

Interest in low-dimensional (< 2-dimensional) semiconducting materials is ever growing as
electronic device sizes shrink and new physics continues to emerge at such a microscopic scale.
Heterostructures allow for a set of physical building blocks made from low-dimensional ma-
terials that can be used to tailor devices to obtain precise and unique electronic interactions
and device characteristics. Over time as this field has grown, certain research materials that
for a time were overlooked in favor of other materials have come into renewed interest as
a result of their unique properties that were previously deemed not as useful or were sim-
ply left undetected. Omne such example of this is the family of thin film transition metal
dichalcogenides (TMDs), whose unique monolayer and thin film photoluminescence, band
gap transition, and spin-orbit-coupling-induced physics has recently been studied intensely
as a result of their unique spintronics and valleytronics applications. Another example is
Cgo which has an extremely unique low-dimensional buckyball molecular structure. It too
can take on a crystalline thin film form to be used in heterostructures and electronic devices,
but experimental evidence of long-range electronic order in thin film Cgy has been lacking
until now.

This dissertation presents angle-resolved photoemission spectroscopy (ARPES) studies
of multiple TMD and Cgy compounds with supporting theory calculations to investigate the
electronic stucture of these materials. Specific attention is given to the effects of spin-orbit
coupling and orbital character. The relationship between the electronic properties of bulk
and thin film TMDs is elaborated in detail with a focus on the valence band splitting at the
K point. The first observation of a dispersive thin film Cgy band structure is discussed as well
as the unique photoemission traits of the Cgg band manifolds. Study of the electronic prop-
erties of these low-dimensional TMD and Cgy materials provides important considerations
for current and future cutting-edge electronic device applications.

The outline of the paper is as follows:



Chapter 1 provides an introduction to Cgy including its history, structure, and electronic
properties with particular emphasis on its thin film form. Chapter 2 introduces the primary
experimental technique used in this dissertation—angle-resolved photoemission spectroscopy
(ARPES). The basic principles of ARPES as well as the specifics of synchrotron-based
ARPES are discussed. Additionally, the basic principles of low-energy electron diffraction
(LEED) and a method for extracting lattice constants from LEED data are discussed.

Chapter 3 is the main chapter discussing the results of our transition metal dichalcogenide
(TMD) studies. It begins with an introduction to TMDs including their structure, band gap,
and the effect of strong spin-orbit coupling (SOC) on their unique spin- and valley-based
physics. The origins of the valence band splitting in bulk TMDs (specifically MoS,; and WS,),
the effects of SOC, the relationship between bulk and thin film TMDs, and the relationships
between splitting, band gap, and molecular weight are discussed with ARPES data and
supporting theory calculations.

Chapter 4 transitions from the main material of interest being TMDs to Cgo through a
discussion of high quality Cgy growth. It gives an overview of both historical and modern
Cgo thin film growth on various substrates. Specific focus is given to growth on the strong
SOC substrate TMD MoS,. This is followed by a transition to growth on a novel substrate
also with strong SOC, BiySes, which is the type of thin film Cgy sample studied in Chapters 5
and 6.

Chapters 5 and 6 present the results of our thin film Cgg studies. Chapter 5 provides
an in-depth study of the first experimental observation of highly-dispersive band structure
in pure Cgg through ARPES measurements supported by first-principles calculations. The
effects previously hindering this observation are discussed as well as the role of the novel
BisSes substrate in reducing Cgg disorder and allowing for high quality epitaxial Cgy deposi-
tion. Chapter 6 gives a comprehensive review of photon energy- and polarization-dependent
effects in pure Cgg. The effects of and new details about the orbital character of the Cgq va-
lence band manifolds are discussed with relation to linear- and circular-polarization depen-
dent ARPES. Band manifold ARPES intensity oscillations with photon energy (and hence,
k,) are discussed including the implications for the precise details of the orbital character
within each of the band manifolds.
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Chapter 1

Introduction to Cg

This chapter gives an introduction to fullerene Cgy including the history of its synthesization
and study, its physical structure, and electronic properties with particular emphasis on its
thin film form.

1.1 History and First Synthesization

C is a unique molecule formed by sixty carbon atoms bonded in a near-spherical shape with
icosahedral symmetry called a buckyball as shown in Fig. 1.1. The term buckyball is derived
from buckminsterfullerene—the name given to Cg after the late Buckminster Fuller for his
popularization of geodesic dome structures to which the Cgy molecular structure bears a
strong resemblance.

Despite the ubiquity of elemental carbon and graphite, the unusual structure of Cg, hin-
dered its discovery for quite some time. Cgq laboratory synthesization was first reported by
Kroto et al. [1] in 1985 by way of laser-vaporization of graphite as shown in Fig. 1.2. The
synthesization of Cgy was surprisingly not by design as the main goal was to investigate long
carbon chain molecules found in interstellar space and circumstellar shells [2]. The synthe-
sization process worked by first vaporizing the surface of a graphite disk with a pulsed laser.
A flow of helium gas served to assist in this reaction and carry the resultant products away
into a molecular beam which was then photoionized and probed by a time-of-flight mass
spectrometer. A strong peak was found at the mass corresponding to sixty carbon atoms
signalling the presence and hence, creation of Cgy. The unique buckyball shape of Cgy was
proposed at the time as a likely candidate for the physical structure, but not confirmed until
later.

While Kroto et al. had developed a method to synthesize Cgg, the process could not easily
produce significant quantities of concentrated Cgo. It was not until 1990 that a method for
synthesizing large quantities of molecular and solid Cg, was developed by Kratschmer et
al. [3]. They first formed a carbon soot containing a few percent by weight Cgo by evaporating
graphite electrodes in a helium atmosphere. They purified the resultant material by either
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Figure 1.1: A Cgp buckyball molecule consisting of 60 carbon atoms each with two single
and one double bond.

Vaporization laser

e
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—

Figure 1.2: First method to synthesize Cgy. A laser vaporizes a graphite disk, while he-
lium gas carries the resultant species away. Reprinted by permission from Springer Nature:

Ref. [1], 1985.
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Figure 1.3: Bulk Cgy with a buckyball at each fcc lattice site. Black lines denote unit cell.

dissolving it in a benzene solution and extracting a Cgg-rich solution or by heating it in
vacuum (or an inert atmosphere) to 400 °C to sublime the Cgy. The end result of the
process was purified Cgy and even flakes of (somewhat disordered) bulk Cgq crystals.

1.2 Physical Structure

The structure of a single Cgo molecule is shown in Fig. 1.1. It has the shape of a truncated
icosahedron (point group symmetry I,) with a diameter of 7.1 A [4]. Each (equivalent)
carbon atom has two “single” bonds (lying between a pentagon and hexagon on the surface)
of 1.46 A and one “double” bond (between two hexagons) of 1.39 A where all bonds are
mainly of an aromatic character [5] (e.g. like those found in benzene). The bonds form
12 pentagon and 20 hexagon faces on the surface of the buckyball. The differents faces
offer different possible bonding sites for bonding with other materials. This is an important
consideration for Cgy bonding with BisSes as will be discussed in Chapter 5.

In its bulk form, Cgy arranges itself in a face-centered cubic (fcc) lattice (with one Cgg
molecule centered at each lattice site) and has a lattice constant of 14.2 A [5] as shown in
Fig. 1.3. Cgy buckyballs are separated by a minimum gap of 3.1 A [6] across which there
is a weak inter-molecular bond. At room temperature the buckyballs freely rotate about
their center of mass. This rotation is partially constrained below 249 K [5] which causes a
structural transition from fcc to sc (Pa3 space group) with four buckyballs within the unit
cell due to the partial rotational ordering.

In its thin film form it is deposited in layers corresponding to the (111) direction of the
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Figure 1.4: Thin film Cgy with a buckyball at each hexagonal lattice site (corresponding to
the (111) direction of the bulk fcc lattice).

bulk fcc lattice where each layer is arranged into a hexagonal lattice as shown in Fig. 1.4. The
lattice constant of thin film Cgo is 10.0 A which is equal to the bulk nearest neighbor distance
(14\';;\) as the thin film structure is not, in general, significantly structurally different from
the bulk (111) structure. The hexagonal lattice of thin film Cgy has a hexagonal Brillouin
zone (BZ) which is equivalent to the fcc (111) surface BZ shown in Fig. 1.5. The I" point is
located at the center of the BZ with a K point at each vertex and an M point at the center
of each edge. The full bulk BZ is shown at the bottom of Fig. 1.5 where we can see that the
bulk X and L points are both consolidated into the M point for thin film Cgy, whereas the

I' and K points retain their labels.

1.3 Electronic Properties

Molecular Solid vs. Long Range Electronic Order

Each carbon atom in Cgy has two “single” bonds and one “double” bond with neighboring
atoms, similar to the sp? trigonal bonding in the related graphite and graphene, but with
added complexity due to the curvature in Cgy causing further hybridization between or-
bitals[8]. Considering bulk Cgp, as an initial approximation, one would expect the electronic
structure to be dominated by the electronic interactions within a single molecule (as opposed
to those on the scale of the entire crystalline lattice) as the relative bond length between
carbon atoms in a single molecule (~1 A) is much smaller than that of the van der Waals
bonds between adjacent Cgy molecules (~10 A) or even the bond length between the closest
carbon atoms in adjacent Cgo molecules (~3 A)[9]. Initial studies with infrared and Ra-
man spectroscopy supported this approximation as the observed vibrational modes of solid
Cgo are consistent with a molecular solid[8]. While both experiment and theory agree that
the valence band structure is composed of largely separate band clusters with small band-
widths (<1 eV) predicted by the highly molecular electronic structure, theory additionally
predicts relatively large dispersions compared with the bandwidth (~0.5 eV) of the indi-
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Figure 1.5: Bulk fcc Cgo Brillouin zone and (111) reduced surface Brillouin zone correspond-
ing to thin film Cg. Reprinted from Ref. [7].

vidual bands contained within a single band cluster pointing additionally to a long-range
crystalline order[10]. In particular, when quasiparticle corrections are considered, larger
bandwidths (~1 eV) are found for the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) in contrast with results using the local density
approximation (LDA) only|[11].

Transition from a Molecule to Crystalline Lattice

A single Cgg molecule has discrete molecular energy levels as shown in Fig. 1.6. The highest
occupied molecular orbital (HOMO) is formed by five filled degenerate states with h,, sym-
metry. The HOMO-1 is formed by two sets of states (nine individual states) with g, and h,
symmetry that happen to be nearly degenerate in energy with one another. Transitioning to
a crystalline structure, these discrete energy levels broaden into dispersive band manifolds
as shown on the right side of Fig. 1.6.
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Figure 1.6: Transition from Cgy molecular energy levels to crystalline band structure for the
HOMO and HOMO-1. Experiment curve is obtained from integrated ARPES spectra of a
5 nm Cgg thin film.

Cso Band Structure Calculations

Louie et al. [12] calculated the bulk Cgq (Fm3 structure) HOMO band structure in 1993 using
both an LDA and quasiparticle approach as shown in Fig. 1.7. They calculated a band gap
of 2.15 eV in the quasiparticle case which is in better agreement with experimental values
as compared with the LDA case. The band structure is qualitatively quite similar in both
cases, but the quasiparticle-calculated band manifolds have a 30% larger band width hinting
that the dispersion within Cgy’s valence bands may be larger than the magnitudes calculated
with LDA. In both cases the calculated band structure is qualitatively very similar. At I,
the five degenerate energy levels (left side of Fig. 1.6) from a single buckyball are split to
two separate bands by the bulk crystal field as shown in Fig. 1.7. The same is true for the
L point, while the X point removes the degeneracy entirely to reveal five separate bands.
Louie et al. [12] also modified (broadened) their calculations to simulate experimental
ARPES energy-distribution curves (EDCs) as shown in Fig. 1.8. The individual bands from
their calculations (Fig. 1.7) are now simply shoulders (as opposed to well-defined peaks)
in a broad intensity envelope for each EDC. Little dispersion is predicted for either of the
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Figure 1.7: Calculated bulk Cgp (Fm3 structure) HOMO, LUMO, and LUMO+1 band struc-
ture using (a) LDA and (b) a quasiparticle approach. Reprinted from Ref. [12], Copyright
1993, with permission from Elsevier.

high symmetry directions. (For reference, a comparison between the bulk and thin film high
symmetry points is discussed in the previous section and shown in Fig. 1.5.) They attribute
the intensity broadening to finite resolution effects, the multi-band nature of the band mani-
folds, orientational disorder, and integration over k,. These are important considerations for
the search to experimentally observe dispersive Cgy bands. Luckily, finite resolution effects
have become less impactful over time as instrumentation improves. The reduction of orien-
tational disorder is a key topic in Chapter 5, where we discuss the observation of dispersive
CGO bands.

Troullier et al. [5] calculated the band structure of a bulk fcc Cgy crystal in the Fm3
structure with the energy levels at I' shown in Table 1.1. They chose the Fm3 structure
for their calculations as it maintains the highest symmetry possible for fcc Cgg considering
the possible rotation directions of the different buckyballs. They classify each state with an
orbital character of either 7, which are localized to surfaces just outside and inside the shell
of the buckyball, or ¢, which are localized to a surface on the buckyball. Due to the highly
spherical nature of a Cgg buckyball, the wave functions of the states can be additionally
decomposed into spherical harmonics to determine n, the number of radial nodes plus one,
and [, the dominant angular momentum. The o states correspond to n = 1 as they do not
have a radial surface node, while the 7 states correspond to n = 2 as they have one radial
surface node at the surface of the buckyball. These are indicated by subscripts such as 75
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Figure 1.8: Simulated ARPES spectra for the Cgo HOMO in the (a) I' = M and (b) I' = K
directions. Reprinted from Ref. [12], Copyright 1993, with permission from Elsevier.

for the HOMO which has 7 orbital character with a dominant angular momentum number
of [ = 5. The highest energy occupied band manifold in bulk Cg, is called the HOMO as it
is formed by the highest occupied molecular orbital states from a single buckyball. In these
calculations it is shown to have a 75 orbital character, while the band manifold just below
in energy, the HOMO-1 has a w4 orbital character. Even lower in energy, the HOMO-2 has
a mixed orbital character with states of 73, og, and o¢ character.

