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ABSTRACT

Investigations of the Band Structure and
Morphology of Nanostructured Surfaces

Kevin R. Knox

Two-dimensional electronic systems have long attracted interest in the physics and material
science communities due to the exotic physics that arises from low-dimensional confine-
ment. Studying the electronic behavior of 2D systems can provide insight into a variety
of phenomena that are important to condensed-matter physics, including epitaxial growth,
two-dimensional electron scattering and many-body physics. Correlation effects are strongly
influenced by dimensionality, which determines the many-body excitations available to a sys-
tem. In this dissertation, I examine the electronic structure of two very different types of
two-dimensional systems: valence band electrons in single layer graphene and electronic
states created at the vacuum interface of single crystal copper surfaces.The characteristics
of both electronic systems depend intimately on the morphology of the surfaces they inhabit.
Thus, in addition to discussing the respective band structures of these systems, a significant
portion of this dissertation will be devoted to measurements of the surface morphology of
these systems.

Free-standing exfoliated monolayer graphene is an ultra-thin flexible membrane and, as
such, is known to exhibit large out-of-plane deformation due to substrate and adsorbate
interaction as well as thermal vibrations and, possibly, intrinsic buckling. Such crystal
deformation is known to limit mobility and increase local chemical reactivity. Addition-
ally, deformations present a measurement challenge to researchers wishing to determine the
band structure by angle-resolved photoemission since they limit electron coherence in such

measurements. In this dissertation, I present low energy electron microscopy and micro-



probe diffraction measurements, which are used to image and characterize corrugation in
SiOs-supported and suspended exfoliated graphene at nanometer length scales. Diffraction
line-shape analysis reveals quantitative differences in surface roughness on length scales be-
low 20 nm which depend on film thickness and interaction with the substrate. Corrugation
decreases with increasing film thickness, reflecting the increased stiffness of multilayer films.
Specifically, single-layer graphene shows a markedly larger short range roughness than multi-
layer graphene. Due to the absence of interactions with the substrate, suspended graphene
displays a smoother morphology and texture than supported graphene. A specific feature
of suspended single-layer films is the dependence of corrugation on both adsorbate load and
temperature, which is manifested by variations in the diffraction lineshape. The effects of
both intrinsic and extrinsic corrugation factors will be discussed.

Through a carefully coordinated study I show how these surface morphology measure-
ments can be combined with angle resolved photoemission measurements to understand the
role of surface corrugation in the ARPES measurement process. The measurements de-
scribed here rely on the development of an analytical formulation for relating the crystal
corrugation to the photoemission linewidth. I present ARPES measurements that show
that, despite significant deviation from planarity of the crystal, the electronic structure of
exfoliated suspended graphene is nearly that of ideal, undoped graphene; the Dirac point is
measured to be within 25 meV of Er. Further, I show that suspended graphene behaves as a
marginal Fermi-liquid, with a quasiparticle lifetime which scales as (E — Er)~!; comparison
with other graphene and graphite data is discussed.

Image and surface states formed at the vacuum interface of a single crystal provide
another example of a two dimensional electronic system. As with graphene, the surface
quality and morphology strongly influence the physics in this 2D electronic system. However,
in contrast to graphene, which must be treated as a flexible membrane with continuous height
variation, roughness in clean single crystal surfaces arises from lattice dislocations, which
introduce discrete height variations. Such height variations can be exploited to generate a

self assembled nano-structured surface. In particular, by making a vicinal cut on a single



crystal surface, a nanoscale step array can be formed. A model system for such nanoscale
self assembly is Cu(111). Cu(775) is formed by making an 8.5° viscinal cut of Cu(111) along
the [112] axis. The electronic states formed on the surface of this system, with a nanoscale
step array of 14 A terraces, shows markedly different behavior those formed on Cu(111).

In this dissertation, I show that the tunability of a femtosecond optical parametric oscil-
lator, combined with its high-repetition rate and short pulse length, provides a powerful tool
for resonant band mapping of the sp surface and image states on flat and vicinal Cu(111)-
Cu (775) surfaces, over the photon energy range from 3.9 to 5 eV. Since the time scale
for excitation of the metal image state from the Cu surface state is comparable with the
electron-electron equilibration time scale, sharp features are measured due to resonant ex-
citation in the photoelectron energy distribution curves. In addition, I explore the range of
photon energies and optical intensities which may be used for this approach and show that
despite the relatively high pump intensity, the 250 kHz repetition rate of this laser ame-
liorates the space-charge broadening and electron-energy shifting even for photon energies
close to the vacuum edge.

The strong excitation conditions generated by a femtosecond laser pulse applied to a Cu
surface also allow the excitation and observation of a recently measured bulk state. In this
dissertation I show that angle-resolved, tunable, two-photon photoemission (2PPE) can be
used to map a bulk unoccupied band, viz. the Cu sp-band 0 to 1 eV below the vacuum
level, in the vicinity of the L point. This short-lived bulk band can be accessed using our
setup due to the strong optical pump rate. I describe how photoemission from this state
can be distinguished from photoemission from 2D states which is also present in the data.
In particular, the variation of the final-state energy with hw has a measured slope of ~ 1.64
in contrast with values of 1 or 2 observed for 2PPE from two-dimensional (2D) states. This
unique variation illustrates the significant role of the perpendicular momentum of initial and

final states in interpreting 2PPE data.
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Chapter 1

Introduction

1.1 Two Dimensional Surface Systems

Advances in nanoscale science and engineering over the last decade have revolutionized the
world of materials, electronics, and optics. At the same time, improvements in the quality
of experimental probes have allowed researchers to examine the electronic structure and
dynamics of these nanoscale materials with new levels of precision in both energy and time.
Nanosystems of reduced dimensionality provide an excellent platform for examining the
emergent properties of complex systems. Low-dimensional surface systems, in particular,
allow for a flexible and powerful approach to examining these phenomena, since they can
be readily fabricated and altered by self-assembly. Further, because of their open nature,
surface systems can be interrogated by the powerful momentum-selective probe of angular-
resolved photoemission.

One example of a nanostructured surface system is self-assembled nanowires on single
crystal metal surfaces. Ultrafast pump-probe measurements can be used to study lifetime
in these nanosystems with the goal of understanding the interrelation of dynamics and
confinement in these artificially fabricated nanosystems. In particular, in this dissertation
I present work on a surface array patterned by natural self-assembly with Angstrom-scale

features, viz. the surface of Cu(775). Additionally, I explore a free-standing monolayer film



CHAPTER 1. INTRODUCTION 2

formed via exfoliation techniques, viz. monolayer graphene, and examine the physics of this
system using advanced photoemission and electron microscopy techniques.

First, I provide a brief overview of the physics in these systems. In particular, the unique
massless fermionic band structure of single layer graphene will be presented along with a
discussion of the surface morphology of graphene. The physics of electronic states at single
crystal metal surfaces will then be presented. Specifically, the formation of surface states
and image potential states at the vacuum interface of a single crystal metal will be discussed.

Finally, a brief discussion of unoccupied bulk states in single crystal metals will be presented.

1.2 Graphene

Graphene is a single monolayer of carbon atoms arranged in a two-dimensional honeycomb
lattice. It can be thought of as the building block for many carbon structures; fullerenes,
which are zero-dimensional spherical arrangements of carbon atoms are essentially wrapped
up graphene balls, carbon nanotubes are one-dimensional tubes of rolled graphene, and and
graphite is a three-dimensional structure composed of stacked graphene sheets. Despite
its ubiquity in these other forms, graphene was first produced in isolated form only very
recently[9]. However, graphene has long been a subject of theoretical discussion, beginning
with a 1947 paper by P.R. Wallace, who used graphene as a starting point to study the
electronic structure of graphite|[10].

The recent availability of monolayer-thick two-dimensional crystals such as graphene
and Boron Nitride has generated widespread interest in the physics and materials science
communities. In the case of graphene, in particular, the two dimensional nature of the crystal
in combination with its unusual massless Dirac fermions determines a host of intriguing
and unique transport phenomena, including graphene’s half-integer quantum Hall effect
(HE) and non-zero Berry’s phase[l1, 12]. Unlike most metals, undoped graphene has a
Fermi surface which consists of a set of 2 inequivalent points in momentum-space. Thus,

at zero temperature and zero doping, the density of states at the Fermi level vanishes. In
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Figure 1.1: (Left) Lattice structure of graphene. A and B designate sublattice sites and a;
and ag the primitive lattice vectors. The §; designate nearest neighbors. (Right) Reciprocal
space of graphene showing Brillouin zone and primitive vectors of reciprocal lattice. This
figure is adapted from Ref. [1]

combination with the linear dispersion of low energy charge carriers, this vanishing density
of states is expected to lead to unusual band-renormalization effects that are not seen in

Fermi-liquid systems such as unusually high electron-electron coupling.

1.2.1 Electronic Properties

The graphene unit cell contains two carbon atoms, denoted A and B in Fig. 1.1, separated
by a distance of 1.42. The two primitive lattice vectors have length v/3a = 2.46 and
form a triangular lattice. Taken together, the two sublattices form the familiar hexagonal
lattice of graphene. The corresponding Brillouin zone (BZ) is also hexagonal, with reciprocal
space lattice vectors of distance 2/\/§a. The BZ is shown in Fig 1.1. The Dirac points are
located at the two inequivalent corners of the BZ, labeled K and K’. They have positions in

momentum space given by:

2T 27 2T 2

K= 5 - = ) K/: o 0 = =
(3a 3\/§a) (3a 3v/3a

) (L1)

Each carbon atom in the graphene crystal is connected to its 3 nearest neighbors by

a o bond formed by a hybridized sp? orbital. This ¢ bond leads to the trigonal planar
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structure and is responsible for the enormous mechanical strength of the graphene lattice.
The remaining p, orbital is perpendicular to the planar structure and forms the 7 and 7*
bands, which give graphene it’s unique electronic properties. Following the standard tight-
binding scheme, we can write the Hamiltonian for low-energy charge carriers in the m and

7 as:

H=—t Y |Ra)(Rp|+ Rp)(Ra4l (1.2)
Ra.Rp

where ¢ is the nearest-neighbor hopping energy and |R4) and |Rp) represent the atomic
orbitals centered at the sublattice points A and B, respectively. The summation is performed
over all pairs of nearest neighbors in the crystal. Note that we do not include next-nearest-
neighbor terms as their contribution has a negligible effect on the band structure for charge-
carriers in close proximity to the Fermi level.

We now write the wavefunctions as explicit sums over the atomic orbitals:
1 .
Ap) = —= > e RAR, 1.3
40 = 75 LR (13

1 o
|Bi) = WZe’kRByRm (1.4)
Rp

where k = (k;, ky) is the 2D, in plane, momentum. This allows us to change bases and

express the Hamiltonian in k-space as:

H(k) = —t (1.5)
where a(k) is expressed as:

a(k) = ethet 4 2eiky“/2cos(\/§ak?y/2) (1.6)
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Figure 1.2: Graphene band structure. (a) Valence band dispersion given by Eq. 1.7. (b)
Contour plot of conical dispersion in vicinity of K point. Successive equipotential lines are
separated by 200 meV.

This results in the following band structure:

Ek) = :I:t\/l + 4cos(V/3ak,)cos(aky/2) + 4cos?(aky /2) (1.7)

where the plus and minus signs correspond to the conduction (7*) band and valence() band,
respectively. A diagram of the valence band structure is shown in Fig x. The characteristic
Dirac cones are obtained by expanding the band structure around the K point as k = K+q.

This leads to the simple energy dispersion:

Ey =~ thup|q| (1.8)

where vp is the Fermi velocity, given by vp = 3ta/2h. With ¢t ~ 2.8, the Fermi velocity is
~ 106 m/s. This result is in stark contrast to the standard quadratic dispersion found in
most metallic systems, E(q) = ¢%/2m, (m is electron mass) where the group velocity, dE/dq,
is energy dependent. In the case of graphene the dispersion is linear and the group velocity
is a constant, independent of energy and momentum. Thus, the charge carriers in graphene
behave like ultra-relativistic particles and can be described by the two dimensional massless
Dirac Hamiltonian. The usual two-component Dirac spinors are replaced by eigenfunctions

composed of two "pseudospin" components that correspond to the A and B sublattice sites
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Figure 1.3: (a) Normal-normal correlation function in momentum space, G(q)/N, calculated
from Monte Carlo simulations of free standing graphene sheets as performed by Fasolino etal.
for finite graphene lattices of different sizes[2|. Solid straight line gives harmonic power-
law behavior and dashed line shows anharmonic corrections. (b) G(q)/N as a function of

temperature. This figure is adapted from Ref. [2]

and the velocity of light is replaced by vg, which is ~ 1/300 c.

1.2.2 Morphology of Graphene

Only a single atom thick, graphene is the ultimate example of a flexible membrane—a true

2D crystal embedded in 3D space. Thus, in addition to the typical acoustic and optical

phonon modes encountered in most 3D solids which disperse as wac(k) x k and wep(k) o

const, respectively, graphene has additional "flexural" phonon modes which arise due to

the out-of-plane oscillations of its carbon atoms. The acoustic flexural mode disperses as

wiex (k) o< k2 for small k. The existence of such a flexural mode has long been predicted to

cause crumpling of 2D membranes[13, 14, 15] and, thus, before its recent discovery, there

was significant debate about whether graphene could exist in the free-standing state. Since

the flexural modes disperse at k2, they dominate the behavior of structural fluctuations at

long wavelengths.

The basic theory of flexible membranes can be used to explain this crumbling tendency|[16].

We treat the graphene sheet as a smooth 2D membrane and represent the local height as

h(r), where r is the in-plane coordinate. The sheet is then parameterized by R = (r, h(r))
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and the local surface normal is given by:

—Vh
No_ 2-Vh (1.9)

JIF (VhE
where V = (0, 0y) is the gradient operator in 2D. For a perfectly flat graphene sheet, the
surface normals at all r are aligned and V-N = 0. The spontaneous creation of ripples costs
energy which is proportional to the bending stiffness of the sheet, s, and can be expressed

as:

By = ’;/d%(v N2 ~ ’;/er(v%)? (1.10)

where the second expression is valid in the limit that (Vh)? < 1. Taking a Fourier transform

of h(r) to obtain hy we can rewrite the above expression in momentum space as:

K
Ey= 2zkjhkhk (1.11)

We can now quantize the problem by introducing a momentum operator, Py, which

allows us to write the Hamiltonian as:

P\ P, k*
H= Zk: ( ey %h_khk) (1.12)

where o is the 2D mass density of the sheet. This is easily recognized as the equation
for simple harmonic motion in h with a frequency given by wgex = \//1/70 k2. From this
result it is straightforward to see why the existence of long-wavelength phonons should
cause crumpling in 2D sheets|[16]. The number of flexural modes per unit area at a given

temperature is obtained by integrating the Bose-Einstein occupation number, ny:

d*k 1 [ k
Noh = | —=nk = — dk 1.13
w = | G o ) -1 o

exp( E5T

The resulting integral is logarithmically divergent as k¥ — 0. For a system with finite
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size, L, we can obtain a finite value for the integral by replacing the lower limit of integration

with kmin = 27/ L:

Ngp= [ —— 1 )= 2T (ﬁ>1/4 (1.14)
h=5ln s Lr = p :
P L% 1— eXp<_L2T) k‘BT g

72

Unfortunately, the above result only produces a well ordered system if L <« Lp. How-
ever, for graphene k ~ 1 eV [2] and o ~ 7.5 x 1077 kg/m? we find Ly ~ 1 A at T =~
300 K, which means that free-standing graphene should always crumple at room tempera-
ture. However, note that the above discussion is only valid in the harmonic approximation,
where the flexural modes of graphene can be considered to be decoupled from the stretching
modes. Recently, Fasolino, et.al. have proposed that, at a critical wavelength of ~ 20 nm,
anharmonic corrections, which couple the bending and stretching modes, become dominant
and prevent the membrane from crumpling (see Fig. 1.3) [2]. Through the use of Monte
Carlo simulations of free standing graphene sheets, they have shown that the harmonic ap-
proximation is only valid for flexural phonons with wavelengths < 20 nm. At larger length
scales coupling between the bending and stretching modes effectively damps long-wavelength

phonons|2].

1.3 Two Dimensional Electronic States on Single-Crystal Metal

Surfaces
"God made solids, but surfaces were the work of the devil." -Wolfgang Pauli

Due to the very large number of atoms present in a macroscopic solid, exact theoret-
ical formulations of solid-state physics are essentially impossible to solve. Thankfully, for
a very large class of materials, one can derive many of the basic properties of condensed-
matter systems by exploiting the translational symmetry of an ideal crystalline lattice to
reduce the number of free parameters from an insurmountable 10?3 to a manageable hand-

ful. Thus, most theoretical models in solid state physics are based on the assumption of a
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perfect crystalline lattice that extends infinitely in all directions. Such a description allows
the application of a number of mathematical symmetry operations, which makes the prob-
lem tractable while still providing a good approximation to derive the basic macroscopic
properties of a solid.

The introduction of a surface, however, complicates this approach. In particular, surface
atoms have fewer neighbors than their bulk counterparts. Thus, chemical bonds must be
broken to form the surface which costs energy. Additionally, due to the changes in chemical
bonding, surface relaxations and reconstructions are common; surface atoms are displaced
from the ideal positions they would occupy in the bulk. Even if one neglects these shifts
in atomic positions and models a surface as a truncated bulk (with its atoms at bulk-like
positions), new physics arises since the model system is no longer infinite in all directions.

Thus, the electronic structure in the vicinity of the surface of metals and semi-conductors
is markedly different than that of the bulk due to the abrupt termination of the crystal
lattice. In particular, surface states are formed, which are new electronic states localized to
the few atomic layers closest to the surface. Such states exist within energy regions which
are band gaps for the bulk and are, thus, not degenerate with any bulk bands. Additionally,
if the bulk is metallic or semiconducting, a bound series of unoccupied states can form due
to the attraction of an electron near the surface of the bulk to its "image charge." In this

section, I present a brief review of the physics of surface states and image states.