Jalali-Asadabadi et al. [13] calculated the bulk fcc Cgy band structure using a variety of
modern density functional theory (DFT) methods in 2016. They found that the Tran and
Blaha non-regular modified Becke and Johnson (TB-mBJ) method reproduces the experi-
mental band gap of 2.12 eV while all others studied underestimate the band gap. They found
the PBE-GGA+DFT-D3(vdW) method to produce the most accurate representation of the
Cgo band structure as shown in Fig. 1.9. The calculated band structure is quite similar to
that calculated by Louie et al. (shown in Fig. 1.7) and finds the same number of nondegener-
ate HOMO bands at the I', X, and L points as in the earlier calculations. In general, across
the HOMO and HOMO-1 there is an upper and lower cluster of bands with a crossing (or
avoided crossing) nearly midway along the I' — X and I' — L directions. As will be discussed
in Chapter 5, this bears a strong resemblance to the newly observed experimental Cgy band
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Energy Orbital Band Energy Orbital Band
(eV) Character Manifold (eV) Character Manifold
0.000 5=y, HOMO -2.755 O9-1y HOMO-2
-0.225 T5-Eq HOMO -2.766 09-€y HOMO-2
-0.965  my-t, HOMO-1 -3.120  og-ty HOMO-2
1084 7wt HOMO-1 3189 ose, HOMO-2
-1.615 T4-Qg HOMO-1 -3.452 T3~y HOMO-2
-1.850 T4-€4 HOMO-1 -3.597 3=y HOMO-2
2628 mat, HOMO-2

Table 1.1: Calculated energies at I' and orbital character of the first three bulk fcc (Fm3
structure) Cgo valence band manifolds. Zero energy is set to the highest occupied state.
Energies and orbital character from Ref. [5].

structure.

History of the Search for Dispersive Cy Band Structure

The first experiments on bulk Cgq single crystals reported valence bands with band widths as
large as 800 meV, yet with dispersions of no more than 50 meV for the HOMO and HOMO-1
band clusters, arguing that the small ratio between the band dispersion and the band width
was due to transitions to excited vibrational states [9]. More recent high resolution ARPES
experiments at low temperatures [14] reported non-dispersive HOMO and HOMO-1 bands
ruling out effects of rotational disorder or lack of sufficient resolution in energy or momentum
as factors hampering the observation of extended electronic states.

While bulk Cgy single crystals prove difficult for photoemission experiments, the in situ
deposition of crystalline layers of Cgg, on the other hand, allows for a proper, well ordered
and sufficiently conductive surface for photoemission experiments. Previous works on Cgg
(111) thin films deposited on GeS (001)[15, 16] show a weak dependence (~100 meV with an
energy resolution of ~100 meV) on the emission angle for the peaks in angle-resolved energy
distribution curves (EDC: a curve of photoemission intensity vs. energy at a single momen-
tum) corresponding to the center energy of each band cluster. Only by using low photon
energies are larger changes with emission angle discernable and are interpreted as dispersive
bands with the influence of vibronic loss structures[15]. A later study showed a more clear
dependence of the band structure with emission angle, but again at low energies which are
susceptible to strong final state effects[16] due to the relatively dispersive conduction bands
near the Fermi level.

More recent measurements of Cgy monolayers on Al (111) show the signature of some
band dispersion at larger photon energies[17]. Other ARPES measurements of monolayers
on Ag (100) and Ag (111)[18, 19] (which also allow for a convenient arrangement of the Cg
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Figure 1.9: Band structure for the pristine fcc-Cgy fullerite within PBE-GGA+DFT-
D3(vdW). Fermi level is set to zero eV. Reprinted by permission from Springer Nature:
Ref. [13], copyright 2016.

molecules) managed to observe a 100 meV dispersion of Cgy’s lowest unoccupied molecular
orbital (LUMO) band cluster by alkali doping, but no clear dispersion was observed for the
HOMO bands|[20]. More recent studies on thin film samples have reported larger dispersions
of the band clusters, but the observed dispersions may have been affected by final state effects
of dispersions in the conduction band. Dispersive features have been observed in the more
heavily doped K¢Cgp thin film[21] which has an ordering corresponding to the (110) direction
of a bece lattice (as opposed to the (111) direction of an fec lattice for pure Cgg thin films). The
electronic band structure in such alkali-metal-doped Cgy compounds is significantly different
from the pure case as the conduction band in pure Cgy is not observed to simply fill with
incremental doping in a rigid-band picture, but instead an overall reconstruction of the band
structure is observed[22]. The observation of dispersions of multiple individual bands within
pure Cgo band clusters has yet to be reported.

Despite a wealth of reports, the Cgg experimental electronic valence band structure is still
not fully understood. The experimental realization of dispersive Cgy band structure is dis-
cussed in Chapter 5 and an in depth look in to its orbital character and unique photoemission
properties is discussed in Chapter 6.
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Thin Film C4, Applications

The unconventional zero-dimensional buckyball structure of Cgq combined with strong electron-
electron and electron-phonon interactions[18] in its bulk form allows for unique physics not
seen in ordinary crystalline materials such as relatively high T, superconductivity when
doped with alkali metals (A3Cg) and a non-continuous transition to an insulating phase
(A4Cg0)[23]. Thin film Cgg is host to a litany of promising electronic device applications
including photovoltaics[24], solar cells[25, 26], field-effect devices[27, 28|, and interests in
other fields such as astrophysics, where signature of the formation of Cgy in the interstellar
medium has returned as an active subject in recent years[29, 30, 31].
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Chapter 2

Experimental Techniques

This chapter provides an overview of the experimental techniques mainly used throughout
this work. The basic principles of angle-resolved photoemission spectroscopy (ARPES) are
discussed as well as the advantages of a synchrotron-based light source for ARPES. Addi-
tionally, the basic principles of low-energy electron diffraction (LEED) are discussed as well
as a method for calculating lattice constants from LEED data.

2.1 Angle-Resolved Photoemission Spectroscopy

Principle of ARPES

Angle-resolved photoemission spectroscopy (ARPES) is the ideal probe to observe a mate-
rial’s momentum-resolved electronic band structure. It builds on the basic principle of the
photoelectric effect discovered by Hertz [32]—electrons are ejected from a material upon
incidence of light in an energy-conserving process—but with the added benefit of a detec-
tor which can discriminate between different angles of photoelectron emission. This process
conserves energy as well as in-plane momentum so we can recover the energy as

for kinetic energy F, photon energy hr, work function ¢, and binding energy (positive as
equilibrium ARPES only probes occupied states) Ep. The in-plane momentum is then

= %\/ZmeEK in(6) (2.2)

for electron rest mass m. and angle between sample normal and outgoing photoelectron
0. Out-of-plane momentum k, (or k) is not conserved, however, due to the electron’s
interaction while exiting the symmetry-breaking sample surface [33]. At normal emission,
the out-of-plane momentum is given by

1
k, = E\/Qme(EK + Vin) (2.3)
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for inner potential Vj,. The inner potential for a three-dimensional material (i.e. a bulk
crystal) can be determined with ARPES by examining the periodicity of the normal-emission
band structure with a photon-energy scan. Electron bands with three-dimensional character
must show a periodicity in k, as a result of long-range crystalline order. Hence, the inner
potential can be used as a fitting parameter which will have the material’s proper value
when the periodicity of the band structure is recovered. A photon-energy dependence not
only reveals information about the bulk characteristics of a material’s band structure, but
can consequently be used to determine which features have a two-dimensional character as
these features will show no dispersion (or periodicity) in k,. This is particularly useful for
differentiating between bulk and surface or interface states.

The actual intensities measured in an ARPES experiment are subject to (usually) signif-
icant intrinsic effects. A common model including intrinsic effects (many-body effects) takes
the photoemission intensity as [34, 35]

I(k,E) = |M|*f(E)A(k, E) (2.4)

for matrix element M determining the transition probability from initial to final state, single-
particle spectral function A, and Fermi function f. Matrix elements effects (|M|]?) are com-
monly discussed when analyzing ARPES data as they directly affect (possibly with dramatic
magnitude) the observed intensity and depend on both photon energy and polarization. The
Fermi function must be included as ARPES is a probe of occupied states, but not unoccupied
states. The single-particle spectral function can be expanded as [34, 35]

1 > (k, E)
7 (E— E°(k) —S'(k, E))? + (2"(k, E))?

Ak, E) = (2.5)
for self-energy ¥(k, E) = ¥'(k, E) + i¥"(k, E) which contains information on many-body
effects in the system.

In addition to intrinsic effects, all ARPES data is susceptible to various extrinsic effects.
One common and unavoidable (but sometimes reducible) effect is broadening due to finite
energy and momentum resolution. The total energy resolution is taken as the root mean
square of the light source energy resolution (dependent on photon energy and usually a
tradeoff with flux) and the detector energy resolution (dependent on analyzer settings and
usually a tradeoff with acquisition time). The momentum resolution (Akj) is related to the
angular resolution (A6) by

1
Ak ~ ﬁ\/2meEK -cosf - Ad (2.6)

where the kinetic energy of the ejected electrons (Ef) is dependent on the incident pho-
ton energy [36]. Additionally, ARPES data is affected by an energy-dependent intensity
background due to inelastically scattered electrons (photoelectrons that underwent inelastic
collisions before exiting the sample).
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Figure 2.1: Typical experimental equilibrium ARPES setup.

A typical ARPES experiment commonly utilizes a hemispherical electron analyzer as
shown in Fig. 2.1. As described previously, electron are ejected from the light-illuminated
sample at various angles and energies. A certain angular and energy range (based on the
experiment geometry and analyzer voltages) of photoelectrons enter the analyzer and are
directed by electrostatic forces (created by applied voltages within the analyzer) until they
hit a micro-channel plate (MCP) [34]. The photoelectrons follow a different path based on
their exit angle and kinetic energy from the sample and hence when they hit the MCP, they
can be separated physically in two dimensions—one for energy and one for angle. The MCP
amplifies the signal of each photoelectron so that a charge-coupled device (CCD) can capture
a two-dimensional image where intensity is proportional to the number of photoelectrons at
a given angle and kinetic energy exiting from the sample.

Synchrotron-based ARPES

Synchrotron-based ARPES has significant differences when compared with laser-based ARPES.
Most notably, a synchrotron allows for efficient switching over a wide range (10’s or 100’s of
eV) of photon energies. It general provides higher photon energies overall when compared
with laser-based ARPES which are typically more surface sensitive, but allow access to a
wider momentum range, deeper energy range, and to core levels.
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Semiconducting and insulating materials are prime candidates for sychrotron-based ex-
periments as, by nature, they lack accessible states at the Fermi level so the energy range
of states accessible by laser-based experiments is significantly reduced if not completely
eliminated altogether. This is the primary reason why most of the data presented in this
dissertation was taken using a synchrotron light source. Synchrotron light sources allow for
a detailed determination of two-dimensional versus three-dimensional states thanks to their
wide range of available photon energies. This is especially useful for our results on the bulk
versus thin film properties of TMDs as will be discussed in Chapter 3 and our results on
the thin film properties and unique photoemission intensity oscillations of Cgg as will be
discussed in Chapters 5 and 6.

2.2 Low-Energy Electron Diffraction

Principle of LEED

Low-energy electron diffraction (LEED) offers a precision in situ measurement of crystalline
sample surface quality. LEED takes advantage of the regular spacing in crystalline lattices
to produce diffraction spots and patterns which allow for a determination of sample qual-
ity, crystallinity, orientation, and lattice constant. LEED, as opposed to x-ray diffraction
techniques, uses low-energy electrons which penetrate very little into the bulk of the sample,
making it a highly surface-sensitive measurement [37].

The typical experimental setup of a LEED experiment is shown in Fig. 2.2. The crys-
talline sample is placed in front of an electron gun which directs a beam of (tunable) energized
electrons towards the sample which are then backscattered onto a phosphor screen around
the electron gun producing visible diffraction patterns based on the sample’s crystal struc-
ture. A series of metal grids in front of the screen are set at certain electrostatic potentials
to create an energy filter to remove inelastically scattered electrons [38]. We can relate the
diffraction spot apparent distance from the center of the screen x with the angle between
the incoming and outgoing electron 6 by

) x

sinf = 7 (2.7)
for distance between sample and screen Z, and assuming the sample normal is aligned with
the electron gun axis as shown in Fig. 2.2.

The basic principle determining the angle 6 at which backscattered electrons construc-
tively interfere is shown in Fig. 2.3. Electrons of a certain, but tunable, energy (and hence,
wavelength \) backscatter off of the lattice sites at an angle . The path length difference
between backscattered electrons from neighboring sites is d. As shown by the geometry
considerations, we can relate d to 6 by

d
inf = — 2.8
sin " (2.8)
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Figure 2.2: Typical experimental setup for low-energy electron diffraction (LEED) measure-
ments: electrons from an electron gun are backscattered at an angle 6 from a sample directly
facing the electron gun and create diffraction spots on a phosphor screen (a distance Z, from
the sample) which appear to be a distance = from the center.

For constructive interference to occur, the path length difference must be an integer multiple
of the wavelength; i.e.

d=a-sinf =n\ for some n € Z (2.9)

The integer n corresponds with the order of the diffraction spots (e.g. 1 is first order, 2 is
second order, ...). We can relate the wavelength of an electron to its energy E (in eV) by
[37]

12.3
—(—— A

E(eV)

A= (2.10)
Lattice Constant Determination

In order to extract the lattice constant from the sample LEED pattern, we can combine
Equations 2.7, 2.8, and 2.9 to get

(2.11)

If the sample to screen distance is not known, the lattice constant can still be determined by
comparing with a reference pattern from a sample with a known lattice constant. Solving
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Figure 2.3: Basic principle of LEED: electrons backscatter off of lattice sites to create con-
structive interference diffraction spots at an angle 6 depending on the wavelength of electrons
A and lattice constant a.

for Z, from a reference sample, we get

ref .ref

a X
Zo - W (2].2)
and plugging in to Equation 2.11, we get
(nA)xmf ref
a = m - a © (213)

This is the method used in Chapter 5 to determine the Cgg lattice constant from a BiySes ref-
erence.
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Chapter 3

Spin-Orbit Coupling and Interlayer
Interaction in Bulk Transition Metal
Dichalcogenides

This chapter begins with an introduction to transition metal dichalcogenides (TMDs) in-
cluding their structure, band gap, and the effect of strong spin-orbit coupling (SOC) on
their unique spin- and valley-based physics. The origins of the valence band splitting in bulk
TMDs (specifically MoSs and WS,), the effects of SOC, the relationship between bulk and
thin film TMDs, and the relationships between splitting, band gap, and molecular weight are
discussed with ARPES data and supporting theory calculations. The majority of the figures
and data for this chapter, other than the beginning introductory section, were reproduced
with permission from Ref. [39], copyright 2015 by the American Physical Society.