1.3.1 Surface States

In general, the mathematical formalism used to determine the band-structure near the sur-
face is more complicated than in the bulk, due to the broken symmetry along the direction
perpendicular to the metal-vacuum interface. The translational symmetry which is normally
assumed in the derivation of standard electronic Bloch states only applies along the direction
parallel to the surface. However, a simple one-dimensional model can be used to understand
the basic origin of surface states. In general, a 1D crystal potential with periodicity a can

be written as a Fourier sum:
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Figure 1.4: Formation of 1D Shockley surface state. (a) Energy bands along k| for one-
electron bulk states. (b) Nearly-free electron model with cosine potential along a semi-
infinite linear chain. (c) Real part of the wave function for Shockley surface state.
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2

V() =Vo+ > Vae' e *in=£1,42, . (1.15)

Consider, now, the case where the crystal has a periodic, but weak potential (so that
the nearly-free electron model can be used) with the surface located at z=0. Keeping only

the leading term in the above expansion and setting Vy=0, we write the potential as:

2Vecos(2Zz) z>0
V(z) = (1.16)
0 2 <0

where the surface is located at z = 0 and z > 0 corresponds to the bulk and z < 0 to the
vacuum.

Very far from the surface we can neglect the effect of termination of the crystal and the
solution of the 1D Schrodinger for this potential takes on the standard Bloch wave form. Near
the Brillouin-zone boundary (k ~ 7 /a) electrons are scattered from the k = 7 /a state to the
k = —m/a state. Thus, the solutions have the form t(z) = '**(A + Be!™/)%) Plugging
this form into the Schrodinger equation with the V'(z) potential it is straightforward to show
that at the zone-boundaries the free-electron parabola splits and allowed and forbidden bands
arise with a band gap of 2V. This band structure is shown in Fig. 1.4. To extend these
solutions to include the surface contribution we match this Bloch wave solution in the bulk
onto a decaying exponential outside the bulk. Such a piecewise solution can be found for
every possible energy eigenvalue within the allowed band. Thus, the corresponding energy
levels are only slightly modified from those of the infinite bulk.

However, the presence of the surface allows us to introduce an additional solution by
considering complex values of k, k = p £ iq, where we again consider solutions near the

zone-boundary, p = 7/a:

Y(2) = eT%e™P* (A + Be'?7/2)%) (1.17)

This class of solutions is forbidden for the infinite bulk crystal because the exponential
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+qz

term e™9* diverges at 400 or -oo. However, for the semi-infinite crystal considered here we

can consider the following solution:

e—qzeipz(A + Bei(27r/a)z) 2>0
b() = (113)

C e?? 2z <0

where, again, z > 0 corresponds to the bulk and z < 0 to the vacuum. Clearly, this solution
decays to zero at both 400 and -co. The coefficients A and B are chosen to be A = €% and
B = e where § ranges from -m/2 to 0 corresponding to the bottom and top of the band
gap, respectively. After some calculation, the solution inside the crystal can then be written

as:

P(z) = A" e cos|(m/a)z + d] (1.19)

The coefficients A" and C' are then chosen to match ¢ and dip/dz at the surface. In
general, there is always a region in the gap, 0 > § > —7/2, where the two wavefunctions
can be matched and a surface state can exist. From the form shown in Eq. 1.18 it is clear
that the wavefunction is localized at the surface and decays exponentially into the vacuum
and into the bulk. An example of Re[] is shown in Fig. 1.4

We have shown that such a state can exist in the free-electron model. Such states can
also be shown to arise starting with the tight-binding model. In the literature, these surface
gap states are often denoted as Shockley states[17] or Tamm states[18] depending on whether
they can be mathematically described by the nearly-free electron model or the tight-binding

model, respectively.

1.3.2 Image States

Image states are two-dimensional quantized electronic states that form at the surface of
a metal or high-dielectric-constant crystal[19, 20, 21, 22, 23]. They form as a result of

the electrostatic attraction between an electron above the surface of the crystal and its
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corresponding "image charge" in the bulk[19, 20]. In the presence of a projected surface
band gap in the bulk a crystal barrier will be present for electrons of particular values
of £ and k|, preventing those electrons from being recaptured by the metal. Thus, a
series of bound states are formed with a Rydberg-like progression of energies. Image states
generally have longer lifetimes (20 - 100 fs) than bulk states due to the fact that the image
state wavefunction is largely localized outside the metal with minimal penetration into the
bulk. Image states are, however, sensitive to surface conditions and will be modified by the
presence of adsorbates, step edges or surface roughness. Thus, these states are of interest
because of their applicability to other areas of condensed-matter physics. They provide a
useful model system with long lifetimes and precise energy eigenvalues to study the physics
of two-dimensional electronic systems. Additionally, image states form on a very wide range
of metallic surfaces and will change in character based on the underlying properties of
the crystal surface. Thus, the study of image states can provide insight into a variety of
phenomena that are important to condensed-matter physics, including epitaxial growth,
two-dimensional electron scattering and low-dimensional confinement.

Figure 1.5 shows an idealized image-state system. The simplest way to calculate the
energy spectrum of the system is to assume that the crystal barrier is infinite. The potential,

V (), is then a 1/z form:

—e?
V(r)=—— (1.20)

where z is the distance from the electron to the metal surface. The problem is, then,

analogous to the hydrogen-atom in one dimension and the spectrum is readily obtained as

a Rydberg series:

(1.21)

This simple treatment yields some useful results which aid in a basic understanding

of image states. First, one observes that the spacing between successive Rydberg states
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decreases as 1/n? so that higher order states become more difficult to resolve by experimental
techniques. However, it can also be shown that the z-position of the maximum value of the
wavefunction scales as n?, which means that higher order states are more decoupled from
the bulk and, thus, longer lived with smaller widths in energy space.

A more precise treatment of the image state spectrum can be obtained by considering
the phase shift of the electron wavefunction at its turning points. Denoting the phase shifts
at the crystal barrier and Coulombic barrier as ¢. and ¢y, respectively, we can write the

condition for a stationary state as :

b + by = 211 (1.22)

where ¢. and ¢ vary with the energy of the state. The phase shift at the Coulombic barrier,
op, was implicitly contained in the previous simplified model. However, by introducing an
infinite crystal barrier, we have ignored any potential penetration of the image state into the
bulk, which effectively fixes ¢. at w. By taking into account the variation in ¢, with energy
(and from one metal to another) we can model penetration of the wavefunction into the
crystal. Such penetration into the bulk also modifies the binding energy of the image-state

and we obtain:

—0.85

E,=———— 1.23

(n+a)? (123)
where a is a quantum defect that depends on ¢, as:
1 c

a=—-(1- ¢—) (1.24)

2 T
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Figure 1.5: (Left) Electric field lines around an image state electron in the vicinity of a
metal surface. (Right) Idealized image-state system. Diagram shows electrostatic potential
as a function of distance from the surface as well as energetic location of the first two image
states.



Chapter 2

Experimental Techniques

A wide range of specialized experimental techniques were employed in the investigations
described in this dissertation. In this chapter I review basic principles underlying these
experimental techniques and provide details about the specific experimental setups used to
acquire data. I also describe the sample preparation procedures used to obtain both sus-

pended and supported graphene as well as a well ordered nano-structured Cu(775) surface.

2.1 Spectroscopic Photoemission and Low Energy Electron

Microscopy

2.1.1 Review of Low Energy Electron Microscopy

Low energy electron microscopy (LEEM) is a UHV surface imaging technique developed by
Ernst Bauer and Wolfgang Telieps in 1985. In contrast to scanning microscopy techniques
such as scanning electron microscopy (SEM) or scanning tunneling microscopy (STM), which
require an electron beam or probe to be focused on a small spot and scanned across it,
LEEM is a true imaging technique, i.e., all imaging pixels are acquired simultaneously from
the illuminated area on the surface. This enables dynamic processes to be studied in real
time. Additionally, LEEM differs from other electron microscopy techniques in that typical

electron energies are on the order of 1 - 100 eV. Thus, the technique is highly surface sensitive

16
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and allows the probing depth of the electron beam to be tuned by varying the energy.[3]

The basic setup of a LEEM instrument is shown in Fig. 2.2. High energy electrons
(15 - 20 keV) are emitted from an electron gun and pass through a series of condenser
lenses which focus and position the beam. The electrons are then sent through a magnetic
beam separator (used to separate the incoming from the outgoing beams) and an objective
lens before impinging on the sample. The sample is held at a very high voltage while the
electron gun and objective are grounded such that the incoming electrons are decelerated
to "low" energies before interacting with the surface. Backscattered electrons are then re-
accelerated to high energies as they move away from the surface before passing back through
the objective lens. The beam separator steers the backscattered electrons into the imaging
column, after which they are detected by an imaging plate or screen.

Multiple contrast mechanisms exist in LEEM depending on the electron energy used and
the specifics of the sample being probed. At typical LEEM energies, the cross section for
elastic backscattering from the surface atoms depends both on the electron energy and on
the chemical species of the scattering atom. In particular, the backscattering cross section
is a non-monotonic function of nuclear charge, which allows one to image light adsorbates
which may be present on substrates composed of heavier atoms. Additionally, the reflection
coefficient for a crystalline solid varies strong with electron energy due to the band structure
of the material; incident electrons with energies corresponding to band gaps in the material
will be reflected with high probability, while those with energies that can be matched onto
electronic states in the crystal will penetrate into the material. This phenomenon is identical
to that encountered in an analysis of low-energy electron diffraction. Thus, a natural contrast
mechanism for LEEM is based on local differences in the diffractions conditions, which occur
if the periodicity of the sample varies as a function of location along the surface due to strain
fields, dislocations, or local variations in surface structure or crystal orientation. This type of
contrast is normally called "bright field contrast" if specularly reflected electrons are imaged.
If the sample contains regions with different crystal orientations it can be useful to image

non-specularly diffracted beams, which is called "dark field contrast." Another contrast
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Figure 2.1: LEEM contrast mechanisms. (a-c) Diffraction contrast: (a,b) bright field, (c)
dark field. (d, e) Interference contrast: (d) geometric phase contrast, (e) quantum size
contrast. Figure adapted from Ref. [3]

mechanism is interference contrast due to surface steps or thin films, called "geometric
phase contrast" and "quantum size contrast," respectively. Both mechanisms result from
the interference caused by the difference in optical path-length for electrons reflected from
the terraces bordering a step or from the top and bottom of a thin film. The quantum size
effect is analogous to the effect produced by a Fabry-Pérot interferometer and is very useful
for thin film growth studies by LEEM.[3] These LEEM contrast mechanisms are illustrated

in Fig. 2.1

2.1.2 Nanospectroscopy Beamline at ELETTRA

All of the graphene measurements described in this dissertation were made using the Spectro-
scopic Photoemission and Low Energy Electron Microscope (SPELEEM) at the Nanospec-
troscopy beamline at the Elettra Synchrotron light source[24]. The SPELEEM is a versatile
multi-technique microscope that combines low-energy electron microscopy (LEEM) with
energy-filtered X-ray photoemission electron microscopy (XPEEM). The microscope images
surfaces, interfaces and ultra-thin films using a range of complementary analytical charac-

terization methods|25, 26]. When operated as a LEEM, the microscope probes the specimen
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using elastically backscattered electrons. As described above, LEEM is highly sensitive to
the surface crystalline structure and, due to the favorable backscattering cross-sections of
most materials at low energies, allows image acquisition to be obtained at video frame rates.
The lateral resolution of the microscope for LEEM imaging is currently below 10 nm. In
XPEEM mode, the specimen is probed using the beamline photons, provided by an undu-
lator source; thus, the technique is sensitive to the local chemical and electronic structures.
Laterally resolved versions of synchrotron-based S-ray absorption (XAS) and photoemission
spectroscopy (XPS) are possible. The principle of operation for X-ray photoemission will
be described in section 2.3. the The lateral resolution in XPEEM approaches a few tens of
nm.[27|

Along with real-space imaging, the SPELEEM microscope is capable of micro-probe
diffraction imaging, i.e. laterally restricted low-energy electron diffraction (u—LEED) and
angle-resolved photoemission electron spectroscopy (u—ARPES) measurements when prob-
ing with electrons and photons, respectively. In diffraction operation the microscope images
and magnifies the back focal plane of the objective lens. In ARPES mode, the full angular
emission pattern can be imaged on the detector up to a parallel momentum of ~ QA_l;
at larger parallel momentum the transmission of the microscope decreases. All diffraction
measurements are restricted to areas of ~ 2 pum in diameter, which are selected by insert-
ing a field-limiting-aperture into the first image plane along the imaging-optics column of
the instrument. Thus, the microscope enables measurements on samples that are homoge-
neous over areas of a few square microns. The energy resolution of the SPELEEM is 300
meV and the momentum resolution of the microscope when operated in diffraction mode
(LEED or ARPES) is ~ 0.045 A™'. This value for the momentum resolution was obtained
from calibration on a standard tungsten crystal; measurements using this crystal showed
that the value changed by less than 5% as the kinetic energy of photoemitted electrons (or
backscattered electrons for the case of LEED) increased from 25 to 100 eV. Specifically, the
momentum resolution was observed to increase from 0.044 A~ at 25 6V to 0.046 A~ at

100 eV.



CHAPTER 2. EXPERIMENTAL TECHNIQUES 20

Main Chamber Sample Prep
; Chamber

OBJ  image column analyser
i —

Beamline
Connection

W . 2 hv
/ ; 5 illuminatio
B eam . / column,

ret lens

exit inner

slit  lens
Separator CH‘Q
e-gun P
P3 P2 ||acc
Electron Gun ) o acton pane I Ali
I m ag e © image plane detector dispersive plane

Column

Figure 2.2: (Left) Schematic of SPELEEM microscope. (Right) Details of imaging column
and electron analyzer.

Basic introductions to the techniques of LEED and ARPES will be presented in sections

2.2 and 2.3, respectively.

2.2 Low Energy Electron Diffraction

2.2.1 Review of Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a useful tool for determining the surface struc-
tural properties of both crystalline and amorphous materials. In a standard LEED setup
a coherent electron plane wave with fixed energy and momentum is directed at a sample
mounted in an ultra-high vacuum chamber. The far-field scattered electron intensity is then
recorded as a function of scattering angle. Analysis of the resulting diffraction pattern pro-
vides useful information about the atomic structure of the sample. Typical electron energies
range from 10 to 500 eV; thus the electron wavelengths are on the order of the distances
between atoms in the sample (a few A). Due to the strong interaction between electrons
and atoms, the penetration depth of the incident electron beam is typically less than 10 A.

Due to surface sensitivity of LEED and the need to verify that one has a clean, well or-
dered surface, a LEED setup is commonplace on nearly all UHV chambers that are employed

for use in surface science experiments. A typical LEED setup is diagrammed in Fig. 2.3.
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Figure 2.3: (Left) Schematic of a three-grid LEED unit. This figure is adapted from Ref. [4]
(Right) Ewald sphere construction for LEED scattering. k and k’ represent incoming and
outgoing momentum vectors and K = k’ — k. The 2D reciprocal lattice points are plotted
along the k, direction with vertical rods extending from each point. The scattering condition
K| = G can be fulfilled for every point at which the sphere crosses a reciprocal-lattice rod.
The (1 0) scattering condition is shown explicitly.

Electrons generated by a heated cathode filament are accelerated and focused by a series of
electrostatic lenses: A, B, C and D. The acceleration energy is determined by the potential
between the cathode and apertures A and D, while apertures B and C are used to focus the
electron beam. The last aperture, D, is grounded as is the sample and the first grid in front
of the fluorescent screen; thus, electrons traveling towards sample as well as the scattered
electrons propagate in a field free region. The backscattered electrons are detected by the
fluorescent screen, which must be kept at a large positive bias (~ 5 keV) with respect to the
first grid since only high energy electrons can cause the screen to fluoresce. A middle grid
is positioned between the first (grounded) grid and the screen and kept at a slight negative

bias in order to suppress inelastically scattered electrons.
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2.2.2 Theory of LEED

In general, "slow" electrons interact very strongly with atoms in a solid, making an exact
theoretical description of the LEED process rather complicated. In particular, multiple
scattering events must be taken into account, which means the standard Born approximation
is not sufficient. However, many of the essential features of a LEED experiment can be
adequately described by the so-called kinematic theory, in which only single scattering events
are taken into account. A brief description of the kinematic theory of LEED will be presented
here.

We begin by assuming that the incident and scattered waves are both plane waves
described by ¢ o eikT=Et/h) - The scattering probability from an incident state, ;, with
wavevector k, to a final state, 1, with wavevector k’, is proportional to the square of the

transition amplitude, given by:

aae(r) =5 [ [ arie Ve 2.)

where V(r,t) is the time-dependent potential that describes the interaction of the incident
electrons with the crystal surface. V(r,t) can be written as a sum over the individual atomic

contributions as:

V(r,t) =Y v[r— pu(t)] (2.2)

where v is the interaction potential of a single atom and n = (n1, ng2,n3) labels the atoms
in the primitive lattice, which have time varying positions given by p,(t). Inserting our

definitions for 1;, 15 and V(r,t) into Eq. 2.1, we obtain:

—1 T . . /
e () = 51 22 [t PN 1) (23

where K = k — k’ and f(K) is the atomic scattering factor obtained by taking the Fourier

transform of v(r). We now explicitly separate the atomic position vectors into static com-
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ponents parallel and perpendicular to the surface, as well as a time varying component that
represents displacement from equilibrium: py,(t) = r, +r1, +s,(t). Inserting this definition
into Eq. 2.3 the resulting scattering amplitude can be separated into an elastic term and
an inelastic term. The inelastic term arises from the time dependence in s, (¢) and contains
information about interaction with surface vibrational modes (phonons). Our main concern

in this thesis will be the elastic scattering amplitude, which can be written as:

a (T) = %Zf(K) Z/o dte! B’ =)/ g =K (v tr i) (2.4)

In the 7 — oo limit, the integration over ¢ yields an energy-conserving delta function,
d(E' — E), as expected. The sum over n is essentially a sum over surface atoms since the
penetration depth of the incident LEED beam is limited to a few surface layers. Thus, we

obtain terms of the form:

Z — ¢~ iK:(n1ai1+ngaz) (2.5)

ni,n2
where n; and ny are integers and a; and ag are primitive lattice vectors in the surface
plane. If we let n; and ne run to infinity, the summation in 2.5 is non-zero only when
K .a; = 27h and K - ay = 27k, where h and k are integers. This condition expresses the

familiar conservation of parallel momentum:

K| =X|-k =G (2.6)

where G is a primitive vector of the reciprocal lattice. Thus, in the basic kinematic inter-
pretation of LEED, scattered intensity is found only when the change in parallel momentum
of the scattered electron beam matches the parallel component of a reciprocal lattice vector.
The same conservation of momentum is not found in the perpendicular direction, because,
as noted above, the summation in 2.5 runs only over the atoms in the top-most layers.

A common visualization tool for illustrating the LEED diffraction condition is the Ewald
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sphere, shown in Fig. 2.3. Along a grid in reciprocal lattice space the wave-vector of the
incoming electron, k, is positioned with its end at the (0,0) reciprocal lattice point and a
sphere is constructed along its starting point. Vertical rods are then constructed starting at
each point of the reciprocal lattice. The scattering condition K| = G is then fulfilled at

the locus of points for which the Ewald sphere crosses a reciprocal-lattice rod.

2.2.3 Experimental Setup for LEED measurements

The LEED experiments described in this dissertation were performed using two instruments.
LEED experiments performed on stepped Cu surfaces used a standard three-grid LEED sim-
ilar to the one described above. LEED data obtained on suspended and supported monolayer
graphene described in chapter 3 was taken with the SPELEEM microscope in operation at
the Nanospectroscopy Beamline of the Elettra Synchrotron light source. Although the exper-
imental setup for the SPELEEM microscopy differs from that of a conventional LEED setup,
the underlying principle is the same. As described in section 2.1.2, diffraction measurements
can be taken by imaging the back focal plane of the objective lens. Additionally, laterally
restricted electron diffraction measurements are possible with the SPELEEM microscope
by inserting a field limiting aperture into the first image plane along the imaging-optics
column of the instrument. This allows regions as small as 2um to be examined by LEED.
Such lateral resolution is not possible with a conventional LEED setup, which employs an

electron beam several mm in size.

2.3 Photoemission Spectroscopy

2.3.1 Review of Photoemission Spectroscopy

Photoemission Spectroscopy (PES) is a decades-old experimental technique that has been
refined over the years and is still extensively used to study core levels and valence bands in
a wide range of systems, ranging from simple monatomic gases to complex structures such

as high-temperature superconductors. The first experimental detection of photoemission
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was by Heinrich Hertz in 1887(28]. In the earliest experiments monochromatic radiation,
obtained by passing light from a continuum source through a prism monochromater, was
focused onto the surface of a potassium or sodium sample in a vacuum tube. Liberated elec-
trons then traveled to a second metal plate within the vacuum, where the current generated
was measured as a function of retarding voltage. Thus, the maximum kinetic energy of the
photoelectrons could be determined by adjusting the retarding voltage until the current was
completely suppressed. It was found that this energy depended on both the frequency of the
incident radiation and the metal under investigation. Since these early experiments predate
the development of modern quantum mechanics, the photoelectric effect, which cannot be
adequately explained with the classical theory of electromagnetic radiation, was not fully
understood at the time. However, in 1905 Einstein was able to explain the effect by invoking

the quantum nature of light.[29] The basic equation governing the phenomenon is:

eU = KEmax = hw — ¢ (2.7)

where U is the retarding potential, KEn,x the maximum electron kinetic energy, w the
frequency of light, and ¢ the work function of the metal under investigation. Thus, the
most energetic electrons are those closest to the Fermi level that absorb all the energy of an
incoming photon, Aw, and lose the minimum energy required to escape the metal, ¢.

In principle, modern PES studies are performed in the same way as those early ex-
periments were. Fig. 2.5 shows a schematic of a modern PES experiment. Experiments
are performed under ultra-high vacuum (UHV) conditions with pressures in the 1071 torr
range. Monochromatic light with photon energy hw and vector potential A impinges on
the sample. A wide range of monochromatic photon sources are available, including laser
radiation, gas discharge lamps, and synchrotron light sources. Together, these light sources
provide a very wide range of photon energies, from a few eV from laser radiation all the
way up to 1 keV or more from synchrotron sources, enabling the researcher to study a

large variety of systems and phenomena including surface states, chemical bonding, valence
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bands and core levels. The polarization and angle of incidence of the radiation can also
be varied to access different electronic states in the system. The photoemitted electrons
are detected and counted by an electron detector (usually a microchannel plate (MCP) or
charge-coupled device (CCD)) after passing through an electrostatic energy analyzer, which
determines their final-state kinetic energy, KE;. In angle-resolved experiments the emission
angle, (6, ¢), of the photoemitted electrons is also recorded. In some experiments, the spin
of the photoemitted electrons is also detected.

Figure 2.5 shows a typical photoemission electron energy distribution curve and its re-
lation to the energy band structure of a hypothetical metal with core levels and a valence
band. As is shown, by plotting the total number of photoemitted electrons as a function
of final state kinetic energy, a replica of the band structure of the solid is generated. Final
state kinetic energies are referenced to the vacuum level, Er, while binding energies in solids
are generally referenced to the vacuum level, Ey. Thus, if the work function of the material
under investigation is known, (¢ = Ev - Ep), the binding energy of the initial states can be

easily calculated from the final state kinetic energies according to:

KEf = hw — ¢ — |Eg| (2.8)

Additionally, parallel momentum, kj, is conserved in the photoemission process, so k|| for
the initial state can be easily inferred from the final state kinetic energy and the angle of

emission as:

k” = wsin(&) (29)

h

2.3.2 Angle resolved Ultraviolet Photoemission Spectroscopy

The energy states of a metal or semiconductor are characterized by single-electron energies,
E, and wavevectors, k. Tt is the goal of angle-resolved ultraviolet photoemission spectroscopy

(ARUPS) to determine the band structure by mapping this E(k) relationship[30, 31, 32, 33,
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Figure 2.4: (Left) Typical PES setup. A light source provides photons of energy 7w and
vector potential A. The emission angle, (0, ¢), and kinetic energy, KE, of photoemitted
electrons are measured. Figure adapted from Ref. |5] (Right) Energy level diagram showing
core levels and valence band in a solid sample along with the corresponding angle integrated
energy distribution curve for photoemitted electrons. Ep and Ey refer to Fermi level and
vacuum level, respectively.

6]. In the simplest model of photoemission, the transitions are vertical in a reduced zone
scheme; they occur without the participation of other excitations.

The three-step model is the most commonly used model for the interpretation of photoe-
mission spectra of solids.[34]. The PE process is broken up into 3 basic steps: the excitation
of the photoelectron from its initial state to an excited state within the crystal, travel from
the bulk to the surface, and escape from the surface into the vacuum. Although the process
is purely phenomenological (in reality, the photoemission process occurs as a single step)
it is adequate to describe many aspects of PE. The first step is considered within the re-
duced zone scheme and is a direct transition, meaning that the momentum of the electron
is conserved up to a reciprocal lattice vector. If the photon has energy in the soft-UV range
(which is the case for valence band ARUPS), its momentum can be neglected. The equation

governing the initial excitation is:

N =Y |M(ks, ki)|* 6(Ef — E; — hw)é(ks —k; — G) (2.10)
i,f
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where the delta functions explicitly conserve energy and momentum and the transition
matrix, M, is evaluated between an initial and final state block waves within dipole approx-

imation, where the interacting Hamiltonian is given by:

in 1
H™ = ﬂ(A-p) (2.11)

In the final step, the electrons that are able to escape are those that have sufficient kinetic
energy to overcome the surface potential barrier. As indicated in Eq. 2.10, the initial step
preserves total electron momentum. However, in the final step as the electrons cross the
surface potential barrier, they lose perpendicular momentum and only kis conserved. There
are several methods that exist to determine k. In particular, if one has knowledge about the
intermediate excited state into which the electron is excited before escaping into the vacuum
it is straightforward to calculate k) since the first step in the 3-step process preserves total
momentum. This is illustrated schematically in Fig. 2.5 (Left). Such information can come
from ab initio band structure calculations. However, if the photon energy is sufficiently
high, such that the intermediate excited state is many eV above Ep, it is more common to
assume that this intermediate state "free-electron" like. One then simply uses the standard
free-electron dispersion, h%k?/2m, shifted below the vacuum level by the so-called "inner

potential” of the metal.

2.3.3 Two-Photon Photoemission

The ARPES techniques described above can only be used to access occupied crystal states.
In order to probe unoccupied states one must use an alternative technique such as inverse
photoemission (IPE) [35, 36, 37| or two-photon photoemission (2PPE) [23, 38, 39, 20, 40,
41,42, 43,44, 45, 46, 47]. All of the data presented in this dissertation on unoccupied states
of flat and stepped Cu surfaces was collected using two-photon photoemission. Thus, in this
section I present a brief review of 2PPE.

The basic 2PPE scheme is illustrated in Fig. 2.6. An electron from an occupied state
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Figure 2.5: (Left) Three-step model of photoemission. (Right) Excitation within the reduced
zone scheme. Figure adapted from Ref. [6].
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Figure 2.6: Excitation process for two-photon photoemission. A photon of energy hw; is
absorbed by an occupied state electron at time ¢ = 0. The electron makes a transition from
a bound state below Er to an intermediate state with energy F;, where By < E; < Ef.

At a later time a second photon of energy hws excites the electron to a free state above the
vacuum level.
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below the Fermi level is pumped to a bound, unoccupied state of the crystal, before being
excited above the vacuum level by absorption of a second photon. After excitation to a free
state in the vacuum, the detection process is identical to that of single photon photoemission.
Since the process is, by definition, a second order process, high photon fluxes are required in
order to acquire a good signal-to-noise ratio. Additionally, low photon energies are needed
for the pump pulse since the total energy of the pump must be less than the work function to
avoid ejecting electrons directly into the vacuum. For this reason, pulsed laser photon sources
are used for 2PPE. Pulsed laser sources are also naturally suited to making time-resolved
measurements. If the first pulse has a different energy than the second pulse (bichromatic
2PPE), a time delay can be introduced between the pump and probe pulses which can be
exploited to measure ultrafast dynamic effects|40, 41, 42, 44, 45, 46, 47].

While a number of condensed-matter systems have been examined using 2PPE, the
technique has been used most fruitfully for the study of the electronic-band structure of
normally unoccupied image and related surface states on metal surfaces [23, 38, 39, 20, 40,
41,42, 44, 45, 46, 47|. In addition, the use of time-resolved capability, which is inherent to
2PPE measurements, enables direct determination of ultrafast quasiparticle inelastic decay
and thus the measurement precision of scattering in image states has developed to be of the
order of several femtoseconds [40, 41, 42, 44, 45, 46, 47]. The technique of 2PPE has even
been successfully applied to probe empty bulk states, which are inaccessible to photoemission
spectroscopy [48, 49, 50, 51, 52, 53]. The signals from such bulk states are relatively weak in
comparison to image and molecular states because of their relatively short lifetimes, which
are dominated by electron-electron scattering[53]. More recently, 2PPE has been used to
map the unoccupied bulk states in the vicinity of the L-point below the vacuum level|[53].
Finally, entirely new and potentially very powerful applications of time-resolved 2PPE have
also been demonstrated, such as detection of periodic motion of electron wave packets [54],
motion of adsorbate atoms [55], coherent control of currents[56], hot electron dynamics|[57],
plasmon dynamics|58, 59|, and dynamics of electron transfer, localization, solvation, as well

as polaron formation[60, 61, 62, 63, 64, 65].
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Figure 2.7: Femtosecond laser system and vacuum systern.

2.3.4 Experimental Setup for 2PPE with Femtosecond Laser System

The setup used to collect the 2PPE data described in this dissertation is diagrammed in
Fig. 2.7. The laser system uses an ultrafast Ti:Sapphire pulse source, the pulses of which
are amplified in a regenerative amplifier, and then used to drive an optical parametric
amplifier to provide a tunable source of visible light. This output is then converted to UV
wavelengths by second harmonic-generation in a 1 mm BBO crystal, thus producing a train
of 90 fs tunable UV pulses. The range of available wavelengths is ~ 340 - 250 nm, which
corresponds to a photon energy range of 3.6 - 5 eV. The laser has a 250 KHz repetition
rate and produces pulses with total energies of the order of 1 nJ. The UV wavelength is
determined using a 0.25 m monochromator with a wavelength accuracy of about £ 1 nm
corresponding to + 20 meV error in the UV photon energy.

Photoemitted electrons are collected using a 160° (36.5-mm radius) spherical-sector en-
ergy analyzer. The acceptor cone of the detector yields a momentum resolution of § k=

0.03A_1; the energy resolution was set to ~50 meV, a value greater than the energy res-
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Figure 2.8: Supported and suspended graphene samples (a) Optical microscopy image of
monolayer and multilayer supported graphene sample. (colors enhanced to show contrast).
(b) LEEM image of the same sample. Numbers indicate graphene thickness in ML. (c)
XPEEM image of Au 4f 7/2 core level taken at edge of Au wire on graphene. (d) Intensity
profile along red dashed line in (¢). (d) Schematic of suspended-graphene sample configu-
ration. (e) Optical micrograph of sample containing suspended monolayer graphene (MLG)
and few-layer graphene (FLG).

olution limit of the short optical pulse of ~ 20 meV bandwidth. The laser incidence was
fixed at 70° and the angular resolution was achieved by rotating the detector about a fixed

sample.

2.4 Sample Preparation

2.4.1 Graphene Sample Preparation

Graphene samples were extracted by micro-mechanical cleavage from Kish graphite crystals
(Toshiba Ceramics, Inc.) and placed onto an SiOs-thin-film layer on an Si substrate using

the standard micro-mechanical exfoliation technique[9]. The suspended graphene samples
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were obtained through the use of a patterned substrate, in which cylindrical cavities 5 ym in
diameter were etched to a depth of 500 nm. A sketch of the sample configuration is shown
in Fig. 2.8 along with an optical micrograph. Great care was taken to eliminate any source
of surface contamination during sample preparation, ensuring that the graphene surface
under study was pristine. In particular, no photo-lithographic patterning techniques were
used on the graphene sheets. To avoid charging the substrate under photon and electron
beam irradiation, the graphene flakes were grounded by Au/Cr stripes evaporated through
a metal shadow mask. Prior to the experiments with the electron microscope, all samples
were inspected with an optical microscope to identify the thinnest flakes [66].

After preparation the samples were placed into a UHV chamber with a base pressure
of 2 x 1071° mbar, and the surface cleaned via low-energy electron irradiation to elimi-
nate adventitious hydrocarbon molecules adsorbed during prior atmospheric exposure|[67].
XPEEM with 403 eV photons was employed to examine the graphene sheets for impurities
that may have been introduced in the preparation procedure. Traces of Au contamination
from shadow masking during contact formation were measured only in the immediate prox-
imity (within 5 pm) of the Au strips (see Fig 2.8). For each sample, LEEM was used to
locate sample areas of interest and to determine film thickness with atomic resolution by
measuring intensity modulations in the LEEM I-V spectra.[67, 68, 69]

Several experiments were carried out to determine the best surface preparation procedure
for the graphene. It was found that prolonged UHV annealing at 300 C° resulted in degra-
dation of the graphene LEED pattern, possibly due to the oxidation of the graphene due
to the interaction with the underlying SiOg-substrate [70]. Further, XPEEM measurements
showed that heating caused diffusion of Au and Cr across the graphene from the nearby
grounding stripes. These two problems prevented us from cleaning samples by annealing.
Electron stimulated desorption of the adspecies was chosen instead for in situ surface prepa-
ration. In fact, irradiation at room temperature with low-energy electrons (in the range 25
to 150 eV) was found to result in a rapid increase in the intensity of the LEED patterns

of both graphite and graphene flakes. The samples were locally irradiated until the elec-
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Figure 2.9:  (a) Sketch of well ordered Cu(775). The terrace width is 14.02 A and the
sample cut is such that the step descends along the [112] direction. (b) LEED pattern at 65
eV of Cu(775) surface illustrates splitting of diffraction spots.

tron reflectivity of the Bragg reflection at 60 eV reached maximum intensity, typically in
~ 30 mins. As we chose not to treat the samples thermally, we cannot exclude the presence
of impurities, carbonates in particular, on the films. Comparative LEEM experiments were
also carried out on HOPG; these experiments verified that irradiation with 60 eV electrons
produced very sharp LEED patterns and led to the development of clean areas as large as
1 pm. The experiments on HOPG also showed that after e-beam irradiation some degree
of contamination remained in the form of islands nucleated at steps, step bunches or other

surface defects.

2.4.2 Cu(111) and Cu(775) Sample Preparation

In our experiments, a high-purity (99.999% purity) single-crystal copper sample of 1.2-cm
diameter is cut to the desired (111) and (775) orientations on opposite sides of the crystal.
The 8.5 © miscut of the (775) surface with respect to (111) is accurate to within 0.1 degree.
The sample, with both flat and stepped surfaces accessible, is then placed into a UHV
chamber (base pressure less than 2 x 107!0 Torr) equipped with an ion sputtering gun, a
low-energy electron diffraction (LEED) instrument, a quadrupole mass spectrometer (QMS),
and a spherical-sector electron-energy analyzer. The sample is prepared by Ar-+-sputtering
at 2 keV for 20 min and subsequent annealing to 500 °© C. Each sample-preparation cycle is

repeated until sharp LEED spots are observed. On the Cu(775) surface, the procedure is
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repeated until the LEED spots are split to indicate high step regularity as shown in Fig. 3.1.

Prior to each experimental run, the samples surface is “re-prepared” 2-3 times, as required.