3.1 Introduction to Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) (MXs; where M = Mo or W and X = S, Se, or
Te) are layered semiconducting materials that have been studied for decades and historically
used a dry lubricant (as a result of their layered structure), but only recently have shown
enhanced promise for application to a wide range of electronic devices, including the growing
fields of spintronics and valleytronics [40].

Structure

The TMD layered structure, as shown in Fig. 3.1(a), makes them ideal for photoemission
experiments as they are easily cleaved in situ to reveal a clean, flat surface. The bonding
within each layer is covalent and hence much stronger than the van der Waals bonding
between adjacent layers. For this reason, they exhibit a quasi-two-dimensional behavior
even in the bulk limit [41]. The degree of this two-dimensional behavior in the bulk limit
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Figure 3.1: (a) The unit cell of bulk 2H-MoS2, which has the inversion center located in
the middle plane. It contains two unit cells of MoS2 monolayers, which lacks an inversion
center. (b) Top view of the MoS2 monolayer. R; are the vectors connecting nearest Mo
atoms. Reprinted figure with permission from Ref. [43]. Copyright 2012 by the American
Physical Society.

is examined in Chapter 3. MoS, (and other TMDs such as WS,) has a 2H phase at room
temperature as shown in Fig. 3.1(a,b) where red corresponds to Mo and blue corresponds
to S. The first Brillouin zone (BZ) of these 2H-TMDs is shown in Fig. 3.2. The reduced
surface Brillouin zone is the same as the monolayer BZ where I is located at the center of
the hexagonal BZ and the I’ — K distance is 47/3a and the T' — M distance is 21/37/3a for
lattice constant a (3.16 A for MoS, and 3.15 A for WS, [42]). For the remainder of this
chapter, all high symmetry points are referring to the reduced surface/monolayer BZ, not
the bulk BZ.

Thickness Dependent Band Gap Transition

2H-MoS, (and similar TMDs) has a bulk indirect band gap of ~ 1.2 eV and a larger direct
gap of ~ 1.8 eV [44] as shown in Fig. 3.3(a) [45]. The indirect gap is between the valence
band maximum (VBM) at I' and the conduction band minimum (CBM) located near the
midpoint between I' and K. As the number of layers is reduced towards the monolayer limit
as shown in panels (a—d), the VBM decreases in energy while the CBM increases. Finally,
at the monolayer limit (and not before), the band gap switches from indirect to direct as the
new VBM and CBM are both located at K as shown in Fig. 3.3(d). The main reason for these
changes is that the bulk VBM and CBM bands have an orbital character that is strongly
affected by interlayer interaction. The bands that make up the direct gap at K however, are
derived from Mo d-orbitals [44] which are localized within the interior of each layer as Mo
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Figure 3.2: Top: 2H-TMD bulk reduced surface Brillouin zone (BZ) and monolayer BZ.
Bottom: Full 2H-TMD bulk BZ.

atoms lie in the center of each layer unlike the S atoms which form both the top and bottom
surface as shown in Fig. 3.1(a). As the Mo d-orbitals are localized within the layers, they
lack significant interlayer interaction and the direct gap persists for all thicknesses. It only
becomes the minimum gap for the monolayer case when the bands for the indirect gap are
widened. The effects of interlayer interaction on the band structure in bulk TMDs will be
elaborated in Chapter 3.

The change in the band gap from indirect to direct in the monolayer limit also accounts
for the greatly enhanced photoluminescence seen in monolayer samples [45]. The energy
of the monolayer TMD direct gap lies within the visible range which is one of the reasons
for the strong interest with regards to TMD electronic device applications. Due to strong
interest in recent years, monolayer TMD samples can now be readily obtained by mechanical
exfoliation, chemical vapor deposition (CVD), and molecular beam epitaxy (MBE) [46].

SOC-Induced Spin- and Valley- Physics

In samples of all thicknesses, TMDs are theorized to have a split valence band as a result of
strong spin-orbit coupling (SOC). The three K’ points are located adjacent or opposite to
any of the three K points as shown in Fig. 3.2. K" and K are inequivalent in the monolayer
limit due to the breaking of inversion symmetry, but may also be inequivalent in the bulk
due to local inversion symmetry breaking, distortions, or even defects. The magnitude of
the valence band splitting is directly proportional to the strength of spin-orbit coupling.
The overall spin-orbit coupling in TMDs is heavily influenced by the intrinsic atomic spin-
orbit coupling which is largely dependent on atomic number. Hence, TMDs with heavier
constituent atoms have a larger magnitude of splitting, especially when comparing the Mo-
and W-based TMDs as will be elaborated at the end of Chapter 3.

The valence band splitting takes on a spin polarization as the samples are thinned to
the monolayer limit. Bulk TMD structures have both time reversal symmetry and inversion
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Figure 3.3: Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c) bilayer
MoS2, and (d) monolayer MoS2. The solid arrows indicate the lowest energy transitions.
Bulk MoS2 is characterized by an indirect bandgap. The direct excitonic transitions occur
at high energies at K point. With reduced layer thickness, the indirect bandgap becomes
larger, while the direct excitonic transition barely changes. For monolayer MoS2 in d, it
becomes a direct bandgap semiconductor. This dramatic change of electronic structure in
monolayer MoS2 can explain the observed jump in monolayer photoluminescence efficiency.
Reprinted (adapted) with permission from Ref. [45]. Copyright 2010 American Chemical

Society.
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Figure 3.4: Schematic drawing of the band structure at the band edges located at the K
points. Reprinted figure with permission from Ref. [43]. Copyright 2012 by the American
Physical Society.

symmetry, but inversion symmetry is broken for a single layer structure as the inversion plane
normally lies between two adjacent layers as can be deduced from the unit cell displayed in
Fig. 3.1(a). This induces the split valence band to be nearly fully (out-of-plane) spin polarized
47, 44] near the K and K’ points of the hexagonal Brillouin zone as shown in Fig. 3.4. The
spin polarization is predicted to be reversed between the K and K’ points, implying existence
of an unusual spin-valley coupling in the TMDs. The ability to selectively populate[48, 43, 49]
these valleys demonstrates their viability for use in spintronics and valleytronics devices. The
different spin and valley combinations that can be created are shown in Fig. 3.5. Circularly
polarized light of a specific handedness and energy will couple with different transitions.
There are four possible combinations of spin- (up or down) and valley- (K or K’) number,
all of which are accessible by tuning the incident light polarization and energy allowing for
precise control of valley- and spin-polarization.

As a result of their physical structure, TMDs can be more easily stretched than other
materials opening the door to strain-based tuning of their optical and electronic properties.
In fact, MoS, can sustain folding, wrinkling, and a strain of up to 10% [42]. Strain can
be achieved by a variety of techniques and is predicted to affect the band gap, VBM and
CBM locations, and even create a semiconducting to metallic transition [50]. The effects of
strain as it relates to the band gap and valence band splitting across the family of TMDs is
elaborated on at the end of Chapter 3.

Despite the importance of the split valence band that governs the unique spin and valley
physics of TMDs, there remain questions regarding the origin of these splittings in bulk
TMDs. In particular, this splitting is theorized to be entirely a consequence of spin-orbit
coupling in the monolayer limit, and a combination of spin-orbit coupling and interlayer
interaction in the bulk limit, but there is disagreement[51, 52, 53, 54| about the relative
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Figure 3.5: Valley and spin optical transition selection rules. Solid (dashed) curves denote
bands with spin-down (-up) quantized along the out-of-plane direction. The splitting in
the conduction band is exaggerated. w, and w, are, respectively, the transition frequencies
from the two split valence-band tops to the conduction band bottom. Reprinted figure with
permission from Ref. [43]. Copyright 2012 by the American Physical Society.

strength of the two mechanisms in the bulk limit. Current electronic band structure studies
of bulk MoS,[54, 55, 56, 57, 58, 59] and WS,[51] are limited by energy and momentum
resolution and lack focus on the valence band splittings. Experimentally, the sizes of the
splittings have been characterized, but only with limited resolution.

Here we present high-resolution angle-resolved photoemission spectroscopy (ARPES)
data of the electronic band structure of bulk MoS; and WS,, and analyze our measure-
ments via parallel first-principles computations. Our findings resolve previous debates on
the role of interlayer interaction on the valence band splitting, revealing that the splitting
in the bulk samples is primarily due to spin-orbit coupling and not interlayer interaction.
In order to gain insight into the nature of this splitting, we further investigate its origins,
its magnitude, and its correlation with the electronic band gap across a range of TMDs.
Our comparisons for various TMDs reveal the interplay between the valence band splitting,
band gap, molecular mass, and out-of-plane to in-plane lattice constant ratio, suggesting
how specific TMDs would be suited for particular applications.

3.2 Methods

High-resolution ARPES experiments on MoS, (WS,) were performed at Beamline 10.0.1.1
(4.0.3) of the Advanced Light Source at a temperature of 150 K using 50 eV (52-120 eV)
photons. The total energy resolution was 10 meV (20 meV) for experiments on MoSs (WSs)
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with an angular resolution (Af) of < 0.2°. The momentum resolution (Akj) is related to the
angular resolution by Ak ~ /2mEjy,/h? - cos§ - A where the kinetic energy of the ejected
electrons (Ey) is dependent on the incident photon energy[36]. The samples were cleaved in
situ at 150 K in a vacuum better than 5 x 10~ Torr.

The electronic structures of MXy (M = Mo or W and X = S, Se, or Te) were computed
using the projector augmented wave method[60, 61] as implemented in the VASP[62, 63, 64]
package within the generalized gradient approximation (GGA)[65] scheme. A 15 x 15 x 3
Monkhorst-Pack k-point mesh was used in the computations. We used experimental lattice
constants and relaxed the atomic positions until the residual forces were less than 0.001 eV /A.
The spin-orbit coupling effects were included self-consistently. In order to correct the energy
band gaps, we also performed calculations with the HSE hybrid functional[66, 67].

Single crystals were synthesized using the Bry vapor transport technique in a two-zone
furnace system. Mo, W, and S powders (purity 99.9995%) were mixed in stoichiometric
ratios in a sealed quartz tube at 1 x 1077 Torr pressure and annealed to 880°C for one
week to yield precursor powders. Next, they were loaded into 2 inch diameter tubes with
Br, liquid, pumped down to 1 x 10~7 Torr, and sealed. Typical growth parameters were
established as heat up for one week from room temperature to 910 °C, the low temperature
zone was set to 890 °C in one day, and the system was kept at this temperature for three
weeks and controllably cooled down to room temperature in one week. Synthesized crystals
displayed strong Raman signals at 384 cm™! and 407 cm™! for MoS,, and 352 cm~! and
417 em™! for WS,. Lastly, monolayers exfoliated from MoS,; and WS, crystals displayed
sharp bright luminescence peaks at 1.88 eV and 2.04 eV, respectively.

3.3 Characterizing the Origins of the Splitting

Fig. 3.6(a) and 3.6(b) show detailed momentum-resolved constant-energy maps for bulk MoS,
and WS,, respectively. The two-dimensional (reduced in the k, dimension as shown in the
inset) hexagonal Brillouin zone is overlaid as white dashed lines. The observed suppression
of intensity in MoS, along a specific momentum direction near I' is due presumably to
matrix element effects[68, 69, 70]. The evolution of the valence band about the I', K, and K’
points can be clearly observed throughout the range of binding energies shown. We offset
the two sets of data so that the valence band maximum at K is shown at the same energy
and we compare the two band structures as binding energy is increased. The two samples
produce similar spectra with the most notable difference being the appearance of the lower
split valence band at K at approximately 170 meV below the local valence band maximum
(VBM) for MoS,. This appears as a small circular feature centered at K within a larger
concentric feature. The analogous splitting for WS, becomes apparent in the spectra at
much higher binding energy, as seen in the map at 540 meV below the VBM. The splitting
for both samples is shown by vertical white arrows. Trigonal warping of the valence band
in the vicinity of the K and K’ points, similar to that seen in other bulk TMDs[53, 59], is
observed for both samples and presented here for the first time for bulk WS,. This deviation
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Figure 3.6: Constant energy maps of the electronic band structure of bulk (a) MoS, and
(b) WS, taken at photon energies of 50 eV and 90 eV, respectively. The maps were taken
at and below the energy corresponding to their respective valence band maximum (VBM)
at K. The dashed white line indicates the two-dimensional (reduced in the k, dimension as
shown in the inset) hexagonal Brillouin zone. Evolution of the valence band with increase in
binding energy about the T, K, and K’ points can be observed for both samples. An energy
splitting at the K and K’ points can be observed in the MoS, maps, most easily at 170 meV
or 260 meV below the VBM (white arrows). The splitting for WSy is not observed 170 meV
below the VBM, but can be observed 540 meV below the VBM (white arrows). Trigonal

warping of the valence band about the K and K’ points can be observed for both samples.
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Figure 3.7: (a) Photon energy dependence from 52 to 120 eV and theoretical calculations
of the electronic band structure of bulk WS, along the I'-K high symmetry direction. The
horizontal red (yellow) dashed lines correspond to the calculated location of bulk WS, bands
at the ' point (A point). Observed intensity shifts of the valence band near the I' point
at different binding energies is evidence of strong k. dispersion. (b) Energy distribution
curves (EDCs) (solid black lines) taken along k, =k, = 0 A~! of the respective maps in (a)
(e.g. along the white dashed line in the 52 eV map). The vertical red (yellow) dashed lines
correspond to the calculated location of bulk WS, bands at the T" point (A point). The peak
in intensity (denoted by the tick marks) shifts periodically between higher and lower binding
energies as a result of the strong k., dispersion. Peaks in the 70 eV and 110 eV EDCs as well
as the top of the feature in the 90 eV EDC correspond to the theoretical band maximum at
A.

from a circular feature about K and K’ is more pronounced at higher binding energies where
the feature becomes more triangular. An analogous trigonal warping has been predicted[71,
72] to occur in monolayer MoS, samples as a consequence of the orbital structure of these
bands and anisotropic (order ¢*) corrections to the energy but has not been observed so far
in an ARPES experiment.