Chapter 3

Measurements of the Surface

Morphology of Graphene

3.1 Introduction

The transport properties of graphene depend strongly on the quality of its crystalline lattice,
the presence of defects and dopants, and charge transfer from adsorbed or bound species
[1]. Changes in conductance due to molecular adsorption are large enough to permit the
detection of individual gas molecules by a graphene sensor [71]. Crystal deformations, due to
either intrinsic thermal fluctuations or interactions with the substrate, largely contribute to
electron scattering |71] and any attendant decrease in conductivity and carrier mobility |72,
73, 74]. In addition, corrugations and defects are expected to affect the chemical properties
of graphene. Theoretical studies show that surface defects and bonding irregularities can
lower reaction barriers [75]. Extrinsic ripples and curvature can in fact produce structure
distortions showing domains of lower than hexagonal symmetry [76]. Such domains can
exhibit admixture of sp? and sp? C orbital character and 7 orbital misalignment, which in
carbon nanotubes are known to lead to increased reactivity [77]. Thus, techniques which
lead to the control of topographic or morphological defects can play an important role

in improving the properties of graphene for applications. For instance, ultrahigh electron

36



CHAPTER 3. MEASUREMENTS OF THE SURFACE MORPHOLOGY OF GRAPHENE37

mobility was recently achieved in suspended graphene |78] and attributed to the concurrent
effects of reduced contamination, the absence of interaction with the substrate, and the
decreased surface corrugation.

Considerable experimental and theoretical effort has recently been dedicated to issues
related to the morphology of single-layer graphene, addressing in particular the origin of any
intrinsic corrugation and its relationship to crystal stability. In one of the earliest of such
experiments, transmission electron microscopy revealed that both single- and double-layer
suspended graphene display perfect crystalline structure in the short range, but are intrinsi-
cally corrugated in the long range, with deformations in the out-of-plane direction extending
to a distance of 1 nm and a surface normal variation of 5° [79]. A recent experimental inves-
tigation has shown that long-wavelength ripples in graphene can be controlled by inducing
mechanical or thermal strain [80]. However, it is believed that at finite temperature, even in
the absence of applied strain, ripples at small wavelengths are present in graphene sheets. In
fact, buckling in the direction normal to the lattice plane has been invoked to explain the sta-
bility of 2D crystals, as it serves to efficiently suppress long-wavelength phonons [16, 81, 82],
which would otherwise cause lattice melting at any finite temperature, as demonstrated by
the pioneering work of Peierls|14], Landau [13], and later by Mermin [15]. Recent theoretical
studies confirm that the intrinsic corrugation in suspended graphene originates from thermal
fluctuations and has a well-defined dependence on temperature |2, 83]. At sufficiently small
length scales such corrugation is well described by the theory of flexible membranes in the
harmonic approximation. At a critical wavelength, estimated to be 20 nm, anharmonic
corrections, which couple the bending and stretching modes, become dominant and prevent
the membrane from crumpling [2].

By contrast, corrugations measured in supported graphene are expected to be extrinsic
in origin, arising from the interaction of graphene with the substrate. In particular, scanning
probe experiments have shown corrugation wavelengths for supported graphene that are in
the range of 10-30 nm |76, 84, 85, 86]. Analyses of the height-height correlation functions in

such measurements indicates that graphene is smoother than the SiOy substrate [76]; this
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arises because the energetic cost of elastic lattice deformation prevents the graphene film
from conforming exactly to the substrate topography. In one study of supported graphene
using STM, corrugation was reported with a preferential wavelength of 15 nm and attributed
to an intrinsic effect [86], since it was not observed on the supporting substrate.

In this chapter, I describe an investigation of the corrugation in both freely suspended and
Si02-supported exfoliated graphene layers. Our approach takes full advantage of the multiple
techniques offered by a low energy electron microscope (described in detail in Chapter 2), to
obtain a full characterization of the corrugation features in graphene. LEEM allows direct,
real space imaging of the sample morphology over large surface areas (up to several tens
micron), with lateral resolution of 10 nm and high structure sensitivity. In addition, this
technique enables micro-probe low energy electron diffraction (u-LEED) measurements that
are restricted to a surface area of only a few square microns, thus providing access to the
reciprocal space. Most importantly pu-LEED is sensitive to crystal deformations on length
scales from ~ 20 nm down to inter-atomic distances, thus complementing the real space
images by providing additional information about corrugation at very short length scales.
By combining these two electron microprobes, we are able to access both the microscopic
and mesoscopic regimes, and thus the crossover length scale of both intrinsic and extrinsic

corrugation.

3.2 Measurements of Graphene Thickness

An important aspect of our experiments is that LEEM can reach atomic depth sensitivity.
This is possible in the presence of electron confinement in thin films, which determine a mea-
surable modulation in the electron reflectivity between consecutive Bragg peaks at very low
electron energy. Such intensity modulation, generally referred to as quantum-size contrast
[87, 88], arises due to the formation of quantum-well resonances (QWRs). In the so-called
phase accumulation model [88], QWRs are described by the Bohr-Sommerfeld quantization

rule, which sets the condition for a resonance by the existence of constructive interference
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between electron waves scattered at the film interface and at the surface:

2k(E)mt + @ (E) + B (E) = 27n (3.1)

Here, k(FE) is the perpendicular wavevector of an electron in the film, E its energy (rela-
tive to the Fermi level), ¢ is the inter-layer distance, m is the film thickness (in monolayers),
Pourf(E) and ®;p(E) are the energy-dependent phase shifts for reflection of electrons at
the surface and at the interface, respectively, and n is an integer. In the case of suspended
graphene, ®;(F) = Py, 7(E), the phase shift for reflection at the vacuum interface. The
same condition can be assumed to hold in the case of SiOz-supported graphene, as the
graphene film is known to be (partially) suspended on the substrate [86].

The phase condition described by Eq. 3.1 is analogous to that for a resonance in a Fabry-
Pérot cavity and explains why the LEEM microscope can be effectively used as an electron
interferometer for probing the thickness of ultra-thin films [89]. Equation 3.1 can be inverted
to determine the existence condition for QWRs [90, 69]. In this way, one obtains a formula
for the film thickness m, at which QWRs occur as a function of the allowed wave vectors

k(E), and the quantum number, v:

@y (B) + @ig (B)) [2n +v

m(E,v) = 1— k(B)t/m

(3.2)

QWRs (and thus maxima in electron reflectivity) are found for v = m — n, with 1 <
v < m. Minima in reflectivity are found for v = m —n — 1/2. It has been shown that
m — 1 quantum interference peaks, and thus m — 1 maxima and m minima in the electron
reflectivity, are produced by a film thickness of m layers [87, 69].

Predictions for the energy of reflectivity maxima and minima were obtained with the
phase accumulation model [69, 90], by imposing the condition for the film thickness m
at which quantum-well resonances occur as a function of the allowed wave vectors k and
the quantum number v (see Eq. 3.2). In our calculation, the phase shifts upon electron

reflection at the surface, which represents the leakage of the standing wave function beyond
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the boundary, were assumed to be equal to 0. This approximation, which is essentially
phenomenological, has been widely used in previous studies [69, 90]. The phase shift at
the other surface plane was treated identically, as both terminating planes of the graphene
films are in fact equal in the case of suspended samples. The same holds in the case of
supported samples, because the interface is partially suspended and the interaction with the
Si09 supporting substrate is minimal. Recall that the LEEM IV curves for suspended and
supported samples are identical.

The function k(F) was obtained by modeling the conduction band of graphite in the
I'A direction using the simple tight-binding scheme, i.e. E = € — 2t cos(ka), where € is the
energy of the band center, a is the interlayer distance and t is 1/4 of the bandwidth [68].
The electron energy F is referenced to the Fermi level and is given by E' = (Egin — Evac) + &,
where E};, is the kinetic energy (often referred to as start energy) of the electrons impinging
on the surface, FEyq. is the vacuum level (obtained as the energy of the transition from LEEM
to total reflection, ~ 0.75 eV in our case) and ¢ is the work function of graphite, i.e. 4.65 eV
[91].

The band parameters (band minimum and maximum) were adjusted to optimize the
fit with the experimental data. The curves shown in Figure 1, bottom-right, reproduce
the position of experimental maxima and minima in electron reflectivity with very good
accuracy. They were obtained with Fj, and Ep equal to 5 and 10.4 eV (relative to the Fermi
level). These values compare reasonably well with 4.4 eV and 10.7 eV, reported in a recent
ab initio study on multi-layer graphene [68].

Fig. 3.1, top panel, shows a LEEM image of an area composed of graphene layers of
different thicknesses on a SiOy substrate, each with a different grey-scale intensity. Char-
acteristic LEEM IV spectra (obtained in bright-field mode, i.e. using the specular beam)
from similar regions with graphene sheets ranging in thickness from 1 to 6 ML are shown
in the lower left of the figure. Full and empty circles in Fig. 3.1, bottom-right, indicate
the electron energies at which maxima and minima in electron reflectivity are observed, re-

spectively. As can be seen, the predictions of the phase accumulation model obtained using
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Figure 3.1: LEEM image of a multi-thickness graphene sheet supported on SiOj; (bottom
left) the LEEM IV spectra show the reflectivity modulations induced by quantum-well res-
onances. Single-layer (dashed line) and multi-layer (continuous lines) spectra are identified
by the labels. (bottom right) The observed maxima and minima in electron reflectivity
(full and empty circles) are compared to the predictions of the phase accumulation model
(continuous and dotted curves respectively); quantum numbers are indicated on the right
axis. More details are given in the Methods Section.
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Eq. 3.2, represented by continuous and dotted curves in the Figure, match the experimental
data closely. Details of the calculations are given in the Methods Section.

The intensity modulations in the IV spectra of exfoliated multi-layer graphene samples
closely resemble the previously reported spectra of epitaxial graphene on SiC [68, 92]. The
single-layer LEEM TV spectrum of SiOs supported graphene (dashed curve in Fig. 3.1,
bottom left) is instead completely featureless. The identification of this featureless spectrum
with single-layer graphene is confirmed by LEED measurements, which show a clear six-fold
symmetry, in contrast to the threefold symmetry observed for multi-layer samples. As
expected, no Bragg peaks were observed in the LEED IV spectrum of single-layer graphene.
In fact, no such peaks can be seen for suspended or SiOs-supported single-layer graphene,
as the Bragg condition originates from constructive interference between waves scattered at

different crystal planes.

3.3 LEEM imaging of graphene corrugation

Due to its high lateral resolution and thickness sensitivity, LEEM provides access to the
local morphology of suspended and supported graphene samples. Figure 3.2 shows LEEM
images of a large multi-thickness graphene flake on the SiOg substrate, into which micron-
sized cylindrical cavities have been etched, as described in the Methods Section. The disks
correspond to the suspended portions of the film. The variation in the local thickness of the
film (indicated by labels in Fig. 3.2 A) becomes evident at an electron kinetic energy of 4.2
eV, due to the quantum-size contrast.

In all samples under study and for all thicknesses examined, the suspended portions of
our samples appeared brighter in LEEM than those supported on SiOo. This is consistent
with the reduced intensity and broader width of the zero-order diffraction IV curves recorded
on all SiOg-supported samples (see Fig. 3.2). This type of contrast arises due to surface cor-
rugation, because the finite angular acceptance of the microscope rejects e-beam reflections

from surface planes tilted beyond the cutoff angle as determined by a contrast aperture.

In the homogeneous field approximation the acceptance angle of the LEEM microscope is given by
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Figure 3.2: (A) LEEM image at 4.2 eV of suspended disks and SiOg-supported graphene
(disk diameter is 5um). The local thickness in units of monolayer (indicated by labels) was
determined by measuring the electron reflectivity curves in the energy interval 1 to 8 eV;
(B) LEEM image of the same region at electron kinetic energy of 38 eV; (C) LEEM image
of the suspended portion of single-layer flake at electron kinetic energy of 10 eV; (Bottom)
Zero-order diffraction IV curves of SiOs-supported and suspended tri-layer graphene.
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Thus, a surface that scatters the e-beam over a wide range of off-normal angles will appear
darker than a flat one, aligned normal to the beam. We note that this effect occurs even if
the wavelength of the corrugation is below the lateral resolution of the microscope.

LEEM images at higher magnification show clearly the origin of the contrast difference
observed between suspended and supported regions. High-lateral resolution images of single,
bi- and tri-layer graphene are shown in Figs. 3.3 A-C. The higher reflectivity of the single-
layer suspended disk (A) is due to the presence of large flat regions normal to the e-beam
(appearing bright in the figure), which in some cases extend up to lengths of about 50 nm.
These bright areas are fewer and smaller on the supported part of the film, but become
larger on thicker samples. We observed that the patterns in Fig. 3.3 change when deflecting
the angle of the e-beam illumination (not shown). As the incident e-beam is tilted, different
surface planes become in fact visible. This behavior confirms that the contrast observed in
LEEM arises from variations in the local surface normal of a static smooth surface.

The more pronounced corrugation observed in supported regions is very likely induced
by the interaction with the substrate [76, 84, 85, 86] and therefore has extrinsic origin.
Adsorbates are obviously another possible source of corrugation. It is in fact known that even
small quantities of impurities can determine crystal deformation, as has been pointed out in
a recent STEM study [93]. However, one should expect adsorbates to be distributed evenly
on the graphene surface, resulting in no differences between the supported and suspended
regions. Another explanation is that the corrugation of the SiO9 support induces an increase
in the local activity of surface sites which in turn causes the “pinning” of impurities.

Although LEEM is not sensitive to continuous height variations (in the present case,
the image contrast is due to off-axis e-beam reflections) the LEEM images in Fig. 3.3 can
provide real space information about the horizontal correlation length. The bright regions
correspond in fact to “flat” areas, where local height variations are small and correlated.

We underline that different bright regions may have different heights. Thus, the horizontal

a = arcsin(r/f - \/E/Ey), where Ejy is the kinetic energy (start energy) of the electron, E the high voltage
applied to the cathode lens (18kV), f the focal length of objective lens (40 mm) and r the radius of the
contrast aperture. At electron energy of 10 eV and contrast aperture of 30um, we estimate an acceptance
half-cone of 1.8°.
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correlation length £ (i.e. the distance beyond which height fluctuations are not anymore
correlated) corresponds to the average size and distribution of the bright regions. We have
estimated £ by computing to the full width at height maximum of the central peak in the
autocorrelation function on the intensity profiles taken across the LEEM images (see the
lower part of Fig. 3.3). In this way, we find a value of 24 + 0.3 nm and 30 + 0.3 nm
for single-layer supported and suspended graphene respectively, which increase to ~ 36 nm
in the case of bilayer graphene. Our value of 24 nm for supported single-layer graphene
compares favorably to previously reported correlation lengths measured by STM on SiOq
supported graphene, which vary in the range 10 to about 30 nm [76, 84, 86].

Finally, we note that the high lateral resolution LEEM images in Fig. 3.3 A-C clearly
show that the disk edges appear rough. This roughness, which is due to the imperfect edge
definition of the etched well, indicates that graphene has the flexibility to conform to edge
surface features at the 10 nm scale. In addition, a close examination of the images also reveals
the presence of darker lines (resembling veins) extending across the graphene throughout
the supported and suspended regions. As can be seen by comparing Fig. 3.2 A-B, these
are not steps separating regions of different thickness. The origin of these features could be
short wavelength wrinkles in the graphene membrane, in accord with similar observations

reported in a recent STEM study [93].

3.4 LEED Measurements of Morphology of Graphene

Due to the intrinsic sensitivity of the line shape of diffracted electron beams to local height
variations, micro-probe low energy electron diffraction (u-LEED) was used to probe the
roughness of SiOs-supported and suspended regions of uniform thickness. In particular,
w-LEED measurements allowed us to access lattice distortions at length scales below the
horizontal correlation length (a few tens of nm in single- and double-layer graphene), thus
complementing the LEEM data presented in the previous section.

The most prominent feature that was observed in all graphene samples was the broad-
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Figure 3.3: (A-C) LEEM images at 10 eV illustrating the morphology of suspended and
SiOy-supported graphene, at field of view of 2 um: (A) single-layer, (B) bilayer and (C)
trilayer suspended graphene disks and surrounding supported areas; (Bottom) Intensity

autocorrelation function curves of the SiOs-supported (dashed line) and suspended regions
shown in (A).
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Figure 3.4: Profile across the (00) diffraction beam of single-layer suspended graphene at
multiple electron energies. Multidimensional Lorentzian fits are shown as solid lines. See
text for details. The curves have been offset for clarity.

ening of the diffraction profile with increasing perpendicular electron momentum transfer.
Figure 3.4 shows profiles of the central diffraction beam of single-layer suspended graphene
at multiple kinetic energies, together with best fits obtained using a multi-dimensional
Lorentzian. This line-shape provides an excellent approximation to the expected diffraction
line shape for rough surfaces (see the Supporting Information provided). The fit function
was convolved with a Gaussian in order to take into account the response function of the
instrument, which has a transfer width of 10 nm. This width is constant within the energy
range of pertinence to this study.

Figure 3.5 shows the variation of the half width at half maximum (HWHM) of the (00)
diffraction beam as a function of increasing perpendicular momentum transfer of the probe
electrons, k1 = (ki — kout) - 1 = 2|Kk4y|, for SiOg-supported and suspended graphene (left

and right panels in the figure, respectively). Each data point in the figure was obtained by
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fitting the (00) diffraction beam with a multidimensional Lorentzian line profile, as shown
in Fig. 3.4. As can be seen, film thickness and the presence of a supporting substrate have a
significant influence on the evolution of peak broadening. We observe that peak broadening
is always less pronounced in suspended than in supported samples. For example, suspended
bi-layer graphene films show such narrow diffraction peaks that their widths are comparable
to those of thick supported graphite films.

The broadening of the central diffraction peak with increasing &, is not observed on thick
graphite films on SiOy (which are expected to be atomically flat) that have undergone the
same preparation and cleaning procedure as that used for graphene (see the curve labeled
TG in Fig. 3.5). For all graphite flakes the HWHM was less than 0.05 A_l, and nearly
independent of k| . This value is considerably smaller than that measured on SiO9-supported
and suspended single-layer graphene (> 0.45 A at k=8 A_l).

All curves in Fig. 3.5 show the presence of several sharp peaks in the width of the
central diffraction beam (indicated by the dashed vertical lines in the Figure). In single-
layer graphene, such peaks are observed when higher-order diffraction spots enter the Ewald
sphere. For instance, at k5.8 A and ki~ 9.7 A_l, the peak width of the zero-th order
diffraction beam reaches distinct maxima, which correspond to a sharp decrease in the
diffraction intensity due to the appearance of the first and second order diffraction spots,
respectively. In multi-layer films, additional maxima in peak width can be observed at
electron wavelengths that correspond to out-of-phase diffraction conditions, i.e. to maximum
destructive interference between waves that are backscattered at the different layers. We
observe that, under these conditions, the diffraction line shape cannot be described in a
simple way as arising from local height variations of the graphene surface because other
contributions to broadening may come into play (e.g. inelastic scattering, diffuse elastic
scattering due to correlation between adsorbates or defects; we can exclude broadening due
to the amorphous 3102 substrate, as no evidence of zero order diffraction can be observed
on it). Therefore, data points corresponding to these values of k; were not considered in

the analysis that follows.



CHAPTER 3. MEASUREMENTS OF THE SURFACE MORPHOLOGY OF GRAPHENE49

SiO2 supported Suspended
| i b i i i
1 | [ 1 1 1
08— | 1 1 oo
' | AT | | |
— | i bob i | |
o | i ol | | |
e o bE
£ ' | 00 | | '
< : [ f [ I I S
= ! i Lol | |
< MY L
€ o044 141 & Y.
| O,
o | 99 $
—~ I c (
o &
S o024 4
0.0
5

Figure 3.5: Variation of the (00) diffraction beam HWHM (circles) for different graphene
films as a function of the electron momentum transfer &k, measured at room temperature.
The dashed vertical lines indicate resonances corresponding to out-of-phase diffraction con-
ditions in multilayers. The continuous lines represent best fits using Eq. 3.3. The HWHM
curves for SiOs-supported and suspended graphene are shown in the left and right pan-
els, respectively. The film thickness is indicated by the numeric labels; TG refers to thick
graphite film on SiOs.
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3.4.1 AQuantitative analysis of the short-range roughness in graphene

The analysis of the angular intensity distribution of diffraction data is a powerful inves-
tigative tool for characterizing surface disorder and roughness on a vast class of systems,
including random, self-affine and mounded surfaces [94, 95, 96]. Relevant examples of appli-
cation can be found in epitaxial growth processes [97, 98, 99, 100]. As will be shown below,
LEED line-shape analysis allowed us to estimate an important parameter that is commonly
used to quantify surface roughness, the roughness exponent a. This parameter describes
the short range behavior of the height-height correlation function, which, below horizontal
correlation length, scales as a power law with exponent 2a. In fact, a measures surface
roughness. It ranges from 0 to 1: small (large) values indicate jagged (smooth) morphology
on short length scales.

The data set presented in Fig. 3.5 allows us to determine accurately the dependence
of broadening on momentum transfer, demonstrating that the zero-order diffraction width
increases according to a power law (continuous lines). Deviations from linearity are small
and become important only in the case of single-layer graphene. This behavior can be
understood invoking the model developed by Yang, Wang and Lu [94, 95, 96], which describes
the general principles of diffraction from rough surfaces (a summary of the model can be
found in the Supporting Information provided). This kinematic model predicts that the
diffraction line-shape, which is connected to the height-height correlation function of the
rippled surface by a Fourier transform, can be expressed as a function of the parameters
describing roughness on self-affine surfaces. For sufficiently large perpendicular momentum
transfer k|, the diffraction profile does not show a ¢ function character but becomes purely
diffusive (i.e. broadened). This occurs when Q = (wk,)? > 1, where w, referred to as
interface width, is the standard deviation of the surface height. ? In this case, the HWHM

of the zero-order diffraction scales according to a power law of the electron momentum

2For the range of electron energies used in our LEED experiments, k; > 5 A_l; according to the literature,
w varies in the range of few A to 1 nm. Therefore, the requirement > 1 is readily satisfied.
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transfer £ [94]:
HWHM (00) = Z,n~ 'k/® (3.3)

Zg4 defines the half width of the scaling function that determines the actual shape of the
peak profile. The parameter n (roughness length) also describes roughness in the short range
and is defined as: n = Ew~ Y. From this definition, it follows that 7 is proportional to the
average width of correlated areas (i.e. the flat regions in the continuously bent graphene
film). Note that 7 is not dimensionless, but n = [L]®™1/ (where L is a length).

Rigorously, Eq. 3.3 is only valid for self-affine surfaces.[94] It is unclear whether graphene
can be considered purely self-affine. In the case of thin supported films, self-affinity might
be inherited from the SiO9 substrate, to which the graphene partially conforms. Suspended
as well as thicker supported films show different characteristics. The oscillatory behavior in
the autocorrelation function observed in single-layer suspended graphene (see for example
Fig. 3.3) suggests that the large wavelength ripples show a preferential periodicity, so that
the surface can be more appropriately considered mounded. In this case the HWHM is
expected to depend both on the correlation length and ripple wavelength [100]. However,
we observe that, for sufficiently large values of the momentum transfer, diffraction theory
predicts that peak broadening results from corrugations at length scales much smaller than
the correlation length [96]. Thus, the effect of the surface curvature at large wavelengths
can be neglected and Eq. 3.3 can be safely assumed to hold validity.

Experimentally, the roughness exponent o was obtained by fitting the data in Fig. 3.5
using Eq. 3.3. The data points corresponding to the out-of-phase diffraction condition were
not included in the fit for two reasons: i) Other broadening contributions may become im-
portant, as anticipated; ii) one of the hypotheses that form the basis of Yang’s model does
not hold, and the model cannot be applied. Z, was calculated numerically after finding o
(see the supporting information), which allowed us to determine the short range parameter
7. The values of a and n for suspended and supported graphene are shown in Table 3.1 as

a function of film thickness. As can be seen, two distinct regimes can be identified corre-
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Thickness SiO9-supported suspended

(layers) o) n « n
1 0.494+0.04 77+20 054+£0.02 84+11
2 0.80£0.04 64£6 0.80+£0.060 144+25
3 0.80+0.06 81+14 0.82+£0.06 131+24
4 0.77+£0.07 104 4+ 28 - -
6 0.80 £0.05 13325 - -
8 0.80 £0.05 157+ 25 - -

TG 0.87£0.07 32770 - -

Table 3.1: The roughness exponent « and roughness parameter 7 as a function of film
thickness for supported and suspended graphene at room temperature. TG stands for thick

graphite films supported on SiOs. 7 is in units of [A] (a—1)/e

sponding to single- and multi-layer graphene. For single-layer graphene we measure values
of a close to 0.5. This value is consistent with the roughness exponent of the height-height
correlation function reported in two recent scanning probe studies [86, 76]. The rougher
short-range morphology of single-layer supported graphene results from the interaction with
the SiOg substrate, to which the graphene partially conforms [86]. Conversely, both in sus-
pended and SiOs-supported multilayers o saturates to ~ 0.8. Note that a similar value of «
is observed even at bilayer thickness, which suggests that the increased stiffness of the bilayer
is already sufficient to warrant a smooth short-range morphology. The smoother texture of
supported multilayers is confirmed by the monotonic increase of 7 with film thickness *. This
suggests that the films become progressively flatter with increasing thickness. Large values
of i are observed in the case of suspended graphene even at bi-layer thickness, suggesting
the presence of very large flat regions (namely areas over which the height-height correlation

function is constant).

3.4.2 Effect of Adsorbates and Temperature Dependence

We now discuss the effect of electron and photon irradiation on the LEED peak width in

suspended single- and bilayer graphene. As reported in the methods section, our samples

3 A comparison of 1 values for different thickness is possible in this case because o ~ 0.8 for all multilayer
samples.
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were treated using electron-stimulated desorption (ESD). Figure 3.6, left panel, shows the
HWHM vs k, of single- and bilayer films, for different exposures to electron and photon
beams. Empty circles (curves labeled A) indicate HWHM data that were acquired shortly
after the standard preparation procedure used in this study, which corresponds to an irra-
diation time of 30 min with 60 eV electrons (see the methods section). The other curves
(labeled B, empty triangles) were measured after much longer irradiations with electrons
(about 3 hours and 30 mins, at energy > 10 €V) and photons (~ 50 €V, for about 1 hour).
As can be seen, only suspended single-layer graphene displays a notable narrowing of the
peak width after prolonged irradiation. Conversely, the HWHM curves of suspended bilayer
disks do not differ appreciably before and after long irradiation. The LEED peak narrow-
ing observed in single-layer graphene results from an increase in value of the parameter 7,
rather than that of a (see Table 3.2). Thus, we can relate the narrowing of the zero-order
diffraction to the improved sample cleanliness that was achieved by ESD. We argue that
the roughness may vary significantly as a result of small variations in adsorbate concentra-
tion, due to the reduced stiffness of single-layer films. This suggests that the corrugation in
single-layer exfoliated graphene can be affected by adsorbates, and thus is, at least in part,
extrinsic in origin.

In order to gain a more detailed understanding of the corrugation in graphene, we inves-
tigated the effect of temperature change on the LEED peak broadening in suspended single-
and bilayer films. Contrary to bi-layer graphene, single-layer displays temperature-induced
changes in the shape of the zero order diffraction peak. The effect of temperature on line
broadening of single-layer graphene is shown in the right panel of Fig. 3.6, for short (A) and
long (B) e-beam irradiation times. The curves at high and low temperatures were acquired
after those at room temperature. As can be seen in both cases, a change in sample tempera-
ture leads to a noticeable change in the slope of the HWHM versus k) . Peak-profile analysis
shows that, independent of electron and photon irradiation time, the roughness parameter «
increases with decreasing temperature (see Table 3.2), and reaches a maximum value of 0.64

at 155K. Thus, temperature induced changes in peak broadening can be clearly resolved
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Figure 3.6: Left: variation of the (00) diffraction beam HWHM for single- (1) and bilayer
(2) suspended graphene at room temperature, as a function of the electron momentum
transfer k. The curves labeled A (empty circles) were measured after irradiating the film
for 30 minutes with 60 eV electrons. Curves B (empty triangles) were measured after a
longer irradiation (see text). Right: HWHM curves of single-layer suspended graphene at
different temperatures, for different exposures to e-beam (A and B). Sample temperature is
indicated by the labels.

from those induced by adsorbates, which affect 7. The observed variation of «a suggests
that the film roughness decreases at wavelengths well below horizontal correlation length
and coherence of the probe electron beam (~ 20 nm in both cases). In this instance, LEED
peak narrowing is due to an increase of coherent scattering at short wavelengths, which we
attribute to a reduced deformation of the lattice at low temperature.

It is important to note that the Debye-Waller effect is not expected to produce a broad-
ening of the diffraction peaks. Increasing vibrational amplitudes, in fact, leave the average
lattice constants unchanged, and therefore simply result in a decrease of the diffraction in-

tensity [101]. Our results are in agreement with the theory of Fasolino et al., which predicts
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Thickness Temperature short irradiation (A) long irradiation (B)

(layers) (K) o' n a n
1 435 0.49£0.02 94+11 — —
1 297 0.54+0.02 84+11 050£0.02 143+£23
1 155 — — 0.64+£003 91411
2 435 0.73£0.08 153 +50 — —
2 297 0.80 £0.06 144+25 0.74+0.07 150+£50
2 155 — — 0.78£0.06 96 +19

Table 3.2: The roughness exponent o and roughness parameter n as a function of film
thickness for suspended graphene at different temperatures and for different irradiations
times: (A) irradiation of 30 min with 60 €V electrons. (B) irradiations with electrons (about
210 min, at energy > 10 eV) and photons (~ 50 eV, for about 1 hour). 7 is in units of

[A] (a—l)/a.

that phonon-induced corrugations in graphene should occur on length scales below 20 nm.
Such corrugations, which may be related to the different bond-lengths arising from the mul-
tiplicity of the carbon bond, display a well defined dependence on temperature [2]. In fact,
in the harmonic approximation, the rms height variation across a flexible membrane scales
with temperature as /T /k(T), where k(T) is the bending rigidity. A detailed comparison
with theoretical predictions for the above functional dependence is impossible in our case,
because of the interplay between intrinsic and extrinsic factors. We underline that the effect
of temperature is smaller than that of adsorbates. This warrants the need of additional, de-
tailed investigations in order to discriminate the different effects of temperature, adsorbate

loading and substrate configuration.

3.5 Conclusion

LEEM and p-LEED measurements were used to characterize the surface morphology, lo-
cal thickness and crystal structure of suspended and SiOs-supported graphene layers. Our
results show clearly that the corrugation observed on supported graphene samples is quan-
titatively different than that observed on suspended samples. While the former is largely

determined by the morphology of the substrate, the latter is influenced by intrinsic and
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extrinsic factors. Supported graphene samples display a rough morphology at short wave-
lengths, up to a thickness of several layers. This corrugation decreases with increasing film
thickness, as the stiffer multi-layer film becomes effectively suspended on the hills of the
SiO9 substrate.

Suspended samples appear significantly smoother in the short-range than those sup-
ported on SiOs. For instance, bi-layer suspended graphene shows very narrow diffraction
peaks, comparable to those measured on thick supported graphite films. The smooth short-
range texture of suspended bilayer is confirmed by the high value of the roughness expo-
nent (~ 0.8). Micro-probe diffraction measurements demonstrate, however, that suspended
single-layer graphene films are still corrugated. The roughness exponent, ~ 0.55 at room
temperature, is lower than that measured on multilayers. We note that the reduced corru-
gation of suspended graphene reported here correlates well with the significantly improved
transport properties of suspended-graphene devices [78].

Most relevantly, our experiments provide evidence that the corrugation in single-layer
suspended graphene is sensitive to adsorbate load and temperature variations. This behav-
ior, which is characteristic of single-layer graphene, is determined by the very high flexibility
of the crystal at this thickness. The weak temperature dependence of the diffraction line
shape observed in single-layer disks points to a line broadening mechanism that is only par-
tially phonon-induced, and thus intrinsic in nature, which supports the picture that thermal
fluctuations produce deviations from planarity [2]. However, we underline that the most im-
portant contributions to corrugation in single-layer exfoliated graphene are extrinsic. Our
results, in fact, suggest that interactions with physisorbed or chemisorbed species can cause
significant changes in the surface morphology. We envisage that the ability to modify such
corrugation, by means of temperature, boundary conditions, deposition or removal of host
adatoms and molecules etc., will be crucial in assuming further control of the transport prop-
erties of graphene, with important implications to the their future exploitation in practical

devices.



Chapter 4

Measurements of the Band Structure

of Exfoliated Graphene

4.1 Introduction

Angle-resolved photoemission spectroscopy (ARPES) is the experimental method that is
most frequently used to probe the electronic structure of crystals. However, so far, the
majority of ARPES studies of graphene have been conducted on epitaxial graphene, which
has been grown on a variety of substrates such as SiC, Ru, Ni and Ir. [102, 8, 103, 104, 105,
106, 107, 108| Epitaxial graphene is ideal for photoemission experiments, but, due to the
interaction between the epitaxial graphene monolayer and the substrate, the band structure
is often distorted such that the Dirac point shifts away from the Fermi energy, thus changing
the quasiparticle dynamics. In an effort to minimize the effect of substrate interaction on
epitaxial graphene, recent ARPES studies have focused on several multilayer systems, such
as intercalated graphite[109] and graphene grown on the C face of SiC. [110] These layered
systems consist of multiple stacked graphene sheets that are substantially electrically iso-
lated, thus resulting in an electronic band structure that mimics that of suspended exfoliated
single-layer graphene. However, despite its scientific and technological importance, exfoli-

ated graphene has been the subject of only a limited number of ARPES studies,[111, 106]

57
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despite the fact that it remains the best choice for device physics, as it is easily backgated
and has the highest measured mobility.[78]

Several obstacles impede measurement of the bandstructure of exfoliated graphene.
One difficulty arises from the fact that available single-layer exfoliated graphene flakes are
typically less than 20 pm in size, thus precluding the use of standard ARPES systems,
which require samples to be several mm in size. Hence, most information regarding low-
energy occupied states in exfoliated graphene has been obtained indirectly from electrical-
transport measurements|11, 12| or directly by optical-probing techniques.|112, 113] These
techniques examine the bandstructure generally within 1eV of the Dirac point and do
not directly provide momentum resolution. For photoemission the limitation in size can
be overcome by working with high lateral-spatial-resolution probes such as those available
using spectromicroscopy.[114, 108] A second major impediment to photoemission studies
is due to the fact that graphene is an ultrathin crystal. This ultrathin property has, in
turn, two important consequences for photoemission studies. The first is the transparency
of monolayer graphene to UV photons and photoemitted electrons, which causes a strong
background photoemission signal if the monolayer graphene is in close physical proximity
with a substrate.[111] The second is that exfoliated graphene is not atomically flat, but is
known to deform locally, a result shown through AFM, STM, electron microscopy, and elec-
tron scattering results.[86, 76, 67, 84, 115] It has been argued that the deformation is due
to the fact that monolayer-thick graphene has soft flexural modes leading to ready bending
of the graphene. The presence of a supporting substrate or scaffold can, to a certain de-
gree, stabilize height fluctuations in the graphene layer, but corrugations in the underlying
supporting substrate are transferred in part to the graphene due to the reduced stiffness of
this material. Additionally, intrinsic corrugations that cannot be attributed to interaction
with the substrate were recently observed in supported graphene.[86] Further, in a recent
low energy diffraction study, we demonstrated that even graphene suspended over etched
cavities exhibits corrugation, which appeared to have been intrinsic in origin. [67]

Thus, in general, two dimensional crystals produced by exfoliation may show significant
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local curvature, manifested as corrugation and ripples. This corrugation is known to affect
not only the electronic and transport properties of the material, but can also have a major
impact on photoemission results. In particular, the theory of ARPES was developed for
single-crystal atomically flat surfaces and relies on the fact that momentum perpendicular
to the surface is conserved in the photoemission process. On such perfectly ordered crystals
the photoemission lineshape is directly related to the spectral function of the electronic
state being probed, from which information about many-body physics can be extracted.
The corrugation in thin sheets of layered materials breaks this symmetry and obscures the
intrinsic many-body effects.