To obtain information about the k, dispersion, i.e. the interlayer dispersion, in Fig-
ure 3.7(a) we show detailed photon energy dependent maps compared with k,-resolved
theoretical calculations of bulk WS, along the I'-K high symmetry direction. Indeed, at
normal emission (k| = 0), k. is related to the kinetic energy of the ejected electrons (Ey)
by k., = \/ 2m(Ey + Vi) /h? where Vi, is the inner potential determined from the measured
dispersion[73, 7]. Near I, we observe a broad feature likely associated with the convolution
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of the various bands predicted for different k., values as it extends between the two horizon-
tal red dashed lines corresponding to the calculated energies of the top two valence bands
at I' (k, = 0). The top of this broad feature aligns well with the calculated valence band
maximum at I' (k, = 0) for the 52 eV map and as the photon energy is increased further,
the top of the feature decreases in energy until it aligns with the calculated valence band
maximum at the A point (k, = k, = 0, k. = T) indicated by the horizontal yellow dashed
line in the 90 eV map. Increasing the photon energy further returns the top of the valence
band feature to its maximum value.

The observed k. dispersion at T is investigated more closely in Fig. 3.7(b) by comparing
energy distribution curves (EDCs) taken at ' for each of the incident photon energies (e.g.
along the dashed white line in the 52 eV image in (a)). The observation of a large spread
in energy of the main peak in the EDC spectra between the calculated energies of the top
two valence bands at I' (vertical red dashed lines) is in agreement with the association of the
broad feature near I with the convolution of multiple bands predicted for different k. values.
The peak intensity (tick mark) moves up and down in binding energy in a periodic manner
confirming the strong k, dependence of these bands. Overall, our observed k, dispersions
agree well with other predictions for WS,[51] and our calculations which predict wide vari-
ation in binding energy (up to 880 meV) of the bands as k. changes from 0 to 7. Similar k.
dispersions are also found theoretically and experimentally more generally in TMDs|[74, 75,
76, 77).

Near K, we observe the band splitting at the top of the valence bands for all photon
energies, indicating that the splitting occurs for all corresponding k., values. We measure the
magnitude of the splitting to vary between 414 meV and 441 meV in accordance with our
corresponding predicted range of 410 meV (k. = 7) to 466 meV (k. = 0). This relatively
small change in magnitude of the splitting (27 meV experimentally and 56 meV theoretically)
across this range of photon energies indicates weak k. dispersion near K and K’. This is in
contrast to the observation of large variations in the spectra of the broad feature at I' which
indicates strong k. dispersion of the bands near I

As a result of the layered structure of bulk TMDs, the three-dimensional character of the
band structure is directly related to the strength of the interlayer interaction. The strong k.
dispersion at T is a reflection of the three-dimensional character of those bands. However,
the relatively weak k. dispersion at K and K’ is a reflection of the two-dimensional character
of those bands and shows that interlayer interaction has a weak effect on the valence band
splitting. Hence, we conclude that the splitting is dominated by spin-orbit coupling with
interlayer interaction playing a minor role.
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Figure 3.8: High resolution maps of the electronic band structure of bulk (a) MoS, and
(b) WS, along the T-K high symmetry direction with theoretical calculations overlaid as
dashed blue lines. Spin-orbit coupling and interlayer interaction induced splitting in the
valence band near the K point is fully resolved for both samples as indicated by the white
arrows and the respective EDCs (upper insets) taken along the upper white dashed lines.
[Here the WSy, EDC was integrated in momentum between the two white tick marks.] The
splitting is found to be approximately 170 £+ 2 meV for MoS,; and 425 + 18 meV for WS,.
An additional splitting in a higher binding energy WS, valence band is observed within
the white dashed rectangle in panel (b). The lower inset presents an EDC taken along
the vertical white dashed line corresponding to the energy and momentum location of the
maximum splitting of 196 4+ 22 meV. [Here the EDC was integrated in momentum between
the two white tick marks and smoothed with a Savitzky-Golay filter.] The calculated band
structure is found to be in excellent agreement with the experimental band structure for
both samples. The discrepancy in the location of the valence band near the I' point for bulk
MoS, can be attributed to its strong k., dispersion.
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3.4 The Effect of Spin-Orbit Coupling on the Valence
Band Structure

Figure 3.8 shows high-resolution energy versus momentum maps of the band structure of
bulk MoS, (panel a) and WS, (panel b). Band dispersions can be seen as far as 8 eV below
the Fermi energy; many of these bands have not been observed before. The experimental
band structure shows remarkable agreement with our theoretical predictions (blue dashed
lines) throughout this energy and momentum region. The intensity of the valence band
maximum near I for MoS, is reduced due presumably to matrix element effects[68, 69, 70].
Additionally, intensity of the experimental bands with low binding energy may be shifted
near I' due to their strong k, dependence (as shown for WS, in Fig. 3.7). The splitting of the
valence band at K is fully resolved for both samples (as indicated by the white arrows) and is
found to be 170 & 2 meV for MoS; and 425 £ 18 meV for WS, (as shown in the upper insets).
The value for MoS, agrees well with our experimental constant energy maps presented in
Fig. 3.6(a) as the lower split band for MoS, appears 170 meV below the higher split band.
The value for WS, is consistent with our experimental constant energy maps in Fig. 3.6(b) as
the lower split band is not visible 170 meV below the higher split band, but is clearly visible
540 meV below. These measured magnitudes are smaller by approximately 100 meV than
the values of 265 meV for MoS, and 570 meV for WS, predicted by HSE-based calculations.
However, our experimental values agree very well with GGA-based calculations that predict
a splitting of 145-224 meV for MoS; and 410-466 meV for WS, across all &k, values. The
large difference in magnitude between the splittings for MoS, and WS, can be explained
by the larger intrinsic spin-orbit coupling of tungsten compared with that of molybdenum.
Additionally, our calculations predict a substantial splitting of a valence band of WSy at
high binding energy (see white dashed rectangle). The maximum splitting predicted is in
agreement with the experimental value of 196 4+ 22 meV extracted from the EDC spectra
(bottom inset) where two clear peaks can be distinguished. Similar to the splitting in the
top valence band, we predict this band to be split largely due to spin-orbit coupling and only
partially by interlayer interaction.

3.5 Relationship between Band Gap and Spin-Orbit
Splitting

Figure 3.9(a) shows the magnitude of valence band splitting for bulk MoS,, WSs, and other
bulk TMDs. The molybdenum- and tungsten-based TMDs are ordered separately from left
to right with increasing molecular mass. For a given transition metal, the magnitude of
the splitting increases as molecular mass increases. These trends are shown by the dashed
lines and can be explained as a consequence of the larger intrinsic spin-orbit coupling of the
successively heavier atoms. The same general trend is obtained from HSE hybrid functional
calculations (triangles), although the splitting appears to be approximately 100 meV larger.
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Figure 3.9: (a) Magnitude of valence band splitting at the K point for bulk MoS,[54, 74],
MoSey[77, 74], MoTey[78, 74], WSs[51], and WSey[79, 80]. (b) Magnitude of the splitting
vs. band gap (E¢) for bulk MoS,[81, 74, 82, 83], MoSey[81, 74, 84, 82, 83], MoTey[74, 83],
WS, [85, 81, 82], and WSey[81, 84, 86, 82]. The dashed lines are guides to the eye indicat-
ing the different trends for compounds containing molybdenum (red) and those containing
tungsten (blue). The trends are further subdivided between experimental (circles) and the-
oretical (triangles) data. For all plots, filled (open) symbols represent data from this (other)

work(s).
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Figure 3.10: Ratio of out-of-plane to in-plane lattice constant (£)[74, 87] vs. (a) magnitude

a

of valence band splitting and (b) band gap. See Fig. 3.9 for details on legend and references.
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Figure 3.10(a) shows the ratio of out-of-plane to in-plane lattice constant (£) versus the
magnitude of valence band splitting. Similar to the molecular mass trend, we observe that
for a given transition metal, the magnitude of splitting increases with increasing £ ratio;
however, our calculations indicate that although this trend holds across a range of TMDs, it
does not hold for individual TMDs.

In addition to the valence band splitting, the band gap plays a key role when considering
TMDs for use in spintronics/valleytronics devices. Figure 3.9(b) shows the magnitude of
valence band splitting versus band gap (E¢) for bulk MoSy, WS,, and other bulk TMDs. For
a given transition metal, the band gap of bulk TMDs decreases with increasing valence band
splitting. The same trend is observed as a function of molecular mass in that the band gap
decreases with increasing molecular mass. Again, this trend is seen for both experimental and
theoretical data even though the magnitude of the splitting for each TMD is calculated to be
approximately 100 meV larger than the corresponding experimental values. Figure 3.10(b)
shows the ratio of out-of-plane to in-plane lattice constant versus band gap. It too follows
the same trend as molecular mass and valence band splitting in that the band gap decreases
with increasing £ ratio. This strong relationship between the band gap, the valence band
splitting, and < ratio would help guide the search for suitable TMDs targeted at specific
applications.

3.6 Conclusions

We have presented in-depth high-resolution ARPES studies of the electronic band struc-
ture of bulk MoSy and WS, together with detailed first-principles computations. We have
shown that the valence band splitting in bulk WS, is primarily due to spin-orbit coupling
and not interlayer interaction, resolving previous debates on their relative role. These re-
sults strengthen the connection between bulk and monolayer TMDs as the splitting in the
monolayer limit is due entirely to spin-orbit coupling. We have shown how the magnitude
of this splitting changes for various TMDs and how it correlates with molecular mass, ¢
ratio, and band gap. These results provide important new information on how to control
these parameters in TMDs and for the development of TMD-based devices in the fields of

spintronics and valleytronics.
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Chapter 4

Growth of High-Quality Cgy Thin
Films

This chapter gives an overview of both historical and modern Cgg thin film growth on various
substrates. Specific focus is given to growth on the strong spin-orbit coupling substrate
transition metal dichalcogenide MoS,. This is followed by a transition to growth on a novel
substrate also with strong spin-orbit coupling, BisSez, which is the type of sample studied
in Chapters 5 and 6.

4.1 History

Different substrates have been reported in the past for the epitaxial growth of Cgy thin
films [88] including GaAs(110)[89], mica(001)[90], GeS(001)[91], and GaSe(001)[92]. These
substrates all have in common a small lattice mismatch with bulk fcc Cgg. Thick epitaxial
films with coverage over millimiter square areas have been reported on substrates where the
mismatch is minimized, as it is for GeS(001). In this lamellar substrate, Cgy clusters along
the fcc (1,0,1) direction align along the a-axis of GeS. The separation of the Cgy molecules
is about twice the a-axis length of GeS (with a small mismatch of ~0.75%). Despite lacking
hexagonal surface symmetry, GeS was considered to be most likely one of the best possible
lamellar substrates for epitaxial growth of Cgg[91].

4.2 Modern Growth Process for High Quality
Cso Thin Films

High quality Cgo can be grown on a variety of thin film and bulk substrates. For thin film
substrates, the growth process is began by annealing (temperature is sample-dependent)
the substrate in situ under ultra-high vacuum (UHV, ~ 107! Torr) to clean the surface.
For bulk substrates, the growth process is began by first cleaving a bulk substrate in situ
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under UHV to reveal a clean, flat surface. Substrate quality is then confirmed by LEED
measurements. The substrate is slowly heated to approximately 150 °C, while an effusion
cell loaded with high purity (99.9%) Cgy powder is slowly heated above 300°C. Ideally the
effusion cell is degassed the night before (at ~200°C) to reduce the pressure in the vacuum
chamber during deposition. Deposition is started when a quartz crystal oscillator thickness
monitor begins reading a steady deposition rate usually around 350 °C (at ~ 1 x 107 Torr).
The shutter is closed when the desired thickness is reached. The substrate is heated during
(and after if desired for ~ 20 min.) the deposition to facilitate the arrangement of large
crystalline domains through increased Cgy mobility. Sample quality is then confirmed by
LEED measurements.

4.3 Example of High Quality Growth on a
Device-Ready Heterostructure

We have used the method described in Section 4.2 to grow a high quality Cgo film on a het-
erostructure suitable for electronic device applications as reported in Ref. [27]. To first test
the quality and crystallinity of the samples, 15 nm of Cgy was deposited at 1.4 x 1071° Torr
on suspended graphene in preparation for transmission electron microscopy (TEM) measure-
ments. The TEM images shown in Fig. 4.1(a) show evidence of a high quality Cg film with
grain sizes up to 200 nm. The hexagonal lattice pattern of the Cg film is easily observed in
the inset zoomed image.

Having shown that high quality Cgg films were attainable using this method, the next
step was to deposit Cgy on a electronic device structure. A graphene/hexagonal boron nitride
(h-BN) device was first fabricated and tested using electronic transport measurements before
depositing a 50 nm Cgy film in situ under UHV and at a substrate temperature of 156 °C,
effusion cell temperature of 332°C, and at a rate of 0.1 A/s. The full device structure is
shown in Fig. 4.1(b).

Ceo is known to be an excellent electron acceptor [93] and hence is inherently attrac-
tive for the many electronic device applications making use of such a property for charge
transfer, charge separation, and adjustment of charge carrier density. To this end, Ojeda-
Aristizabal et al. [27] carried out charge transfer calculations for representative Cgy/graphene
and Cgo/graphene/h-BN heterostructures. First-principles DFT simulations were used to
calculate the magnitude and sign (blue for positive charge, red for negative) of the charge
transfer within these heterostructures as shown in Fig. 4.2. As shown in panel (a), there
is appreciable charge transfer of electrons from the graphene layer into the Cgy layer leav-
ing the graphene hole-doped for the Cgo/graphene heterostructure. For the case of the
Ceo/graphene/h-BN heterostructure shown in panel (b), there is the same qualitative effect
found with the Cgg accepting electrons from the graphene layer, but remarkably the mag-
nitude of which is reduced by about one full order of magnitude. This was found to be a
surprising result as h-BN was previously regarded to be an excellent non-interacting sub-
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Figure 4.1: (a) TEM image of a ~15 nm thick Cg film deposited on suspended graphene
under UHV conditions. High crystallinity is clearly observed (scale bar 10 nm). The inset is
a blow-up of the region outlined by the yellow box and highlights the close-packed structure
of the Cgps (bright dots correspond to the projected lattice images of the Cgy molecular
columns). (b) Schematic representation of Cgy/graphene/h-BN device used for transport
measurements. The device can be electrically probed prior to, and after, Cgy deposition.
Reprinted (adapted) with permission from Ref. [27]. Copyright 2017 American Chemical
Society.