In this chapter, I present a systematic approach to account for such corrugation-induced
broadening in ARPES on thin films. By combining photoemission results with detailed infor-
mation about surface morphology obtained from prior electron-microscopy measurements|67]
taken in-situ on the same samples the influence of corrugation on spectral broadening can be
quantified. I go on to describe a method to discount the effect of surface corrugation from
ARPES measurements to reveal the intrinsic many-body physics present in graphene. The
results show that suspended graphene behaves as a marginal Fermi-liquid with an anomalous

quasiparticle lifetime which scales as (E — Ep)~L.

4.2 Experiment

The measurements used the Spectroscopic Photoemission and Low Energy Electron Mi-
croscope (SPELEEM) at the Nanospectroscopy beamline at the Elettra Synchrotron light
source|24] described in detail in Chapter 2.

The SPELEEM instrument used to collect data has the important advantage of having
a sufficiently high spatial resolution to guarantee that we are measuring a single crystal
sample of monolayer graphene and that all of the measured spectral intensity is derived
from a fully suspended region. This capability is necessary since the suspended regions

are approximately 5 um in diameter and, therefore, cannot be resolved with conventional
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photoemission instruments, which employ spatial averaging techniques that collect data over
surface areas of several square millimeters. The potential to combine both photoemission
and electron scattering measurements is essential for this experiment since it allows us to
measure bandstructure and surface morphology on the same samples.

ARPES data at multiple photon energies were obtained on the suspended areas of the
graphene film. Onunly regions of uniform thickness were considered. In order to elucidate
the role of surface corrugation and substrate influence, comparative experiments were also
carried out on corresponding regions where the film was supported by the SiO9 substrate.
This surface has been recently carefully calibrated by prior STM and electron-scattering
measurements. |76, 84, 86] In addition, ARPES measurements were made on Kish-graphite
flakes that were present on the same substrates. As graphite is a well understood and
commonly studied system, these measurements provided a useful point of comparison for
our graphene measurements. Photoemission from graphite is, in some respects, similar to
that from graphene because of the stacked-layer nature of the former. However, the physics
near the Dirac point is significantly different owing to the fact that the multilayer stacking in
graphite breaks the symmetry between A and B sublattices, which results in two dispersing
branches, such that low energy excitations do not have the simple linear dispersion relation

that is found for graphene.

4.3 Results

Photoemission spectra were measured from two samples with differing degrees of surface cor-
rugation and substrate interaction, that is, on suspended and substrate-supported graphene;
note that all ARPES data presented in this chapter are raw (i.e. unprocessed) unless ex-
plicitly stated otherwise. Previous LEED measurements have shown that the horizontal
correlation length increases from 24 nm to 30 nm in measurements taken on supported
and suspended samples, respectively.[67] In addition, ARPES data were collected at room

temperature over the entire surface Brillouin zone (SBZ) from 0.5 eV to -8 eV (energy ref-
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Figure 4.1: ARPES data along symmetry directions in Brillouin Zone for graphene and
graphite. (a)SiO2 supported graphene (hw=90 eV). (b) Suspended graphene (hw=84 €eV).
(¢)Kish graphite (7uv=90 V). (d) Suspended graphene (hw=>50 eV). Inset shows 2D graphene
Brillouin zone.
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erenced to Ep), for monolayer graphene and graphite, using a range of photon energies.
Figure 4.1 shows ARPES spectra taken from a sample supported by and in contact with the
5109 surface and a sample that was suspended over the 5 pm wells shown in Fig. 2.8. For
comparison, the ARPES spectrum from Kish graphite is shown as well. This data has been
included to provide an example of the photoemission linewidth obtained by the SPELEEM
instrument on a well known and related crystal system.

The data show dispersion along 3 symmetry lines in the SBZ. As expected from the
reduced corrugation, as well as the absence of any substrate interaction, the ARPES data
for suspended graphene show a dramatic improvement in quality as compared to the data
for supported graphene. Additionally, there is a very broad, parabolically dispersing peak
centered at the I point at a binding energy of ~8 eV in the data taken on supported graphene.
This feature has been previously attributed to photoemission from the amorphous SiOq
substrate[111] and is not observed in the spectrum taken on suspended graphene. Although
the substrate is only 300 nm below the suspended graphene, any background electrons
emitted at this height will be significantly defocused in the electron optics of SPELEEM
microscope. Additionally, due to the grazing incidence angle of the photon beam (16°), the
bottom of the cavity is not fully illuminated. Thus, the cavity edge casts a shadow, which
further reduces the photoemission signal from the substrate.

In the vicinity of the K points, a conical dispersion is observed centered at the K point
on the suspended graphene spectrum. At ~ 1 eV below the Fermi level a trigonal-warping
deviation from angular isotropy becomes clearly noticeable. Measurements taken through
the K point and in the direction parallel to the I'M direction (vertical direction) show two
symmetric dispersing branches forming the two sides of the Dirac cone. The band structure
can be made significantly sharper (see Fig. 4.2) by taking the second derivative along each
momentum direction. In this case, use of the second derivative allows easier determination of
the Dirac point with respect to the Fermi level. Figure 4.2(b) shows the linear best fit to the
two branches as well as the location of the Fermi level. From the fit, we find that the Dirac

point is within 25 meV of Ep (Ep = —9 + 25meV’). Thus, the sample is minimally doped
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Figure 4.2: (a) ARPES intensity through K point along I'M (k,) direction in suspended
monolayer graphene (hw = 50eV’). (b) Smoothed second derivative image of dispersion
shown in (a). (¢) Smoothed second derivative ARPES intensity through K point along I'K
(k) direction. (d) Extracted dispersion from (c) Inset shows graphene Brillouin zone. Red
solid (dashed) line indicates k, (k) direction through K point.
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Figure 4.3: Dispersion along the vertical (k,) direction through the K point for graphite
obtained at photon energies of (a) fiw = 86 €V and (b) hw = 76 €V. (¢,d) Smoothed second
derivative images of spectra shown in (a) and (b), respectively. Inset shows graphite surface
Brillouin zone. Solid red line indicates k, direction through K point.

due to the preparation procedure used here, which did not involve any photolithographic
or chemical-transfer techniques. In contrast, the Dirac point previously measured by our
group on a supported sample was found to be ~300 meV below the Fermi level, which was
attributed to doping by interaction with charged impurities in the SiOq layer.[111]

For comparison with results on a known photoemission materials system, graphite spec-
tra were taken at two photon energies (86 and 76 eV) along the same (vertical) direction
through the K point; these results are shown in Fig. 4.3. The dispersion obtained at fuw—86
eV is clearly symmetric about the K point. At this photon energy we can resolve the split-

ting of the 7 state into bonding and antibonding bands, with the two bands separated by
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~ 0.12 A7'. The bands themselves are approximately 0.1 A7" in width. In the spectrum
taken at 76 eV the two peaks are nearly degenerate. Again, the second derivative allows for
easier determination of peak locations.

Figure 4.4 shows the graphene dispersion taken along the I'K direction through the
K point. Comparative measurements were made at two different photon energies (w =
50, hw = 84) and are shown in Fig. 4.4(a) and (b), respectively. In this direction, only
one branch of the dispersion can be seen as the difference in phase between electron waves
emitted from the A and B sub-lattice sites results in complete destructive interference. [116]
Thus, this is a convenient direction along which to measure precisely the dispersion in the
vicinity of the Dirac cone. The inset to Figure 4.4(c) compares momentum distribution
curves (MDCs) taken at a binding energy of 0.7 eV for the suspended-graphene spectra at
both photon energies. The data in Fig. 4.4(c) show that the width of the hw=84 ¢V MDC
is significantly larger than the hw=50 eV MDC (0.17 A~" vs 0.12 A™").

Additionally, there is a slight asymmetry in all three MDCs as additional spectral weight
is present on the right side of the peak (at higher values of k). The background signal
decreases and the peaks become narrower for 50 eV photons as compared to 84 eV photons.
Specifically, in the 0-4 eV range (referenced to Ef), the MDC width increases monotonically
from 0.1 to 0.2 A" and from 0.15 to 0.3 A™" for data collected with 50 eV photons and 84 eV
photons, respectively. In contrast, MDCs taken along the same direction (I'K) on supported
graphene are significantly broader[111] and show almost no dependence on binding energy;
they are ~0.5 A7" in width from the Fermi energy to -4 eV binding energy. Thus, spectral
features are sharpest for suspended samples measured with lower photon energy.

Referring, now, to data taken on the suspended sample, one obvious concern is that the
dramatic increase in spectral features observed with increasing photon energy reflects an
electron kinetic energy dependence in the momentum resolution of the instrument. However,
as noted in Chapter 2, the instrumental resolution has been calibrated with a standard
tungsten crystal and shown to increase by less than 5 % over a large range in electron kinetic

energies (25 to 100 eV). This change in resolution is not sufficient to explain the ~ 50 %



CHAPTER 4. MEASUREMENTS OF THE BAND STRUCTURE OF EXFOLIATED GRAPHENEG6

D) 07 .0 1 0. . . . 1 0.1

E-Er(eV)

0304 = A et A\ z
A T\ E
©) a AR ho = 84 eV \ .
AA AAAA A AAAA ’ \ g
~ 0.25 ] A A - . g
|°< AMA L ho =50eV §
~ 0.8 -0.6 -04 02 0.0 02
L 020 _Q%Qmoo AAAAA k. (R)
5 @QQIpO
= AAA
= CQDO%o A
O 0.15 —
: S,

E—EF (CV)

Figure 4.4: ARPES intensity along 'K direction in suspended monolayer graphene.
Graphene photoemission taken with photon energies of (a) fuv = 84eV and (b) hw = 50eV.
(c) HWHM of MDCs as a function of binding energy taken from (a) and (b). Inset shows
sample MDCs taken 0.7 eV below Ef as indicated by dashed red lines in (a) and (b).
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increase seen in MDC width between data taken with 50 and 84 eV photons. Additionally,
as noted above, one can clearly resolve features that are separated by less than 0.12 A7t

the graphite spectrum obtained with a photon energy of 86 eV.

4.4 Discussion

4.4.1 Comparison of Graphite and Graphene Results

As shown in Fig. 4.4, variation in photon energy results in changes to the linewidth of
the graphene photoemission spectra, which can be exploited to sharpen the spectrum. In
explaining these results on graphene, it is useful first to examine the effect of photon energy
variation for graphite. The differences in the measured photoemission spectra of graphite
taken at hw=76 eV and Aiw=86 eV shown in Figs. 4.3(a) and (b), respectively, are easily
understood by considering the 3 dimensional band structure of graphite. In particular,
according to the standard model of photoemission, variation in Aw allows one to access a
range of initial states with different k,.[6] Using the free-electron approximation for the final
state allows calculation of k, of the initial state.|6, 117] Thus, in the case of the data shown
in Fig. 4.3, photoemission obtained at fuv = 86 eV corresponds to k, = 0 (the 'KM plane),
while hw = 76 eV accesses k, = 0.3¢* which is nearer the AHL plane. Since k, is changed,
the clear double band feature seen for k, = 0 changes as the graphite band structure varies
along k, in accord with the known graphite band structure. [116, 118, 119, 117]

Consider now the effect of changing photon energies for the case of graphene photoemis-
sion. Since graphene is truly a 2D crystal, the initial states in the valence band are highly
localized along the z direction. Thus, the Brillouin zone is strictly 2D and the electronic
structure is essentially k, independent. Comparison with photoemission from surface states
is useful, since they are also localized in 2D.[120] However, the role of evanescent decay
into the bulk, which is important for surface states in metals and results in a partial k,
dependence,[120] such as surface resonance, is absent in graphene and, thus, we may treat

the initial state as independent of photon energy. In fact, as seen in Fig. 4.4, changing



CHAPTER 4. MEASUREMENTS OF THE BAND STRUCTURE OF EXFOLIATED GRAPHENEGS

the photon energy in the case of graphene causes only a change in the overall linewidth and
does not affect the measured bandstructure. As will be discussed below, the difference in the
width of ARPES features between spectra obtained at hw =50 and hw =84 is a consequence
of the surface roughness of the graphene samples. Since electrons in graphene propagate
on a locally curved surface, the usual momentum conservation rules in ARPES must be

modified and a photon-energy-dependent broadening term is introduced.

4.4.2 General Considerations

In standard many-body ARPES theory, the intensity of the photoemission signal is propor-

tional to the spectral function, A(k,w):

Im[%(k, w)]
(w— wk — Re[X(k,w)])? + Im[(X(k, w)]?

Ak, w) = (4.1)

where w = E — Er and k are binding energy and momentum, respectively, and wy is
the single-particle dispersion. The real and imaginary parts of the self-energy, ¥(k,w),
represent renormalization of the bare-bands and scattering rate, respectively. To obtain the
full expression for the photocurrent, the above function is then multiplied by energy and
momentum-preserving delta functions, d(k; —ky—G)d(E; — Ef—W), where G is a reciprocal
lattice vector and i and f label the initial and final states, respectively, and W is the work
function of the material.

However, one major complication to this approach arises for the case of suspended
graphene since the momentum preserving function, é(k; — ks — G), is only a precise delta-
function if the system under investigation is atomically flat. While this is the case for
the majority of single-crystal samples probed with ARPES, including the Kish graphite
described above, exfoliated monolayer graphene, as is discussed in the Introduction, has sig-
nificant deviations from planarity, ranging from 1 to 10 A.[79] This corrugation introduces
an additional broadening mechanism into the ARPES spectrum, which can be as large as, or

larger than, the intrinsic broadening represented by Im[¥(k,w)]. Thus, in order to extract
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the true self-energy of carriers in the crystal, such corrugation-induced broadening must be
taken into account. The MDCs are best fit by a convolution of A(k,w) with a function that
represents broadening due to surface roughness. Thus, as will be shown below, at fixed w,

photoemission intensity as a function of k can be expressed as:

I(k)) o / &’k Sk, (k) Ak — K|, w) (4.2)

where k|| = k;; — k| and Sk, represents corrugation-induced broadening. Sy , the surface
structure factor, is a function of the surface geometry of the sample and is also generally de-
pendent on the change in perpendicular momentum from initial to final state, k; = k;; —ky .
We note that several prior studies have examined the effect of surface roughness on ARPES
measurements.[121, 122| In these prior studies, the roughness considered was due to discrete
height variations caused by monatomic steps, rather than the continuous undulations of a
thin film. Thus, the broadening in spectral features measured by ARPES was attributed to
increased electron scattering rather than a variation in the phase of photoemitted electrons
induced by local height fluctuations. In our experiments on suspended graphene samples,
the surface morphology is carefully measured simultaneously with the ARPES measurements
presented here, thus allowing us to determine Sy, independently.[27]

Finally, note that the surface corrugation of the graphene sheets will also alter the
bandstructure by inducing a change in the local potential proportional to the square of
the curvature. Thus, the ripples act as scattering centers, which will decrease lifetime and
potentially change the Fermi velocity. These effects are contained in A(k,w) and will also
be present in the ARPES data. However, such effects are distinct from that described by

Sk, , which represents decoherence as electrons pass from a curved 2D space to free space.

4.4.3 Corrugation Broadening

Corrugation broadening can be treated by considering the equation that describes photoe-

mission from a Bloch state in the graphene sheet into a free-electron state above the crystal.
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Using the standard tight-binding approach to describe the initial state:

_ Ly kr Ko(r— R — 7
i (r) = W; > Cre(r—R-—1) (4.3)

j=A,B

we obtain the following matrix element for excitation into a free electron final state:

Mo (ki-A) Y ey eilkizke) R g icp) (4.4)
j=A,B R

where k; is the initial pseudo-momentum of a valence-band electron and kg is the final-
state momentum (for a full description and definitions of symbols see Appendix). Equation
4.3 describes an initial state with precise momentum at a fixed binding energy. For an
atomically-flat crystalline 2D surface the position vectors can be expressed as R = nija; +
noag, where the n; are integers and the a; primitive lattice vectors in the xy plane. In this

case, the sum over R in Eq. 4.3, eilki—ke) R

, is zero unless k;| — kg = G, where G is a
reciprocal lattice vector. This condition is, thus, a statement of the momentum conservation
discussed above, d(k; — k¢ — G). If, however, z is allowed to vary continuously as a function
of position along the surface, so that R = nja; + neas + Ax + Ay + 2!, with z no longer
constant, the summation in Eq. 4.4 is not as readily calculated. Perfect phase cancellation
away from reciprocal lattice vectors does not occur, resulting in non-zero photoemission
intensity when k) — kg # G.

Summations such as the one in Eq. 4.4 are encountered in the theory of LEED on rough
surfaces.[97, 98, 94] In fact, in many respects the formal analysis of LEED results bears
many similarities to that of ARPES. In a prior study using one-photon photoemission and
high-resolution LEED applied simultaneously to surface states of Cu(100) and Cu(111), it
was demonstrated experimentally that the photoemission linewidth and the width of the

LEED-spot profile are correlated linearly.[122] In particular, for LEED one measures the

diffraction structure factor, S(k) o | > e*®|2 where, as in the case of photoemission, k is

Tt is implied here that Az, Ay and z are functions of position along the surface with z representing the
local height of the surface and Az, Ay representing deviations from the ideal lateral positions of surface
atoms which are necessary to keep the average bond length unchanged.
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the total momentum transfer, k = k; — kg, and the sum is over atomic positions, R, on a
surface. In addition, for ARPES transition probability is proportional to the square of the
matrix element; thus, the same structure factor, S(k), is applicable. Thus, LEED theory
can guide our analysis.