(b) Cyo/G/h-BN

Figure 4.2: (a) Charge difference density for Cgo/graphene. (b) Charge difference density
for Cgo/graphene/h-BN. Blue and red isosurfaces represent positive and negative charges,
respectively. Reprinted (adapted) with permission from Ref. [27]. Copyright 2017 American
Chemical Society.
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Figure 4.3: Gate voltage dependence of the resistance of graphene/h-BN devices before
(dotted line, blue) and after (solid line, red) deposition of 15 nm high crystallinity Ceo.
Samples are measured at 4.2 K. Shift of peak to the right indicates hole doping of the
graphene by the Cgo. Reprinted (adapted) with permission from Ref. [27]. Copyright 2017
American Chemical Society.

strate for graphene showing similar characteristics as suspended graphene [94]. Clearly, in
this case the h-BN layer has a significant impact on the characteristics of this graphene-based
device.

In order to experimentally test the characteristics of the graphene-based device, transport
measurements were carried out before and after the Cgg deposition. The results of which are
shown in Fig. 4.3 as resistance versus gate voltage curves taken at 4.2 K. In accord with the
DFT charge transfer predictions, the Cgg film accepts electrons from the graphene layer for
a charge transfer of 0.2 x 10'2 cm =2 as shown by the shift of the peak when comparing the
two curves.

In summary, high quality Cgp thin films have been proven to be attainable using our
method described above. Their structure and charge transfer properties lends themselves
well to electronic device applications such as in this case of a Cgg/graphene heterostructure.
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Figure 4.4: The alignment of a Cgy thin film (large circles) on the sulfur atom surface of
MoS, (small circles) as reported by Sakurai et al. [95].

4.4 Growth on TMDs (MoS,)

History

Growth of high quality Cgo thin films on TMDs was reported as early as 1991 for MoS, [95].
They performed their depositions in a molecular beam epitaxy (MBE) chamber with a base
pressure of 7.5 x 1071 Torr. The bulk MoS, substrate was cleaved in air before being loaded
into the chamber and subsequently annealed at 200 °C in UHV for a time to clean the surface
before being returned to room temperature. Purified Cgy powder (although containing up to
15% Crp) was heated to 240 °C in a Knudsen cell and deposited onto the (room temperature)
MoS,.

Sakurai et al. found epitaxial growth of their Cgy film on MoSy based on their reflec-
tion high-energy electron diffraction (RHEED) measurements. Comparing the diffraction
patterns of Cgg and MoS,, they deduced that the Cgy monolayer lattice constant was ap-
proximately 3.18 times as large as that of the MoS, surface. Hence, they concluded that the
Cgo lattice constant was approximately 10.0 A (given a 3.16 A lattice constant of MoSs).
This is expected as it corresponds to the nearest neighbor distance in the (111) layers of bulk
Ceo (10.0 A= 14\‘%‘&, where apux coo = 14.2 A [5]). Their proposed arrangement of Cgy on
MoS; is shown in Fig. 4.4. They found perfect azimuthal alignment of the Cg, film with the
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Figure 4.5: (a) Raw energy vs. momentum along I' — M for a 5 nm Cg film on bulk MoS,.
(b) Second derivative in the energy dimension of the data in (a). Data taken with 45 eV
photons and at 20 K.

MoS, surface based on their RHEED measurements (i.e. the in-plane lattice vectors for the
thin film substrate are aligned), but otherwise make no claim as to the translational position
of the buckyballs with regards to the sulfur atom surface. They conclude that the weak van
der Waals forces between the film and substrate imposes negligible strain on the Cgy film
even with the large lattice constant mismatch between thin film and substrate.

High Quality Growth on MoS,

We have grown high quality Cgp thin films on MoS, using the modern Cgy growth process as
detailed previously in Section 4.2. Fig. 4.5 shows ARPES data from a 5 nm thick Cgy film
on a bulk MoS, substrate. Dispersions can be observed in the raw ARPES data (panel
(a)) in both the HOMO and HOMO-1 along the I' — M direction. There is a prominent
band minimum at I' and maximum at M for both of the band manifolds. Sinusoid-shaped
dispersions across a wide momentum range are easily observed in the HOMO-1. The second
derivative of the data in the energy dimension more precisely locates the dispersions within
the band manifolds as shown in panel (b). There appears to be a prominent avoided crossing
at the center energy of the HOMO and possibly a similar, but less prominent feature in
the HOMO-1. Multiple dispersive bands are now easily observed within each of the band
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Figure 4.6: (a) Second derivative in the energy dimension of ARPES data along I' — M for
a ~ 1 nm Cgp film on bulk MoS,. (b) ARPES data with intensity normalized to reveal bulk
MoS, bands. Data taken with 45 eV photons and at 20 K.

manifolds.

Fig. 4.6 presents ARPES data from a thin (~ 1 nm) Cg film on a bulk MoS, substrate.
The second derivative of the raw ARPES data is shown in panel (a). By comparison with
Fig. 4.5(b), we find that this thin Cg, sample has little (if any) dispersion within the Cgy band
manifolds likely due to a lower quality film as compared with the thick film. On the left
side of the image we see two new features traversing across the HOMO and HOMO-1,
respectively. By looking at the intensity normalized ARPES data in Fig. 4.6(b), we can
now clearly see that these features originate from the bulk MoS, valence bands. The ability
to simultaneously probe the substrate MoS; and overlayer Cgy allows us to observe the
interaction between the two. As indicated by the black arrow in panel (b), the MoS, global
valence band maximum is found to be only a few hundred meV below the Fermi level.
This indicates a strong hole doping of the substrate MoS, by the Cgg thin film. As explained
earlier, this is due to Cgy being an excellent electron acceptor. Such a strong interaction calls
for further investigation into Cgo/TMD heterostructures for electronic device applications.
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Figure 4.7: LEED image of monolayer Cgy (brown) on bulk BisSes (green) at 34 eV showing
perfect azimuthal alignment. Dotted gray lines are guides to the eye.

4.5 High Quality Growth on BiySe;

Although not a substrate that has been used for Cgy growth in the past, BisSes has proven
to provide the perfect foundation for high quality Cgy thin films. The growth process used
for Cgo films on bulk BiySes is the same as that described in Section 4.2. Cgo films of
5 nm (approximately 5 layers) on BisSes were used for the data presented in Chapters 5
and 6. A reference LEED measurement of a sample of monolayer Cgy on BisSes is shown
in Fig. 4.7. The LEED pattern of Cgy and BisSes is able to be simultaneously resolved due
to the single layer thickness of the Cgy film. The BiySes surface drives the Cgq buckyballs
to order themselves during the deposition and creates and epitaxial Cgy film with perfect
azimuthal alignment with the substrate as shown by the perfect rotational alignment between
the diffraction spots of Cgy and BisSes.

We can discover why BisSes is such a good substrate for Cgy deposition by looking deeper
into its properties. BisSes has a layered structure allowing for a clean, flat surface after in
situ UHV cleaving ideal for thin film deposition. By comparing lattice constants, we find
that ~7 times the nearest neighbor distance between Se atoms on the BisSes surface is ~3
times the nearest neighbor distance between Cgy molecules (equivalent to the single layer
lattice constant). Thus, a 3.4% compression on the close-packed Cgq lattice is imposed as
shown in Fig. 4.8. Additionally, the BisSes surface layer has a hexagonal lattice, in accord
with the Cgy single layer hexagonal lattice.
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Figure 4.8: Bird’s eye diagram of Cgy (red and blue circles) alignment on the Se atom surface
of bulk BiySes (small gray circles). All dimensions are given in units of angstroms.
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Chapter 5

First Observation of Dispersive Pure
Cgo Band Structure

This chapter provides an in-depth study of the first experimental observation of highly-
dispersive band structure in pure Cgy through angle-resolved photoemission spectroscopy
(ARPES) measurements supported by first-principles calculations. The effects previously
hindering this observation are discussed as well as the role of the novel BiySes substrate in
reducing Cgo disorder and allowing for high quality epitaxial Cgq deposition.

5.1 Introduction and Methods

Here we report the first observation of multiple highly dispersive bands in high quality
Cgo thin films grown on a novel substrate, BisSez, within the HOMO and HOMO-1 band
manifolds using high-resolution angle-resolved photoemission spectroscopy (ARPES) mea-
surements. These results are enabled by the excellent lattice match between the BisSes
substrate and Cgo lattice and the constraints that the former imposes on the orientational
order of the Cgy molecules. The agreement of our results with density functional theory
(DFT) calculations supports the presence of a long range crystalline order in the Cgy thin
films.

The high quality samples were grown on a bulk BisSes substrate cleaved in situ under
ultra-high vacuum (~107'° Torr) before Cgy deposition using an effusion cell loaded with
high purity (99.9%) Cgo powder directed at the substrate. During the deposition (at ~1 x
107 Torr), the sample was heated between 100-200 °C to facilitate the arrangement of large
crystalline domains through increased Cgg mobility. A thickness of 5 nm (as measured by a
quartz crystal thickness monitor) for the Cgo thin film was chosen to accurately probe the
Cgo and minimize the substrate signal. We extract from our low-energy electron diffraction
(LEED) measurements, shown in Fig. 5.1(a), a nearest neighbor spacing of ~10 A, similar
to that of a bulk crystal. The clear LEED pattern consistent with Cgy structure and the
well-matched lattice constants testify that BisSes is an excellent substrate for growth of high
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Figure 5.1: (a) LEED image of the crystalline 5 nm Cgo film. (b) Calculated DFT total
energy for hexagon-down and pentagon-down Cgy molecules at various distances from a single
layer of Se-terminated BisSes with van der Waals corrections included. Diagrams indicate
the geometry of the bottom Cg face (brown) on the substrate Se surface atoms (green).

quality Cgg films as previously discussed in Chapter 4. A further contributing factor to this
harmony, as shown in Fig. 5.1(b) and discussed later on, is discovered in our calculations
which favor the hexagon faces of Cgo, as opposed to the pentagon faces, to point towards
the Se surface atoms.

High-resolution ARPES experiments were performed at Beamline 4.0.3 (MERLIN) of
the Advanced Light Source using 45 eV linearly polarized (mostly out-of-plane) photons in a
vacuum better than 5 x 107! Torr. The total-energy resolution was 20 meV with an angular
resolution (Af) of < 0.2°. Data were taken at 20 K to assure the absence of spinning of the
individual Cgy molecules, known to rotate and follow a ratcheting behavior above 50 K [88].

5.2 Strong Photoemission Matrix Elements Effects in
Ceoo

Integrated ARPES and Calculated DOS

Fig. 5.2 gives an overview of the physical and electronic structure of the thin film (5 nm)
Cgo sample. Panel (a) shows the HOMO and HOMO-1 energies for molecular Cgy. These
discrete energy levels evolve into dispersive manifolds for a crystalline lattice as a result
of its symmetry and the interactions between Cgy molecules, as shown in panel (b). We
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Figure 5.2: (a) Energy diagram comparing the molecular energy levels for the HOMO and
HOMO-1 in a single Cgyp molecule with (b) the corresponding band manifold in a thin film
as shown by momentum-integrated ARPES intensity within the first Brillouin zone (solid
black line), literature data [96] (dotted gray line), and the calculated density of states (DOS,
calculation for single layer Cg, solid red line). (c¢) ARPES data along each of the high
symmetry directions indicated in panel (d) showing large dispersions in the HOMO and
HOMO-1 band manifolds. (d) Reduced surface Brillouin zone of thin film Cg. (hv = 45
eV, T =20 K).

see an overall good agreement between the momentum-integrated energy distribution curve
(EDC) from our sample (black line) with the density of states (DOS, red line, computed with
DFT for single layer Cgg) and previous measurements on a different substrate (dotted gray
line) [96] for both the HOMO and HOMO-1 centroid energies and bandwidths. The relative
intensity of the two band manifolds is reversed when compared with the DF'T DOS, but as
shown in Fig. 5.3 this is due to matrix element effects not considered in our calculations.

Photon-Energy-Dependent Intensity

The average intensity from each band cluster in Cg is highly photon energy dependent. Most
of the data presented in the main text was taken using 45 eV photons where the HOMO band
cluster has about twice the average intensity as the HOMO-1 band cluster as can be seen in
Fig. 5.3 (solid black line). This is the opposite of what we see in the density of states (DOS,
yellow line, calculated for a single Cgy layer) where the peak DOS for the HOMO is roughly
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Figure 5.3: Momentum-integrated ARPES data for 45 eV (solid black line) and 38 eV (dashed
black line) incident photon energy on a Cgg film. Theory calculated density of states are
presented in yellow.

half of that for the HOMO-1. This is, however, not indicative of a general disagreement
between the theory and experiment due to the strong photon energy dependent intensity
effects in Cgg. For example, at 38 eV (dashed black line) incident photon energy we recover
nearly the exact same ratio of HOMO to HOMO-1 intensity as we find in the calculated
DOS. The photon energy dependence of Cgg will be elaborated in Chapter 6.

Observation of Dispersive Cgsy Bands in Raw ARPES Data

The high quality of our Cgo thin film, enabled by epitaxial growth and a reduction of rota-
tional disorder thanks to the BiySes substrate, allows us to resolve for the first time highly
dispersive HOMO and HOMO-1 bands along the high symmetry directions, as shown in
panel (c). The location of the cuts are shown in the Brillouin zone diagram in panel (d).
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Figure 5.4: Constant energy maps of Cgy with energies near the (a) HOMO top, (b) middle,
(c) bottom, and (d) HOMO-1 top, (e) middle, and (f) bottom. The first Brillouin zone
of Cgo (BigSes) is indicated by a thick black (gray) hexagon with the high-symmetry points
labeled in panel (a). Dashed hexagons indicate higher order Brillouin zones, while two
intensity patterns are highlighted in panel (d) by large dotted hexagons. (hv = 45 eV,
T = 20 K).
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Constant Energy Maps
HOMO Matrix Elements Effects

Fig. 5.4 shows the momentum location and the energy dispersion of the HOMO and HOMO-1
bands over multiple Brillouin zones (dotted black hexagons). Brillouin zone size was calcu-
lated using a Cgy nearest neighbor spacing of 10.0 A, consistent with LEED measurements
(Fig. 5.1(a)) and our DFT calculations. Panels (a-f) show the constant energy maps at the
top (a,d), middle (b,e), and bottom (c,f) of the HOMO and HOMO-1 band, respectively.
In both cases, dipole matrix element effects enhance the intensity within the first Brillouin
zone (thick black hexagon). For the top energy of the HOMO band manifold in panel (a),
the most apparent feature is the strongly peaked hexagonal-like intensity pattern at the
boundary of the first Brillouin zone. Moving to the middle energy of the HOMO band man-
ifold (panel (b)), we see a highly periodic honeycomb-shaped structure which too has an
enhanced intensity within the first Brillouin zone while faint highly periodic honeycomb-like
features can still be observed in higher order Brillouin zones. These features decrease in size
as we continue moving down in energy, eventually turning into an high intensity point at I"
at the bottom of the HOMO band (panel (c)). Here in panel (c), we observe an additional
enhancement of intensity along the I' — M high symmetry direction. The evolution of these
features (panels (a)-(c)) is consistent with dispersive HOMO bands, whose minima occur at
the I' and M point.

HOMO-1 Matrix Elements Effects

The intensity maps of the HOMO-1 bands (Fig. 5.4(d-f)) show strong similarities as well as
peculiar differences with the HOMO dispersions at equivalent energies—the main difference
being the redistribution of spectral weight within the high symmetry points and the different
Brillouin zones. Within the first Brillouin zone, the top of the HOMO-1 band (panel (d))
shows the same hexagonal intensity pattern as the top of the HOMO band (panel (a)).
In contrast however, only three of the six M points are slightly more intense in this case,
suggesting some breaking of the in-plane six-fold rotational symmetry of Cgy down to three-
fold, possibly due to the constrained rotation of the buckyball on the BisSe; substrate,
as discussed later. At this energy we also observe two large hexagonal intensity patterns
beyond the first zone, as marked by the dotted line hexagons, that evolve as binding energy
increases. These hexagonal patterns appear to be rotated by 30° with respect to the first
Brillouin zone boundary and are three and twelve times as large in size, respectively, with
maximum spectral weight at discrete points along the I' — K direction.

As we continue decreasing in energy, the middle of the HOMO-1 (panel (e)) shows a
honeycomb-shaped structure which decreases in size similarly as for the HOMO band, in
agreement with an overall dispersion of the HOMO-1 band toward the I' and M points.
More specifically, we find the same honeycomb pattern found in the HOMO, but the effect of
enhanced intensity is slightly reduced within the first Brillouin zone. Similarly, the bottom
energy of the HOMO-1 (panel (f)) shows a similar pattern as the HOMO, but with the
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enhanced intensity effects reduced. A larger hexagonal pattern is again seen in the HOMO-1
at this energy.

Bi;Se; Influence

While the origin of the hexagonal six-fold patterns is still not clear, when comparing them to
the size and shape of the BisSez Brillouin zone (gray hexagon in panel (a)), we see that none
of them align perfectly, making it unlikely that the substrate contributes significantly to the
observation of these patterns. Additionally, comparisons with our DFT calculations (to be
discussed later) suggest the direct influence of the substrate on the electronic structure of the
Cgo film is negligible. In summary these energy maps reveal highly dispersive HOMO and
HOMO-1 bands whose minima occur at the I' and M points. The different intensity patterns
between the two reveal different dipole matrix elements and likely small, but important,
differences in orbital character. Further studies are needed to fully understand the underlying
orbital characters of these bands including the precise details.

Conclusions

Our findings underline the importance of taking into account matrix elements effects in
Cgo and their effect beyond the first Brillouin zone. Indeed, many previous studies only
considered dispersions near or within the first Brillouin zone [97, 98, 99, 15, 16, 100, 9]
and may have been susceptible to similar matrix elements effects that went unnoticed as
the studies did not have a larger momentum range (like that of our study) to compare
with. These effects could have inconspicuously affected their observations and conclusions.
Additionally, with our relatively high photon energies (>30 eV), we are not susceptible to
final state effects affecting the observed dispersions due to conduction band dispersion that
may be present in previous studies claiming observation of HOMO and HOMO-1 dispersion
using lower photon energies (<10 eV) [15, 16].

5.3 Reduction of Cy, Disorder by Bi,Se; Substrate

Figure 5.5 shows our DFT calculations for Cgq and BisSes structures. Given the compu-
tational demands of a full ab-initio calculation of the BisSes/Cg interface, we consider a
representative interface of a Cgg monolayer with hexagonal symmetry on one quintuple layer
of BiySe3(0001), where the separation between adjacent Cgy molecules is 14.3 A (compared
to the experimental Cgy separation of 10 A). We use this interface structure to determine the
degree of electronic hybridization between the Cgy and substrate BisSez, but do not (as will
be elaborated) otherwise use it to compare to our experimental results. We calculated the
relative energies of interfaces with Bi- and Se-terminated BisSes with both hexagon-down
and pentagon-down Cgq for variety of Cgy distances from the substrate. Our calculations
revealed that the lowest-energy interface structure was a Se-terminated hexagon-down inter-
face, and we refer to this interface structure for our remaining calculations. We found that
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Figure 5.5: Calculated total and atom-projected density of states for (a) bulk BisSes, (b) a
single quintuple layer of BisSe3(0001) with a hexagon-down Cgy ball at its optimal distance
of 3.15 A, (c) bulk Cg in the Pa3 structure, and (d) a single hexagonal layer of Cgo in the
(111) direction of the Pa3 structure. In each calculation both van der Waals corrections and
the spin-orbit interaction were included. (e) Configuration of the BiySes/Cgq structure used
for DOS calculations in panel (b). (f) Configuration of the layer Cgy structure used for DOS
calculations in panel (d). See text for further details.

the Se-termination is almost 1.4 eV per Se atom lower in energy than the Bi-termination
using DFT plus van der Waals corrections [101], while the pentagon and hexagon Cgg inter-
faces are essentially degenerate when van der Waals corrections are not included. For the
Se-terminated surface, we calculated the optimum distance of the Cgy monolayer from the
surface. The hexagon-down geometry is lower in energy than the pentagon-down case by
32 meV per Cgo with an optimal distance of 3.15 A with PBE+vdW and 4.05 A for PBE as
previously shown in Fig. 5.1(b). Furthermore, we find a slight (few meV) preference for the
hexagon to align along the hexagonal directions set by the Se atoms. The lower energy for
the alignment of a Cgg hexagon face towards a Se atom, as compared with a pentagon face,
imposes a constraint on the orientation of the Cgy molecules on the BisSes, which may favor
some long range order beneficial for ARPES experiments.

The calculated electronic density of states for Cgo, BisSes, and the interface structure
are shown in Fig. 5.5(a-d). Panel (a) shows the calculated density of states for bulk BiySes
and panel (b) shows the lowest-energy BisSes/Cgo interface structure. A representation of
the interface structure is shown in panel (e). The interface DOS shows little hybridization
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between the BisSes substrate and Cgg molecule—the Bi and Se projected density of states
in the BiySes/Cgo interface are very similar to those in bulk BisSe;. Owing to the lack
of hybridization between the BiySe; and Cgy in our interface calculation (panel (b)), we
calculate the density of states of bulk Cgg in the Pa3 structure (the calculated ground-state
structure, panel (c)) and the density of states of a single hexagonal layer of Cg (a slice of the
Pa3 structure along (111), panel (d)). Interestingly, the density of states is quite similar in
both cases suggesting that already in a single (111)-oriented layer, the Cgy band dispersion is
quite robust, which is also is supported by our experiments. As a result of these conclusions,
we use the single layer Cgy (structure shown in panel (f)) band structure calculations to
compare with our experimental results, as will be discussed in Fig. 5.6.

5.4 Realization of Dispersive Valence Band Structure
of Pure Cg,

ARPES Curvature Data Reveals Distinct Dispersive Bands

Due to the lack of hybridization in our DF'T calculations between states in the BiySes sub-
strate and the Cg thin film, in Figure 5.6 we compare the experimentally measured valence
bands of the Cgp thin film to the calculated band structure for a single (111)-oriented layer
of Cgo. Fig. 5.6(a) shows energy vs. momentum cuts of the experimental thin film Cgy band
structure along the I' =M and I' — K high-symmetry directions. The curvature in the energy
dimension of the raw data (Fig. 5.2(c)) is presented to more precisely locate and resolve the
individual band dispersions. Two clear main dispersions are observed concurrently within
each of the HOMO and HOMO-1 band manifolds which have bandwidths of 330 meV and
520 meV, respectively, based on the extent of the dispersions. As discussed previously in
Fig. 5.4, for each band manifold these two dispersions provide both a local band maximum
and minimum at I" (as well as at M), unveiling bands previously not resolved experimentally.

HOMO and HOMO-1 Similarities

The high degree of similarity between the HOMO and HOMO-1 dispersions as noted in our
constant energy maps (Fig. 5.4) is again readily apparent. Similarities between angle-resolved
EDCs for the HOMO and the HOMO-1 band manifolds were previously reported for studies
on cleaved (111) surfaces of Cg single crystals [100] including the observation of a band
minimum at I" in each of the band manifolds, which is compatible with our observations (in
a thin film sample). In contrast, other studies have reported a local band maximum for the
HOMO at I" [15]. Our measurements reconcile this apparent disagreement, while providing a
full view of the dispersion of multiple bands within each band manifold and simultaneously
resolving two bands in both the HOMO and HOMO-1 with a local band maximum and
minimum at . Additionally, we have resolved another valence band manifold (HOMO-2) at
higher binding energy (~ 4.5 eV) where multiple weakly dispersive bands can be discerned.
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Figure 5.6: (a) Curvature of the electronic band structure of Cgy along the I' — M (purple)
and I' — K (olive) high-symmetry directions. The calculated bands that best fit the HOMO,
HOMO-1, and HOMO-2 experimental dispersions are plotted over the data as red lines.
(b) Full DFT-calculated theory band structure of single layer Cgy including the same bands
plotted in panel (a) highlighted in red. (c) Integrated EDC (black) across I'—M—T'—M —TI"
in comparison with DFT-calculated single layer Cgo density of states (red) indicating the
centroid energy of each experimental and calculated band manifold peak. (hv = 45 eV,
T =20 K).
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Full Theory Calculations

Fig. 5.6(b) shows the complete DFT-calculated band structure for single layer Cgy over the
first three valence band manifolds. Despite lacking self-energy corrections, e.g. within the
GW approximation, the DFT spectra show an overall good agreement with our experimental
data across multiple valence band manifolds. The calculated bands show an upper and lower
grouping for both the HOMO and HOMO-1 that follows the path of the experimentally
observed dispersions with singular bands that best fit the dispersions highlighted here in red
(also plotted in panel (a) for direct comparison). Similarly, the HOMO-2 band manifold at
high energy shows an excellent agreement with the theory calculations. The upper and lower
groupings are easily observed as shoulders in the integrated EDC in Fig. 5.6(c) (black). We
find that these shoulders are not as well defined for lower quality samples lacking dispersive
bands. The comparison of our experimental EDC with the theory-calculated density of states
(red) shows an excellent agreement with only a 14.9% expansion in the energy dimension of
the theory data. The center energy for the HOMO and HOMO-1 fit within just 10 meV of
the calculated band structure and the HOMO-2 within 140 meV.

Many Body Effects

The comparison of observed experimental dispersions and DFT results motivates a discussion
on many body effects in Cgy. It has been reported that electron correlations and electron-
phonon coupling play an important role in the electronic properties of Cgo [102, 18, 23, 103,
104, 21]. Different groups have calculated the Hubbard parameter U or on-site Coulomb
interaction (on-molecular and next-neighbor-ball) finding values between 0.8 eV and 1.6 eV
[105, 88]. These proposed values are clearly greater than the electronic bandwidth measured
in our experiment (0.33 eV for the HOMO), indicating that strong correlations are present
in our Cgp thin film. Despite the presence of such strong correlations, the constraints on
the orientation of the Cgy molecules imposed by the BisSes substrate potentially reduce the
effects of disorder, provide a source of increased screening, and are likely the main effects
enabling dispersive Cgp bands [12]. We note that the strength of U can be reduced by the
presence of a metallic substrate [106]. Given the metallic nature of our n-doped BisSes
(chemical potential lies in the bulk conduction band), more studies are needed as a function
of doping to determine the strength of such an effect.

5.5 Conclusions

In conclusion, we have identified a novel substrate for the growth of high quality thin film
Ceo, the topological insulator BisSes. The constraints that this substrate imposes on the
orientation of the buckyballs, its excellent lattice matching, and its metallic nature support a
long range crystalline order in Cg, enabling the first observation of highly dispersive valence
band structure, previously obscured by sample quality, momentum and energy resolution
limitations, and final state effects. These results solve the missing link between electronic
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dispersions, vibronic loss, and the gas state spectra, paving the way for further investigations
of the orbital character of the Cgg bands and engineering of novel Cgy heterostructures.
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Chapter 6

Orbital Character Effects in the
Photon Energy and Polarization
Dependence of Pure

Cgo Photoemission

This chapter gives a comprehensive review of photon energy- and polarization-dependent, ef-
fects in pure Cgg. The effects of and new details about the orbital character of the Cgg valence
band manifolds are discussed with relation to our linear- and circular-polarization dependent
ARPES data. Band manifold ARPES-intensity oscillations with photon energy (and hence,
k,) are discussed including implications for the precise details of the orbital character within
each of the band manifolds.

6.1 Introduction and Methods

Fullerene Cgp has a unique buckyball molecular structure and a crystalline form that exhibits
a number of unconventional properties including relatively high 7, superconductivity when
doped with alkali metals (A3Cg) and a non-continuous transition to an insulating phase
(A4Cg0) [23]. These, as well as other useful properties, have led to promising electronic
device applications including photovoltaics [24], solar cells [25, 26], and field-effect devices
27, 28]. Additionally, interests in Cgy extend to other fields such as astrophysics, where
signature of the formation of Cgp in the interstellar medium has been an active subject in
recent years [29, 30, 31]. Despite such interest and promising applications, the dispersive Cg
electronic valence band structure was unable to be observed experimentally until recently
(as discussed in Chapter 5) and its complex photon energy and polarization dependent
photoemission effects have yet to be thoroughly investigated especially in terms of orbital
character details.