The structure factor, S(k), can be calculated with information about the average proper-
ties of the surface, described by three variables: horizontal correlation-length, &, RMS height
variation, w, and a dimensionless parameter, «, termed the “roughness exponent," which
describes surface roughness on length scales smaller than £.[94| All three parameters can
be extracted from real-space information about the surface by computing the height-height
correlation function, which is used in a variety of thin film measurements, including those
on graphene and other surfaces, and is defined as H(r) = (|z(ro +7) — 2(r0)|?). As is shown
in the appendix, S(k) = S(k1,k)) is intimately related to H(r) as the Fourier transform

—3kLH(r), Thus, the average parameters that characterize a given rough surface (w, &,

of e
and «) and determine the form of H(r) also determine S(ky,k). Hence, with these pa-
rameters, it is possible to compute the summation in Eq. 4.4. In fact, previously reported
measurements using low-energy electron microscopy and low-energy electron diffraction have
determined these parameters to be o = 0.54£0.02, w = 1.9940.15 A, and £ = 30+£0.3 nm
for the same suspended graphene samples used in this study.[67] Although the functional
form of S(k, k) is complex, the width of Sy, (k) (i-e. for £ fixed) in k|| space has a sim-
ple dependence on k| and the parameters describing the surface roughness. In particular,
the width, I'g is proportional to (k:Lw)i/g, which explains the decrease in experimental
linewidth with decreasing k£, shown in Fig. 4.4. For fitting purposes it is useful to have the

exact functional form of Sy (k). Yang, et al. have shown that for (wk1)? > 1 the form is

purely diffusive and can be expressed as:[94]

S, (ky) = (6/(wh 1)) Fa(ky&/ (wh ) =)

F(Y) = / XdXexrp(—X>**)Jo(XY) (4.5)
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4.4.4 Intrinsic Broadening

It is straightforward to introduce intrinsic initial-state broadening into our ARPES descrip-
tion by replacing our initial state wavefunction, ¢y, with a sum over multiple momentum
states, ) axtk, where the ay, are complex coefficients related to the spectral function by
lax,|> = A(k,w). Our transition matrix then becomes a sum, M = 3" aj M¥, over multiple
matrix elements weighted by the complex coefficients ay, where the M¥ are the original
transition matrix elements defined in Eq. 4.4. Again, using Fermi’s golden rule we find that

the transition probability is proportional to the square of this sum.

Toc|MP =13 apnM*P =" |aIMFP + > agaw M* M¥ (4.6)
k k k#k!

As shown in the appendix the k # k' sum can be safely neglected due to random
phase cancellation and we arrive at the final expression for the full photoemission intensity
expressed in Eq. 4.2.

Note that the broadening introduced by the surface corrugation of the suspended graphene
sheet is only contained in the transition matrix element M*. The many-body physics that
describes the interaction of charge carriers in graphene with other excitations is contained
in the complex coefficients ay. Thus, the "intrinsic" or initial state broadening referred to
in this section, as well as subsequent sections, is the width of the spectral function derived
from the complex coeffiecients, A(k,w) = |ay, |?.

Finally, we note that, in general, the linewidth (T',,) measured in ARPES from well
prepared, atomically flat surfaces is a function of the initial state or photohole linewidth
(I';) as well as the linewidth of the final state or photoelectron (I'f). However, for the case
of 2D states such as surface states in metals or thin films like graphene, there is no dispersion

with &, and I';, = I';.[123]
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Figure 4.5:  (a) Graphene bandstructure over first BZ. (b) Contour lines drawn along
constant binding energies in the vicinity of the K point (binding energies indicated in eV).
(c,d) Dispersion along k, and k,, respectively (along dashed blue lines in (b)).
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4.4.5 Analysis of Spectra and Discussion

Figure 4.2 shows a plot of the dispersion obtained along the I'K direction in the vicinity of the
Dirac point. The average Fermi velocity, derived from the slope of w vs k; is 1.0740.05 x 10°
m/s. This value is obtained from an analysis of the dispersion in the energy range from
0 to 0.6 eV (see blue best-fit line in Fig. 4.2(d)). This value is in excellent agreement
with results obtained by IR measurements on undoped supported exfoliated graphene.[124,
125] Additionally, the dispersion along I'K is linear in this region (0 to 0.6 eV) with no
deviations from linearity within our experimental uncertainty. As discussed above, despite
the roughness-induced broadening in the spectrum, the dispersion curve is easily extracted
from the raw ARPES data by taking the second derivative of the ARPES intensity along the
momentum direction. However, determining the intrinsic width of spectral features requires
a deeper analysis.

Our prior measurements of the surface corrugation in suspended graphene allow us to
extract the intrinsic electronic structure from our ARPES data. The procedure for this fitting
is as follows: first, S, is determined from our surface morphology measurements and used
as a constant parameter, then A(k) ) is varied until the convolved function, I (k) ), represents
a good fit to the experimental data. Although a full deconvolution is, in principle, possible,
it is much more straightforward to begin with an assumption for the functional form of
A(k)) and systematically vary the parameters until a good fit is found. The functional form
of A(kj) is assumed to be a Lorentzian, the most commonly used photoemission lineshape,
which results from the k-independent approximation for Im[%(k, w)].?

In carrying out this procedure, we introduce two additional simplifications. First, note
that we are examining the region in k-space within the first Brillouin zone along the I'K (k)
direction in the vicinity of the K point. As shown in Fig. 4.5, the 7 state disperses rapidly

along k, in this region, but relatively slowly along k, since dw/0k,=0 at k,=0. Thus, al-

’In fitting the MDCs an instrumental broadening term was also convolved with our spectral function. The
energy resolution introduces a width of AEvp. In combination with the lateral resolution of the instrument
(known from prior calibration), this results in a Gaussian response function with a width of approximately
0.042 A7"
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Figure 4.6: Intrinsic width of ARPES features for Suspended monolayer graphene. (a)
Example of MDC fitting. (b) Two independent contributions to broadening. Red line:
intrinsic linewidth of initial state. Blue line: broadening due to corrugation at hw=50 eV
(solid) and hw=84 eV (dashed). (c) Inverse lifetime as a function of binding energy for
hw=50 (blue) and hw=84 eV (red). (d) Best fit line to intrinsic width vs. binding energy
for hw=>50 data in vicinity of Fermi level.
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though Eq. 4.6 describes a 2D convolution, it is possible to replace the required 2D k.k,
integral with a 1D integral along k,. Second, we note that most of the MDCs considered
here have an asymmetric peak shape, with additional spectral weight in the w > vp|k| re-
gion of the curve. Possible reasons for this asymmetry are discussed in a separate paragraph
below. For fitting purposes, this additional spectral weight was not considered and the best
fit was obtained by imposing a momentum cutoff within 0.1 A7" of the peak position on
the w > vp|k| side of the curve. Figure 4.6(a) shows a representative curve from the fiw=50
eV data taken 0.7 eV below the Fermi level along with a best fit. Note that the lineshape
of this curve provides an excellent fit to the experimental data. Figure 4.6(b) shows the
two independent contributions to the linewidth: the corrugation-induced broadening and
the intrinsic broadening. In order to cross-check that the convolution procedure accurately
captures the photon-energy dependence of the photoemission process, the same fitting pro-
cedure was repeated on data obtained with a photon energy of hAw=84. At this photon
energy, k| = 4.27A7" and, according to Eq. 4.6, the width of S is nearly twice as large as
it is at lw = 50 eV. However, as expected, the intrinsic linewidth extracted from the fitting
procedure is the same for data obtained with both photon energies. A comparison of the
self-energy extracted from the two data sets is shown in Fig. 4.6(c); the two resulting curves
are the same, within experimental error, thus confirming the photon-energy dependence
given in Eq. 4.6 and lending further support to our approach.

Comparison can be made to the theoretical work of Park et al. who compute, from
first principles, the MDC broadening expected in an ARPES study of graphene [7]. Al-
though their computation has been performed for doped graphene, their result for suspended
graphene compares very favorably to ours. Figure 4.7 shows our result for the intrinsic MDC
width along with the prediction of Park et al. for both freely suspended graphene and SiC
supported graphene. As seen in Fig. 4.7(b), dielectric screening from the SiC substrate
significatly reduces the MDC broadening. However, their result for suspended graphene is
qualitatively similar to ours; they predict a monotonic increase in MDC width from 0 at Ep

to ~0.09 at 2 eV. However, care must be taken when comparing this calculation to our result,
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Figure 4.7: Inverse lifetime as a function of binding energy for fuw=>50 (blue) shown with
error bars. Inset shows graphene DOS. (b) Previous experimental and theoretical results for
ARPES MDC width of graphene. Plot includes first principles calculation of Park, et al. [7]
for suspended (red curve) as well as SiC supported (blue curve) graphene along with data
from Bostwick, et al.[8] (black curve). Note that this data corresponds to doped graphene.

as the calculation has been performed for doped graphene, which changes the quasiparticle
dynamics. For example, the kink observed in the 1 to 1.5 eV range is not present in our
data. In comparison, our measured intrinsic linewidth increases linearly from Ep to ~ 3 eV,
after which it is constant at ~ 0.13 A™". The kink at ~3 ¢V in our data corresponds to the
rapid change in the density-of-states in graphene which occurs at a binding energy equal to
the nearest-neighbor hopping energy of ~2.8 eV (see inset to Fig 4.7).

To make our observations quantitative and enable comparison with other work, we per-
form a linear fit of the intrinsic width versus binding energy, I'; = a+ 5(F — EF). From this
fit, we find a = 0.002 + 0.005 A" and 8 = 0.039 £ 0.01 A~ 'eV~1. As expected, the value
of a is within experimental uncertainty of zero since excited states just above the Fermi
level should be very long lived. Consider now the parameter § that describes the increase
in inverse quasiparticle lifetime with increasing binding energy. Ready comparison can be
made to the theoretical work of Park et al. who compute from first principles the broadening
expected in an ARPES study of neutral graphene [7]. Their result compares very favorably
to ours. In particular, they predict a linear increase in the intrinsic MDC width from 0 to

~ 0.05 A7 in the energy range from 0 to -1 eV, which corresponds to 5 ~ 0.05 [7].
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The lifetime is related to I'; by 7 = 1/(2I;up). Thus, our measured value can be
expressed as = 0.7840.02 fs~! eV~™!, so as to enable ready comparison with prior mea-
surements of the same quantity on graphite and exfoliated graphene. For graphite, 5 has
been measured by femtosecond photoemission to be an order of magnitude smaller, viz.
0.029 fs~! eV—! [126], while STS measurements of exfoliated graphene on graphite have
produced an intermediate value of (8 = 0.11 fs~! eV~1!) [127]. A reasonable explanation
for this discrepancy is the greater out-of-plane corrugation of suspended graphene, which
has been predicted to be the largest contribution to electron scattering in rough graphene
sheets|72, 73, 74]. Indeed, such roughness constitutes short-range correlated disorder, which
has also been shown theoretically to lead to scattering rates which scale linearly with w in
graphene [128].

Comparison can also be made with results obtained on epitaxial graphene grown on
SiC. In such a system the Dirac point is ~ 0.5 eV below the Fermi level which changes
the quasiparticle dynamics resulting in a non-linear behavior for I'; vs w. In particular, it
has been shown that electron-plasmon interaction in doped epitaxial graphene results in an
increase in the electron scattering rate in a narrow energy region where w ~ Ep.[8] (see
black curve in Fig 4.7(b)). However, at deeper binding energies a nearly linear increase of
I'; has been demonstrated with a slope of ~ 0.025 A_leV_l, which is comparable to our
measured value of .

Because of the unique Dirac Fermion behavior and two-dimensionality of graphene, there
has been much discussion of many-body physics that would lead to lifetime broadening in
ARPES measurements of graphene[8, 129, 130, 131]. In conventional bulk crystals Fermi-
liquid theory predicts the decay of a photohole through creation of an electron-hole pair to
result in a lifetime which scales as (E — Ep)?, in proportion to the number of excitation
pathways that satisfy momentum and energy conservation. However, the linear dispersion
of the graphene bands, along with the vanishing density of states at Er, modify this picture.
Hence, undoped graphene is expected to show anomalous marginal Fermi-liquid behavior,

characterized by a lifetime that scales as (E — Ep)~1.[129] Electron-phonon interaction
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has also been shown experimentally to lead to linewidth broadening.[125, 8] However, the
interaction is limited by the phonon dispersion to within 140 meV of Ep.[106] Coulombic
interactions, however can affect scattering rates for electrons well below Er. As noted above,
elastic scattering due to short-range correlated impurities such as adatoms, dislocations or
corrugations has also been shown theoretically to produce a (E — Er)~! dependence on
lifetime.[128]

As discussed above, prior STS measurements have confirmed this linear increase for a
small range of energies (~150 meV) in the vicinity of the Fermi level for exfoliated graphene
on graphite.[127] Our measurement confirms that this behavior persists as far as 2eV below
the Fermi level; a log-log plot of I'; vs w displays a slope of ~1. As noted above, such marginal
Fermi-liquid behavior has also been observed by femtosecond time-resolved photoemission
spectroscopy on graphite.[126]

We now return to the topic of asymmetry in MDC peak shape. As many recent the-
oretical studies have pointed out, the commonly-made k-independent approximation for
Im[X(k,w)] is not fully valid in graphene as the doping level approaches zero.[129, 130]
The vanishing density of states at w = Er along with graphene’s linear dispersion near Ep
places a kinematic restriction on the available phase space for electron-electron scattering.
The scattering pathway e~ — e~ + e~ h™ is only available for off-shell electrons for which
w > vrlk| and is kinematically forbidden when w < vp|k|. Thus, one expects a discontinuity
in Im[¥(k,w)] at w = k and decay due to electron-electron interaction may be indicated by
asymmetry in MDC peak shape.[128, 130] As mentioned above and indicated in Fig. 4.6,
in MDCs taken through the K point for monolayer graphene additional spectral weight is
present in the w > vp|k| regime. In principle, a full deconvolution of the ARPES intensity
would recover the exact function form of A(k,w). However, such a procedure would require
use of the full 2D integral specified by Eq. 4.2, which is beyond the scope of the work

presented here.



CHAPTER 4. MEASUREMENTS OF THE BAND STRUCTURE OF EXFOLIATED GRAPHENES(

4.5 ARPES formalism for thin film membrane

In this section, we develop the detailed formalism used to evaluate the graphene ARPES
results presented above.

According to the standard tight-binding scheme, initial 7 states in the valence band of
graphene with energy wy and crystal-momentum k are represented as a linear combination

of molecular p, orbital states:

B S Ko(r— R — 7
Vilr) = m%j > Cfo(r—R-m) (47)

j=A,B

where —= is an overall normalization factor, A and B designate the sublattice sites and

VN
7j their locations within the unit cell. The C]l-‘ are complex coefficients obtained from the
tight-binding model and the ¢ are molecular p, orbitals. The sum over R runs over all N
unit cells in the crystal (note that we work in the limit where N — oo).
The transition-matrix for photoexcitation from this initial state to a plane wave final

state with total momentum kg outside the crystal can be written, using the dipole approxi-

mation, as follows:

M¥ /dgreikf'r(p - A)yy,(r) (4.8)

Inserting the above definition for the initial state we obtain:

M oc (ki ) Y T ORG(p) S Oftem ke (1.9)
R j=A,B

where ¢ is the Fourier transform of the molecular p, orbital and A represents the polarization
vector of the incoming radiation. We are interested in a small region of momentum-space
in the vicinity of the K point. Since ki - A and gZ;(kf) are nearly constant in this region,
we concentrate our attention on the sum, Zei(ki_kf)'RZC]l-(ie_iki'Tﬂ'. The sum over j,
ZC]I»(ie*ikf 7i, depends only on the relative phase between the C]k’s and the pathlength

difference from atoms A and B to the detector. This term changes rapidly on a contour
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around the K point. Along the I'K direction, the term changes from 2 to 0 as we pass
through the K point from the first to the second BZ. However, if we restrict ourselves to the
region of k-space along the I'K direction within the first BZ (see Fig 4.5), > C’;‘ie—ikf'ff is
nearly constant. Thus, we are left with the sum 3 e?(Ki—ke)R

For a 3D crystal with perfect translational symmetry the position vectors can be rep-
resented as: R = mja; + noag + nzag, where nj,no,ng are integers and aj,ag,ag are
primitive lattice vectors. In this case, the sum over R reduces to a momentum-preserving
delta function (kg — k; — G) where G is a reciprocal lattice vector. However, since
graphene is a two-dimensional lattice, momentum conservation does not hold in the per-
pendicular direction. More significantly, exfoliated graphene is a flexible membrane that is
not atomically flat, so the R’s must be expressed in terms of a continuous variable; thus
R = nja; + ngas + Az + Ay + z, where z; is a continuous variable which represents the
local height of the graphene sheet. The variation in height is such that we can consider the

well-known theory of scattering from continuous rough surfaces in order to evaluate the sum

in equation 4.9. We begin by replacing the discrete sum with an integral:

3 il kR _ / @D (r)ei k) (4.10)
R

where D(r) is the density-function of the material which, for a perfectly crystalline flat

sample, has the form:

D(r)=) 6(r-R) (4.11)
R

A periodic lattice generates a photoemission spectrum with the periodicity of the recip-
rocal lattice. However, since we are concerned with the photoemission spectrum in a small
region of k-space in the first Brillouin zone, we may abandon the description of the surface
as a discrete lattice and replace it with a smooth, continuous sheet. Thus, we approximate

D(r) as a surface density function:
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D(p,#') = 6l — (p)] (4.12)

where p = r| = (z,y) and 2’ = r . Thus, the surface is now defined by the height function
z = z(p). Inserting the above definition of D(r) and explicitly separating k; and k¢ into

components parallel and perpendicular to the surface we obtain:

M o /dzpez‘(ku—ku)%(p)ei(kikf)'P (4.13)