Polarization and photon energy dependent photoemission studies can reveal important
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details on both intrinsic material properties and how to interpret experimental data. Here
we report on the detailed photon energy and polarization dependence of the thin film Cgg
band structure. The effect of different linear polarizations on Cgg photoemission data has
been largely unstudied until now. Schiessling et al. [17] found an angular dependence of
Cgo photoelectron intensity where intensity is maximized when the angle of the photoelectron
and polarization vector is equal. Our linear polarization analysis reveals more expansive and
specific polarization-dependent intensity enhancements and patterns for the HOMO and
HOMO-1 as a result of strong matrix elements effects. Completely separate bands in the
HOMO-2 are observed for different linear polarizations and we find a strong overall intensity
effect for each band manifold based on orbital character.

Similar to the aforementioned lack of linear polarization dependence literature, little has
been reported on its circular polarization dependence. Fecher et al. [107] performed circular
dichroism studies on Cgy thin films drawing a main conclusion that the HOMO-2 is mainly
of a o-like character at 30 eV. However, their methods used to come to this conclusion do
not hold up to our more detailed analysis. Our circular polarization analysis provides a
much larger wealth of data, reinforces our observations of multiple bands within each band
manifold, and reveals a band splitting at the top of the HOMO not resolved with linear
polarizations.

In contrast to the lack of polarization dependence literature, there has been significant
experimental and theoretical study into the Cgy band manifold intensity oscillations with
photon energy [108, 109, 110, 111, 112, 9, 113, 114, 115, 116, 117, 118, 119, 120, 121]. Our
photon-energy-dependent analysis of the Cg intensity oscillations with k, determines the
frequency and phase of the oscillations for the HOMO, HOMO-1, and HOMO-2 across a
wide range of energy and in-plane momenta unlike previous studies that only look at the
overall band manifold or at a single momentum. Our results reveal precise details of the
differing orbital character of each band manifold especially within the HOMO-2.

High quality Cgo thin film samples were grown in situ in an ultra-high vacuum on a bulk
BiySes substrate as detailed elsewhere in Chapter 5. High-resolution ARPES experiments
were performed at Beamline 4.0.3 (MERLIN) of the Advanced Light Source using 30-128 eV
linearly or circularly polarized photons in a vacuum better than 5 x 107!* Torr. The total-
energy resolution was 20 meV with an angular resolution (Af) of < 0.2°. Data were taken
at 20 K to assure the absence of spinning of the individual Cgg molecules, known to rotate
and follow a ratcheting behavior above 50 K [88].

6.2 Linear Polarization Effects

Constant Energy Maps
Matrix Elements Effects: Enhanced Intensity and Patterns

Figures 6.2 and 6.3 show the linear-polarization-dependent band structure of thin film Cgq
with ARPES constant energy maps. Fig. 6.1 presents the experimental setup indicating
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Experiment
Geometry

Figure 6.1: Geometry of the experimental setup indicating incoming light polarization, out-
going photoelectrons, and Brillouin zone for the Cgy thin film.

sample orientation, outgoing photoelectrons, and incoming photon beam. Two orthogonal
linearly-polarized beams are depicted: mostly out-of-plane light polarization (L, blue) and
fully in-plane light polarization (||, red). We compare constant energy maps taken with
these two orthogonal linear light polarizations at energies near the top and bottom of the
HOMO and HOMO-1, as shown in Figures 6.2 and 6.3. We note a strong intensity pattern
following the first Brillouin zone boundary (thick black hexagon) for the top energy of the
HOMO with L polarized light (Fig. 6.2(a)), which is completely attenuated for || light. The
|| data reveals the intensity spot corresponding to the band maximum at I" which is entirely
obscured otherwise due to the intensity effect. Similarly, we observe an enhanced intensity
at I' for the bottom of the HOMO (Fig. 6.2(b)), which is reduced in the || case along with
the asterisk-shaped intensity pattern radiating along I' — M into higher-order Brillouin zones
(dashed-line hexagons). The intensity at the I points in these higher-order Brillouin zones
is relatively increased for the || case and we recover a close resemblance between the first
and higher-order Brillouin zones.

Similar to the HOMO, the top energy of the HOMO-1 has an enhanced intensity along
its first Brillouin zone boundary for the L polarization (Fig. 6.3(a)), albeit with a lesser
magnitude than in the HOMO case. Additionally, we observe large strong intensity patterns
outside of the first Brillouin zone marked here by dotted bright green hexagons. These
patterns again nearly completely disappear for the || polarization. The bottom energy of the
HOMO-1 (Fig. 6.3(b)) exhibits a slightly enhanced intensity within the first Brillouin zone
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k, (1/A)

Figure 6.2: High resolution constant energy maps of Cgo (5 nm) on BisSes with cuts through
the energies near the (a) HOMO top and (b) HOMO bottom. Upper and lower images are
taken with out-of-plane light polarization (L, blue) and in-plane light polarization (||, red),
respectively. The first Brillouin zone of Cgy (BisSes) is indicated by a thick black (gray)
hexagon with the high-symmetry points labeled in panel (a). (hv =45 eV, T = 20 K).
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k, (1/A)

Figure 6.3: High resolution constant energy maps of Cgg (5 nm) on BiySes with cuts through
the energies near the (a) HOMO-1 top and (b) HOMO-1 bottom. Upper and lower images
are taken with out-of-plane light polarization (L, blue) and in-plane light polarization (||,
red), respectively. (hv =45 eV, T = 20 K).

and a large intensity pattern outside of it as well. Again, these effects are largely negated
when the polarization is switched to ||.

Orbital Character Effects

Elaboration on the possible cause of the observed intensity effects necessitates a discussion
on the predicted orbital character of the HOMO and HOMO-1. Two quantum numbers
can be used to label the molecular orbitals in Cgy: n and [. This labeling scheme was
introduced by Martins et al. [122] who assumed that the screened electronic potential in
Cgo is localized on a hollow shell encompassing the buckyball. Motivated by the spherical
shape of Cg, this model takes into account the angular behavior of the molecular orbitals.
The angular number [ describes therefore the angular pattern of the wavefunction nodes,
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while the principal quantum number n equals the number of radial nodes plus one. The o
wavefunctions, which do not have a radial nodal surface as they lie on the surface on the
buckyball, correspond to n = 1, while 7 orbitals having one radial nodal surface at the
buckyball surface correspond to n = 2. Inspection of the radial functions of each molecular
orbital in Cg allows the labeling of the HOMO with 75 (i.e. n = 2 and [ = 5) and the
HOMO-1 with 74 (i.e. n =2 and [ = 4). In other words, the HOMO and HOMO-1 are both
formed entirely from 7 orbital character, but differ in angular number by one. Others have
confirmed these predictions finding that the 7 orbitals for both the HOMO and HOMO-1
are localized to surfaces just outside and inside the icosahedral Cg shell [108, 123, 124] with
a nodal surface along the buckyball surface (see Fig. 6.4(e) for a diagram). The HOMO
and HOMO-1 can be further distinguished as the HOMO is formed by h, orbitals, while
the HOMO-1 is formed by g, and h, orbitals. These are formed entirely by p orbitals
perpendicular to the surface at each carbon atom except for the h, orbital which has a
25% contribution from in-plane p orbitals as a result of renormalization due to the curved
buckyball surface [125].

Conclusions

The strong intensity enhancements and patterns are due to strong photoemission matrix
elements effects (most evident in the L polarized data) which manifest in different ways
for the HOMO and HOMO-1 likely as a result of their small orbital character differences
described above. In all cases we find these effects to be minimized for the || polarization and
we are able to observe strong similarities between the HOMO and HOMO-1 dispersions as
reported previously in Chapter 5. For example, when considering the || polarization maps, the
top energy of the HOMO and HOMO-1 (bottom of Figures 6.2(a) and 6.3(a), respectively)
both primarily show intensity spots at I' and M (and at equivalent locations in higher-order
Brillouin zones) indicating local band maxima at these momenta. The bottom energy of
the HOMO and HOMO-1 (bottom of Figures 6.2(b) and 6.3(b), respectively) show similar
patterns indicating local band minima at I' and M as well. The similarity in dispersion for
the HOMO and HOMO-1 is most likely a result of their overall similar m-orbital character.
We note that similarities in the electronic structure of the HOMO and HOMO-1, while less
extensive than in our studies, have been previously reported for a bulk Cgy sample [100].

Energy vs. Momentum Cuts
Matrix Elements Effects on Observed Dispersions

Fig. 6.4 compares ARPES curvature (in the energy dimension) data along I' — M from each
of the two orthogonal linear light polarizations. The enhanced first Brillouin zone intensity
effects observed in the L constant energy maps of Figures 6.2 and 6.3 manifest themselves as
stronger peaks and/or slight shifts of the dispersions shown in Fig. 6.4(a). For example, as
seen by comparing the HOMO in the ARPES curvature image with L polarization in panel
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Figure 6.4: Polarization dependent Cgy band structure along I' — M from ARPES curvature
using (a) out-of-plane light polarization (L, blue), (b) in-plane (||, red), and (c) their
difference. See insets for polarization geometry. (d) Integrated EDCs across I' — M —T" —
M — I for incident out-of-plane (blue) and in-plane (red) polarized light. Intensities were
normalized by incident photon flux. (e) Diagram of the theory-derived orbital character of
each band manifold.
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(a) to that with || polarization in panel (b), the band maximum at I" is diminished, while
the band minimum at I" and the band maximum at M are enhanced for the L polarization
(see arrows). This is nicely summarized in panel (c¢) by comparing the difference of the
curvature from each polarization where we can see a red color (corresponding to stronger
| curvature) for the HOMO band maximum at I', and a blue color (L is stronger) for the
HOMO band minimum at I' and band maximum at M. Similar to the HOMO, the HOMO-1
(H-1) band maximum at I' is also weakened for the L polarization as shown by a strong
red band maximum at I' in the HOMO-1 in panel (c) (see arrows). Considering only the ||
polarization for a moment, we see the same dispersions at both I" and I'" for the HOMO and
HOMO-1 as one would have initially predicted when comparing equivalent momenta. Just as
observed in the constant energy maps, the matrix elements intensity effects are minimized in
this case, while for the L case we see clear differences (as previously mentioned for Figures 6.2
and 6.3) when comparing I" and I".

In addition to the HOMO and HOMO-1, we are able to resolve the next highest band
manifold, the HOMO-2 (H-2), as well. The polarization-dependent effects are even more
striking in the HOMO-2 as the two polarizations appear to reveal, in multiple instances,
completely separate bands. Starting from the top energy of the HOMO-2 for the L po-
larization in Fig. 6.4(a), we find that the first two bands have a minimum at I' and rise
to a maximum at [". However, when the polarization is switched to || as in panel (b), we
find that the top two observable bands now have a maximum at I' and move down in en-
ergy to a minimum at I, opposite of the behavior observed for the L polarization. This
can be observed more clearly in panel (c) as the discussed bands flip colors (for a given
energy) going from I' to IV (see arrows where flip occurs). Evidently, the effect of the po-
larization dependence on these top HOMO-2 bands is so strong that the two orthogonal
polarizations reveal completely separate bands in the photoemission data. The HOMO-2,
unlike the HOMO and HOMO-1, has majority contribution from o-like bands which may
be responsible for the specific polarization-dependent bands pointed out here as we do not
see such features in the entirely 7-like HOMO and HOMO-1. A possible explanation for the
differences observed with L and || polarizations for all of the band manifolds may be related
to the highly two-dimensional nature of the Cgg thin film as it is only ~5 layers thick while
simultaneously exhibiting high lateral order which represents a clear difference between its
in-plane and out-of-plane physical structure which may couple differently with the in-plane
and out-of-plane polarizations.

Orbital Character Effects on Overall Band Manifold Intensity

Fig. 6.4(d) shows a momentum-integrated energy distribution curve (EDC) comparison for
the L (blue) and || (red) polarizations which are normalized by incident photon flux. The
overall intensity within the HOMO and HOMO-1 band manifolds for the || polarization
is greatly reduced by 79% and 72%, respectively, as compared with the L polarization.
However, the HOMO-2 intensity is hardly diminished comparatively as it is reduced by only
24%. We believe this to be a consequence of the differing overall orbital character of the
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HOMO and HOMO-1 compared with the HOMO-2. As previously discussed, the HOMO
and HOMO-1 are of entirely 7 orbital character. However, the HOMO-2 is a mixture of 7
(gu and to, orbitals) and o (h, and h, orbitals) states, with more than half of the HOMO-2
electrons being of a o nature [5, 126]. As shown in panel (e), the physical implications of
this are that the m-like states are localized to a surface outside and inside the Cgq shell with
a nodal surface along the buckyball surface (as for the HOMO, HOMO-1, and partially the
HOMO-2), while the o-like states are localized to a surface on the Cgg shell (as mostly for the
HOMO-2). In the HOMO, HOMO-1, and HOMO-2, the photoemission signal is evidently
minimized from the 7-like states for the case of || incident light, while the o-like states are
left mostly unattenuated in that case.

Further explanation of the linear-polarization effect on overall band manifold intensity
may be found by considering the available experimental data and theory regarding the photon
energy and polarization-dependent partial cross sections of the band manifolds. The par-
tial differential cross sections have been calculated to be do/dQ) = (00 /4m)[1 + SPs(cos ¢)]
considering electric dipole absorption with a single-electron model [127, 14, 128] (for total
cross section oy, asymmetry parameter 3, second order Legendre polynomial P, and an-
gle between outgoing photoelectron and incoming polarization vector ¢). The asymmetry
parameter [ is dependent on the orbital character of each band manifold, particularly the
angular momentum quantum number [. It is also dependent on photon energy and for 45 eV,
it is found to be 0.95, 1.1, and 0.5 for the HOMO, HOMO-1, and HOMO-2, respectively
[118, 117]. Given ¢’s dependence on the polarization vector, when switching from L to ||
the partial cross section would decrease by approximately 66% and 71% for the HOMO and
HOMO-1, respectively, but only 42% for the HOMO-2. A decrease in partial cross section
would lead to a proportional decrease in observed intensity. Hence, the large decrease of the
HOMO and HOMO-1 partial cross sections and the smaller decrease of the HOMO-2 partial
cross section, while not an exact quantitative match, is consistent with our observations and
likely a contributing factor to the polarization-dependent overall band manifold intensity
effect observed in addition to the m and o orbital character effect previously discussed. In
either case, the differences in the band manifolds’ orbital character are the driving forces
behind this effect.

6.3 Circular Dichroism Effects

Effect of Experiment Handedness

In order to fully explore the nature and orbital character details of Cgy’s valence bands,
we continued our polarization dependence by measuring the corresponding ARPES circular
dichroism (CD) in Fig. 6.5 using left- and right-hand circularly polarized light. CD effects
are known to occur in all spatially oriented molecular thin films when using an experimental
geometry with a handedness [129, 130]. This handedness is achieved in our experiment
(panel (b)) when the direction of the incoming left-hand (LC) or right-hand (RC) circularly
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Figure 6.5: (a) Circular dichroism intensity difference (Ig — Ir,) of Cgg band structure along
[' — M where orange (purple) indicates a stronger intensity from right-hand (left-hand) cir-
cularly polarized incident light. (b) Geometry of the experimental setup indicating incom-
ing right-hand (RC, orange) or left-hand (LC, purple) circularly polarized light, outgoing
photoelectrons, sample normal i1, and Brillouin zone. (c) Circular dichroism polarization
([Ix — Iu)/[Ir + IL]) versus energy near the top energy of the HOMO at the M points on
either side of I" (dashed lines in panel (a)).
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polarized photon beam, the sample normal 1, and the outgoing photoelectrons (e~) do not
lie in the same plane as is the case for all displayed momenta in panel (a) except at precisely
' (coincident with 1) where the circular dichroism effect disappears as a result of the loss of
handedness. The handedness combined with the symmetry of the Cgo thin film is the cause
of the change in sign of the CD intensity when crossing I'.

Observation of Split HOMO Bands

We resolve similar dispersions as observed for linearly polarized light, particularly for the
HOMO-1 where in Fig. 6.5(a) we see two main band groupings near the top and bottom
energies differentiated by opposing signs of circular dichroism intensity (Ig — I,) indicated
by the orange (positive, Ig > I,) and purple (negative, I;, > Ig) colors. The HOMO has a
similar structure, but the upper energy grouping is further split in two to reveal separate
features that were previously combined for either of the linear polarizations. It is only in
our CD data that this more detailed structure is observed. As for the HOMO-2, similar
to the linear polarizations, we resolve two weakly dispersing features between -4.43 eV to
-4.95 eV with similar CD polarizations which are opposite in sign of the CD polarization
of the bottom half (-4.95 eV to -5.8 eV) of the HOMO-2. These HOMO-2 features will be
discussed later on with regards to our photon-energy-dependent observations. Overall, we
see the same structure in our circular dichroism on either side of I' demonstrating a proper
normalization of the incident photon flux and promoting the validity of the circular dichroism
features we observe.

Orbital Character Determination

A previous CD study on Cgg thin films [107] found that, when compared with one another,
the HOMO and HOMO-1 showed the same sign and a similar magnitude of CD polarization
while the HOMO-2 showed an opposite sign of CD polarization. They concluded that the
opposing polarization of the HOMO-2 must originate from its (mostly) o orbital character
based on the fact that opposing signs of CD were observed for ¢ and 7 bands in graphite
[131]. This reasoning does not hold up to our more detailed analysis as we observe opposing
signs of CD within even just the HOMO (or HOMO-1), which has entirely 7 orbital character
(as does the HOMO-1). Therefore, we cannot conclude the overall band manifold character
from the overall CD for each band manifold, but this does not preclude observing more
precise orbital character effects from the bands within each band manifold.

Evidence of Strong Circular Dichroism

We more closely examine the polarization change across the upper HOMO splitting at the
M point on either side of I' in Fig. 6.5(c). The curve with filled circles is from M on the
right side of I', while the open circles are from the left. The CD signal is nearly perfectly
inverted on either side of I', as expected. We see substantial CD polarization in this split
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Figure 6.6: (a) High-resolution ARPES band structure of C60 along I' — M at 45 eV for
reference. (b) Integrated ARPES intensity across the momentum range in panel (a) for
30-128 eV showing intensity oscillations with respect to k, in the HOMO, HOMO-1, and
HOMO-2. (c) Extracted frequency of the oscillations for each in-plane momentum (k,) and
energy shown. (d) Extracted relative phase of the oscillations for each in-plane momentum
(k,) and energy shown. (e) Deviation of phase (momentum-integrated across full k,, window)
from average phase for each band manifold. Average (mean) phase for each band manifold
shown to the right including for specific energy ranges within the HOMO-2.

feature as the polarization of the upper feature reaches a magnitude of approximately 0.10,
while the lower feature reaches a magnitude of approximately 0.08 (with opposite sign). A
contributing factor leading to the observation of strong CD polarizations in our Cgy thin
film is likely its low disorder as previous reports [129] have linked increased disorder within
a molecular thin film with a decreased CD polarization. The low disorder of our Cgg thin
film is a result of its epitaxial growth on and interaction with BisSes as detailed elsewhere
in Chapter 5. We note that the strength of CD polarization may also depend on the angle
of incidence of the incoming light (angle shown in panel (b)). For example, a sine factor
based on the angle of incoming light is added to the CD polarization in the case of a simple
p, orbital [132, 130]. Cgp, however, does not have such simply-oriented orbitals (e.g. a p,
orbital) given its unique buckyball shape so is unlikely to have such a strong dependence on
the angle of incoming light, but there may be some geometric effect given its two-dimensional
thin film nature as opposed to that of a fully three-dimensional bulk sample.
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6.4 Photon Energy Dependence

Frequency and Phase Analysis of Intensity Oscillations

In Fig. 6.6, we present our findings on the observed strong oscillations of the band manifolds’
intensity with photon energy (and hence k). Similar oscillations have been reported in
previous works on Cgy bulk crystals [9, 14] and thin films [133, 113, 120]. High resolution
data were taken for the HOMO, HOMO-1, and HOMO-2 bands along I' — M spanning
a range of two Brillouin zones with 30-128 eV (step size of 2 eV) L-polarized photons.
Fig. 6.6(a) presents data at 45 eV incident photon energy across the range of energy and
in-plane momenta (k,) considered in our oscillation analysis. Strong oscillations of the band
manifolds’ intensity with k, can be observed in Fig. 6.6(b) where intensities were obtained
by momentum-integrating across the k, range in panel (a). In the past, these oscillations
were thought to be related to strong final state effects [9], but later on were identified as a
signature of interference of photoelectron waves emanating from each of the constituent Cgg
carbon atoms, where each wave has a different phase. The unique spherical structure of Cgg
and its large radius play a critical role in this effect [133, 109, 108, 120].

In order to investigate the observed k, dependent oscillations and their link to the orbital
character of the different band manifolds, we performed Fourier analysis using a Fast Fourier
Transform (FFT) algorithm (see Supplemental Material). This analysis is used to separate
the intensity oscillation (with respect to k,) curves into different frequency components. We
are able to determine the dominant frequency of the oscillation and the corresponding phase
(for that frequency component). For each energy and in-plane momenta we extracted the
dominant frequency and corresponding phase of the k, dependent oscillations as shown in
Figure 6.6(c) and (d), respectively. As shown in panel (c), the dominant frequency of the
oscillations is nearly identical in each band manifold (7.5 A), which is very close to the
molecule’s structural diameter of 7.1 A [134, 135, 108] as expected. The phase, on the other
hand, is quite different for each band manifold. This dissimilarity of the oscillations’ phase
can be well explained within a picture of interference [133, 116], where photoelectron waves
emanating from the 60 carbon atoms constituting each molecule have a phase difference due
to the path length difference from the atomic site to the detector. These oscillations can be
approximated as spherical Bessel functions j;(kR) that depend on the radius of the molecule
R, the photon energy dependent electron momentum k, and the angular quantum number [
of the final state, that together with the principal quantum number n, label the molecular
orbitals in Cgg [122] as previously described.

Theory Considerations

The angular quantum number for the initial # HOMO, HOMO-1, and HOMO-2 states can
be identified as [ = 5, 1 = 4, and [ = 3, respectively [122], and the final states are determined
by the dipole selection rules, e.g. l; = [y = [; £ 1. Mathematically, the spherical Bessel
functions j; look like damped sinusoids with an approximate phase difference of 7/2 between
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[ and [ + 1, which leads to an antiphase relation between the HOMO and HOMO-1. As can
be seen in Fig. 6.6(b) and 6.6(d), this antiphase relation (between the HOMO-1 and HOMO
or HOMO-2) is close to being realized, but not exact. In fact, following Xu’s work [111],
a more quantitative study by Hasegawa et al. [116] introduced a modified asymptotic form
for the Bessel functions with a correction factor «;, describing the initial and final states.
The photoionization cross section is then proportional to cos? (k:?“ + oy, — %’7‘(‘) with [; = 5
and a; = 1.66 for the HOMO and [; = 4 and ay = 1.43 for the HOMO-1, giving a phase
difference between the HOMO and HOMO-1 of 1.3 rad, close to the value extracted from

the FFT analysis of our data, 2.4 rad (see Supp. Mat. for a more detailed analysis).

HOMO-2 Abnormalities and Orbital Character

In fact, the results from the FFT phase analysis of our data (Fig. 6.6(d)) show that while
the phase across the HOMO and HOMO-1 band manifolds is nearly constant with energy, it
varies substantially across the energy range of the HOMO-2. This is shown in closer detail
in Fig. 6.6(¢) where we plot the k,-integrated (over the full window shown) phase for each
band manifold. For each band manifold, the zero is set to its average phase (i.e. 3.03 rad,
-0.82 rad, and 1.55 rad for the HOMO, HOMO-1, and HOMO-2, respectively, as shown to
the right) to more easily compare phase deviations from average between the band manifolds.
The range of phase deviation within the HOMO-2 is clearly much larger than for the HOMO
and HOMO-1. At I', the HOMO-2 phase (depending on energy) spans a range of 1.24 rad,
while the equivalent values for the HOMO and HOMO-1 are only 0.14 rad and 0.22 rad,
respectively. As shown to the right of panel (e), the top energies of the HOMO-2 (-4 eV
to -4.43 eV) have an average phase of 0.87 rad, the middle energies (-4.43 eV to -4.95 eV)
have 1.40 rad, and the bottom energies (-4.95 eV to -5.8 eV) have 1.86 rad. The significant
difference in phase across these energy ranges suggest a difference in orbital character of the
states present within each of these energy ranges. This suggestion is strengthened by our
previously discussed polarization-dependent observations for the middle and bottom energy
ranges. The middle energy hosts the weakly-dispersive bands with opposite dispersions with
1L or || light polarization (Fig. 6.4(c)), while the bottom energy has weaker bands that do
not exhibit a clear linear-polarization-dependent effect. As for the circular dichroism studies,
we see a clear flipping of the CD polarization between the middle (polarization of 0.10) and
bottom (opposite pol. of 0.04) energy ranges (Fig. 6.5(a)). These combined observations
from our linear-polarization-dependence, CD measurements, and photon-energy-dependence
strongly suggest a differing in orbital character of the bands within these energy ranges. The
HOMO-2 is composed of 73, g, and o9 states [122, 112] (or possibly 73, 09, and o1 [115]).
So, in other words, the 73, og, and oy bands are not spread evenly across the energy range,
but instead are more strongly localized within certain energy ranges. Theory calculations
support a localization in energy between the m and o states, but are not definitive to their
relative ordering in energy as certain models calculate the o states to lie at the top HOMO-2
energies [136], while others calculate the o states to lie near the bottom energies [133], and
others still show them nestled in the middle energies between the 7 states [122, 5].
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Overall, the unusual phase deviations in the HOMO-2 are a result of the mixed orbital
character of this band manifold. The continuous phase shift across the HOMO-2 might
hide interesting phenomena that go beyond the discrete integer [ = 5,4,3 dependence (of
the 7 states) of the spherical Bessel functions, associated to the simple interference models
introduced before [116, 111]. Wang et al. [113] have suggested that the HOMO-2 oscillations
are almost entirely due to the 7 states as they predict the o states will only affect the overall
background due to deconstructive interference. Toffoli et al. [114] similarly predict the o
states to only contribute to a smooth background and not exhibit clear oscillations. Our
studies additionally examine the energy dependence of the oscillations and similarly find that
the overall oscillation is largely consistent with what is expected from the 7 states. However,
the effect of the o states is also clear and significant considering our discussion above and
in comparison to our HOMO and HOMO-1 observations (which have no o states). Further
theoretical studies may provide further insight on the oscillations of the HOMO-2 band
manifold intensity with photon energy.

6.5 Conclusions

In conclusion, we have elucidated precise details of the orbital character of Cgy valence band
manifolds and the band within them through photon energy and polarization-dependent
measurements. A typical photon beam used for photoemission experiments (mostly out-of-
plane linear polarization) causes intensity anomalies for the HOMO and HOMO-1 within
the first Brillouin zone and intensity patterns in constant energy maps well beyond the
first Brillouin zone as a result of strong matrix elements effects. Additionally, the specific
linear light polarization (in-plane or mostly out-of-plane) can reveal completely separate
bands in the HOMO-2 and has a strong overall intensity effect for each band manifold
based on its predominate orbital character. These effects should be kept in mind both
for future experiments and when examining previous experiments, many of which do not
take into account the effect of different polarizations. Circularly polarized data strengthen
our observations of multiple bands within each band cluster as they show clear opposing
CD polarizations. Additionally, the CD data reveals a band splitting at the top of the
HOMO that cannot be resolved with linear polarizations. Our analysis of the Cgy intensity
oscillations with k. finds the same frequency for the HOMO, HOMO-1, and HOMO-2, but
different phases for each. Additionally, we find a variation (mainly with energy) of the
phase within the HOMO-2 providing more specific details on the orbital character of the
bands and their energy location. These results are well explained by a model based on
the precise details of the differing orbital character of each band manifold. These results
provide a comprehensive photon energy and polarization dependent study of the valence
band structure of Cgg revealing not only unique photoemission traits, but precise details of
the Cgo dispersions and their orbital character.
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