We have retained momentum-conservation; for a constant z(p) the above integral produces
(ki — kg)|) times a complex phase; but for a non-trivial z(p), the delta function broadens
since e!(ki1—ke1)2(P) i o longer independent of p. Additionally, electronic states in graphene
propagate on a curved space, which implies that the direction of the initial state wavevector,
ki, varies as a function of position along the surface so that k;1 and k;| vary with p as well.
This introduces additional phase variation into the exponential argument (k;, —kg ) - 2(p).
However, this variation is very small in comparison to that introduced by changes in z(p)
and can effectively be ignored with little change in our final result. In particular, k; | varies
proportional to kaaTZk which is on the order of 0.01 A~!. Thus the phase variation in the
term k; 2 < 1 (Az = 2 A) is very small in comparison to the variation in the kg, 2 term
(ky, ranges from 2.5 to 3.5 A='). Thus, we will approximate the direction of the initial
state wavevector, kj, as constant for all points on the surface. This means that k is not p

dependent and we can define a new vector k = kj — K¢, so that our expression becomes:

M /d2peikrz(p)eik”'p (4.14)
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To find the photoemission intensity we use Fermi’s golden rule which yields:

2
I= %HMHQ(;(E + hw — H2Kk2/2m), (4.15)

1M o / d2pd? pet s #P) etk e ies 2(0) g —ikp (4.15b)

Defining r = p — p/ we can rearrange to obtain:

I x /dgr (/ deeiki'[Z(pJ”’)_Z(p)]) eI (4.16)

The term inside the parentheses is the height-difference function, C(r, k), of the surface
which is related to the height-height correlation function, H(r) = (|z(ro + ) — 2(10)|?). It

is straight forward to show that the C(r, k) ) equals e_%H(T)ki.[%] Thus, we have:

I /der(kJ_,r)eik'r, (4.17a)

Clky,r) = e zHOH, (4.17b)

For a large class of surfaces, H(r) has the following properties:

H(r) o & for r < ¢ (4.18)

H(r) = 2w for r > ¢ (4.19)

where « is a measure of the small scale roughness termed the “roughness exponent." In
particular, it can be shown that the full width at half maximum (FWHM) of I(k)) (with
k1 held constant) scales as f‘l(wlﬂ)i when (wk1)? > 1. The functional form of I(ky) is

well approximated as:[94]
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Sie, (ky) = (€/(wh 1)« ) Fo(ky &/ (wh 1 )=)

F(Y) = / XdXexp(—X?*)Jy(XY) (4.20)

The above discussion began with the assumption that the initial state, v, had a well
defined pseudo-momentum, k, and energy wg. To include initial state broadening in our
description, we replace 1, with a sum over multiple momentum states, > axty, where the
ay, are complex coefficients. The coefficients, ay, are related to the spectral function, A(k,w)

by |ax|? = A(k,w) with the spectral function defined as:

Im(%)
(wg —w — Re(X))? + Im(X)?

Ak, w) = (4.21)

where ¥ = ¥(k,w) is the quasiparticle self-energy. Retaining our simple description of the
final state as a free-electron state with momentum ¢, our transition matrix becomes a sum,
M = > apM* over multiple matrix elements weighted by the complex coefficients a,
where the M*4 are the original transition matrix elements defined in Eq. 4.9. Again, using
Fermi’s golden rule we find that the transition probability is proportional to the square of

this sum:

Toc |MP =S a2 =

k
D laP My g MM (4:22)
k k#£K
The cross terms have the form:
Mk‘q*Mk‘/q o /d27" (/ d2peikl~[z(p+7”)—z(p)]eiAkup) eik’“/r‘ (423)

where Ak = k') — k|, ki ~ k';. The e"®KIP factor in the p integral introduces a ran-
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dom phase that causes the integral to average to zero (since it is taken over the whole
surface). Thus, the cross terms can be safely neglected and we arrive at the final expression

or photoemission intensity as a function of k| with k, fixed, described by Eq. 4.2.

4.6 Conclusion

Photoemission on thin sheets of 2D crystals is expected to grow in importance as interest
in single-layer insulators and semiconductors increases. We have performed ARPES on
a 2D suspended surface with well-defined surface corrugation. By comparing our work
with our prior results obtained from diffraction measurements on corrugation in suspended
graphene sheets|[111] we have developed a model for understanding the effect of corrugation
on ARPES spectra. By analyzing results obtained with different photon excitation energies,
we have estimated the contribution of surface roughness to broadening. Thus, despite the
surface corrugation in the graphene layer, it is still possible to develop insights into graphene
physics. In particular, we have shown that exfoliated suspended graphene is essentially
undoped in its pristine form. Additionally, we have shown that the band structure has no
significant deviations from linearity in the vicinity of the Dirac point. Our measured Fermi
velocity is comparable to results obtained on supported graphene by transport and optical
measurements. Finally, we have also shown that undoped exfoliated graphene behaves as a

marginal Fermi-liquid with an anomalous carrier lifetime, which scales as (E — Ep)~!.



Chapter 5

Band Mapping of Self Assembled

Nanostructures on Single Crystal

Surfaces

In this chapter, I describe resonant band mapping of the the model surface systems Cu(111)
and Cu(775) using a relatively high-repetition-rate femtosecond OPA source, which is tun-
able over the photon-energy range of 3.75 to 5 eV. The results show that resonant band
mapping can be done with such an OPA source. In addition, the measurements show that,
while strong pumping can be obtained with this source, any space charge is sufficiently

reduced such that sharp features can be readily observed.

5.1 Introduction

While angle-resolved photoemission spectroscopy (ARPES) is a powerful and widely used
technique for probing the occupied states of the band structure of single-crystal materials
[30, 31, 32, 33, 6], inverse photoemission (IPE) spectroscopy |35, 36, 37| and two-photon pho-
toemission (2PPE) [23, 38, 39, 20, 40, 41, 42, 43, 44, 45, 46, 47| are the accepted techniques

for probing their unoccupied states. Recently, 2PPE has become more widely used due to its

86
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high energy-resolution and the fact that it allows measurement of ultrafast dynamics using
pump-probe methods [40, 41, 42, 44, 45, 46, 47]. In addition, the commonly employed high-
repetition-rate, i.e., ~100 MHz, Ti:Sapphire-based lasers have been effective in providing
enhanced signal-noise ratios over lower-repetition-rate, nanosecond, dye or excimer lasers.
Band mapping is a major measurement technique for electronic structures that uses
occupied-state ARPES in conjunction with a photon-energy-tuned synchrotron beamline[30,
31, 32, 33, 6]. Band mapping can be carried out in 2PPE by using a tunable laser source
via resonant excitation of a target intermediate state from a well defined initial state, fol-
lowed by further excitation to the final-state continuum prior to full equilibration of the
kjstates[132, 133]. Such crystal-momentum equilibration times have been measured by sev-
eral authors and, in general, it is found that intraband and interband lifetimes are of the
order of 60 and 40 fs, respectively[47, 134]. Thus during pumping within a typical 90-fs pulse,
the electron distribution will be only partially equilibrated. This lack of full equilibration
in the electron distribution of the excited states can lead to a resonamnce in the energy-
distribution curves (EDC) as the laser photon energy is tuned through the energy spacing of
the ground- and target-excited state. This approach has been demonstrated previously using
a tunable frequency-doubled dye-laser system|[132, 133]. However, a nanosecond-dye-laser
system cannot achieve the same 2PPE signal-to-noise ratio in comparison with that using a
much higher repetition-rate Ti:Sapphire system and cannot also achieve the same degree of
unequilibrated electron distribution that is possible with a femtosecond pulse source.
Optical parametric amplifiers (OPA), driven by Ti:Sapphire lasers are tunable over a
wide bandwidth range and thus it is possible to use this tunable laser for band map-
ping of low-binding-energy surface systems, i.e., those accessible with two 4-5 eV photons.
While Ti:Sapphire-based, synchronously-pumped, optical parametric oscillators (OPO) in
conjunction with frequency doubling are able to operate at the high ~100 MHz repetition-
rates of Ti:Sapphire oscillators, the use of Ti:Sapphire-based OPA systems in the ~100 kHz
repetition-rate is more conveniently and readily realized. In addition, OPAs are able to pro-

vide a higher tuning bandwidth compared to OPOs because of the larger energies achievable
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in the OPAs.

5.2 Experiment

In the experiments described in this chapter, a high-purity (99.999 % purity) single-crystal
copper sample of 1.2-cm diameter is cut to the desired (111) and (775) orientations on oppo-
site sides of the crystal. The 8.5° miscut of the (775) surface with respect to (111) is accurate
to within 0.1°. The laser system uses an ultrafast Ti:Sapphire pulse source, the pulses of
which are amplified in a regenerative amplifier, and then used to drive an optical parametric
amplifier to provide a tunable source of visible light. This output is then converted to UV
wavelengths by second harmonic-generation in a 1 mm BBO crystal. Photoemitted electrons
are collected using a 160° (36.5-mm radius) spherical-sector energy analyzer. The angular
data is collected along the MI'M direction of the (111) surface Brillouin zone. For the (775)
surface this corresponds to the direction across the steps. Throughout the experiments pre-
sented in this chapter, the sample was biased at -4 V to reduce the effects of stray fields.
The data presented is corrected for both the additional kinetic energy and change in the
parallel momentum kjof the electrons due to this accelerating voltage[52]. Additional details
of sample preparation and the experimental setup were presented in Chapter 2.

The normally-unoccupied image states are populated by resonant excitation from the
occupied sp-like surface state of Cu(111l) and/or by nonresonant indirect excitation via
electron transfer to and then from occupied bulk states, and then probed after absorption
of a second photon of the same energy; see schematic diagram in Fig. 5.1. Since the Cu
surface state and image states have different effective masses, resonant excitation occurs at
different parallel momenta for each choice of photon energy. By tuning the photon energy,
it is possible to resonantly map the entire surface and image-state spectra. The femtosecond
laser provides a high signal-to-noise ratio and the resonant mapping scheme allows for precise
measurement of the dispersion and reference planes (the dispersion minimum) of both the

occupied and the excited bands.
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5.3 Excitation Spectra and Processes

Prior to describing the bandmapping measurements, I will show the effect of excitation
resonance on the EDC curves as well as the linewidth of these curves and their consistency
with previous measurements of resonant 2PPE photoemission. The relevant electronic states
for the experiment are shown in the sketch in Fig. 5.1 along with a depiction of two possible
excitation channels as well as two measured representative photoemission energy-distribution
curves (EDCs), each taken at a different angle for illumination of a Cu(111) surface with
hw = 4.29 eV. The lower intensity curve (circles), taken at k= 0 A "shows two peaks,
while the second (squares), taken at k= 0 A_l, shows a single, much-higher intensity
peak. Considering first the circle curve, the well-established binding energies and dispersion
relations of the Cu(111) surface can be used to assign the lower energy of the two peaks
to a nonresonant two-photon process from the n = 0 occupied surface state and the higher
energy peak to photoemission from an n = 1 image state, which is excited by scattering
from a nearby bulk excited state or intraband scattering. Because of the nature of the
excitation processes, each of the processes is termed nonresonant excitation. Note that, in
this case, the surface and image-state-peak energies are readily resolvable. On the other
hand, at k)= -0.18 Aa single, much-higher-intensity peak is observed. Again using the
well established energetics of this system, it can be shown that, for this photon energy and
parallel momentum, excitation of the n = 1 image state from the n = 0 surface state is
resonant with the photon energy in this case. This resonance leads to a sharp, well defined
photoemission signal.

Photoemission of a surface-state electron requires the simultaneous absorption of two
photons through a virtual or resonant intermediate state, while photoemission of an indi-
rectly excited image-state electron is accomplished through absorption of a single photon.
The kinetic energy of electrons photoemitted from the surface and image states can be writ-
ten, respectively, as Fg = 2hw — g9 — ¢ and E] = hw — €1 where Aw is the incident photon

energy, ¢ is the work function and ey and e are the binding energies of the surface state and
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image state electrons, respectively; these binding energies are referenced to the Fermi and
vacuum levels, respectively. Thus, the kinetic energy of photoemitted surface-state electrons
varies as 2hw, twice the incident photon energy, while the kinetic energy of photoemitted
image-state electrons varies as fuwv a result which can be used to distinguish occupied (sur-
face) states from unoccupied (image) states. In addition, the relative separation in energy
space of image, F1, and surface state, Fy, peaks, i.e.,F] — Fy, are dependent on the incident-
photon energy; thus the resonance condition, F1 — Eg = 0, or equivalently, hw = gg+ ¢ — €1,

may hold at different parallel momenta for one excitation wavelength.
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Figure 5.1: (Left) Schematic photoemission channels observed in the 2PPE process using
the n = 0 surface and n = 1 image states of Cu(111). The red lines above the vacuum
level reflect the measured 2PPE final state kinetic energies. (Right) EDCs from Cu(111)
measured at k= 0 A 'and k= -0.18 Aflusing 4.29 eV photons. The data is fit using
the functional form discussed in the text [Eq. (1)]. The two curves represent EDCs under
off-resonant and near-resonant conditions.

In order to determine the lineshape of the photoemitted signal, I will express the 2PPE

intensity or the EDC at a particular emission angle as:
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(5.1)

where Ey and FE; are the kinetic energies described above, I'g and I'y are the linewidths
corresponding to surface- and image-state peaks, and a and b are fitting parameters. This
expression is consistent with prior theoretical treatments of two-photon photoemission [135,
136]. The first term in the above equation represents photoemission from coherently coupled
surface and image states, whereas the second term corresponds to electrons that are first
excited into an unoccupied state, and then scattered by electron-electron interactions or
other scattering centers into an image state. As can be seen from the form of the first
term, resonant enhancement occurs when Fy = Fy. Although Eq. 5.1 is written for narrow-
linewidth laser sources|135, 136], it can be used as a first approximation to describe sources
with the 20 meV transform-limited linewidth of the femtosecond source used in this study.
As an example, fitted curves corresponding to the functional form in Eq. (1) for 4.29 eV
incident photon energy data are shown in Fig. 5.1. In this case, the coherent term dominates
the photoemission signal at the resonance and accounts for as much as 75% of the image-state
electrons at the band minimum (k= 0 A_l). Taking into account spectrometer resolution,
the measured linewidths are 76 £ 25 meV and 82 4 25 meV for the n = 0 and n = 1 states,
respectively, at k=0 A7'. These results agree with the room temperature measurements of
Wallauer and Fauster of 65 + 15 meV and 85 + 10 meV, respectively[137], and measurements
of Knoesel, et al. of 62 +£ 4 meV and 62 + 5 meV, respectively[138]. Note, that in our case,
this resonant peak is slightly asymmetric due to the Fermi cut-off at ~3.85 eV. For the n =
1 state, the expected lifetime broadening is ~ 40 meV, where the rest of the contribution of
about 22 meV to the intrinsic linewidth arises from pure dephasing[138, 139].

By operating the OPA source at pulse energies below those leading to space-charge
distortion, useful data were collected over a relatively wide photon energy tuning range of

~ 3.9 to 5 eV. The dispersion curves of the surface states in question were obtained by
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measuring the EDC curves over a set of typical emission angles from —18° to +18°. Figure
5.2 shows the data obtained at one photon energy, 4.29 eV for Cu(111) and 4.48 eV for
Cu(775). In Fig. 5.2(a), the lower of the two bands is that due to the n = 0 surface state (see
also Fig. 5.1). As discussed earlier, due to its lower effective mass (m* =~ 0.4m.) compared

* &~ me), the surface-state band disperses faster and

to the image-state effective mass (m
crosses the image-state band at ~ 0.17 A_laway from the band minimum. In the case of
Fig. 5.2(b), the surface-state band of Cu(775) is folded and the band minimum appears at
an off-normal angle corresponding to kj=m/L (for Cu(775), 7/L = 0.22 Afl), due to vicinal
cut and superlattice formation as expected from earlier studies of this surface [140, 141] as
well as for other noble-metal vicinal surfaces. [52, 52] Note that for the kj= /L branch of
the surface state in Fig. 5.2(b) a strong resonance is observed around the crossing point of
this surface state branch and the n = 1 feature. We can also observe the weak surface-state
feature for k< 0.18 A7, In contrast, the surface-state feature in the k= —m/L branch is
invisible. The resonance feature associated with this branch and the n = 1 state, however,
can be observed because of its slightly higher intensity relative to the nearby signal. Thus
there is an asymmetry in the two observed Umklapp branches of the surface state, which
will be discussed below. In the lower portion of Figs. 5.2(a) and (b), the maximum EDC
intensity is plotted as a function of parallel momentum for this same data. Note that the
photoemission signal intensity clearly peaks at a value of kjcorresponding to the crossing
of the surface and image states as a result of resonant excitation. The resonances on the
Cu(111) surface are sharper in kjand stronger compared to those on the Cu(775) surface.
This relative sharpness is related to the linewidths of the surface and image states, which are
considerably broader on the stepped surface due to the scattering and structural variation in
terrace widths, as well due to hybridization of the surface states with bulk states [142, 143].
In addition, any step-edge defect scattering would increase the nonresonant contribution
given by the second term in Eq. 5.1. Simulated photoemission intensities using Eq. 5.1 and
the known energetic properties of the bands are shown as insets in Fig. 5.2. This simulation

was obtained using the two terms of Eq. 5.1 at a given value of kjand the fitted dispersion



CHAPTER 5. BAND MAPPING OF SELF ASSEMBLED NANOSTRUCTURES ON SINGLE CRYSTAL

curves for the surface and n = 1 image states. For the case of Fig. 5.2(b), an additional
term, with the same functional form as the first term of Eq. 5.1, was added to model the
two separate branches of the band-folded surface state. In both cases, the final simulated
intensities include the Fermi function for room temperature. The simulations show good
qualitative agreement with the observed photoemission intensities. Finally note that the
dispersion data for both the image and the surface state can be obtained from plots such
as that presented in Fig. 5.2. However, as discussed in earlier work, the interaction of the
surface and image states can distort the apparent band dispersion and result in erroneous
determination of dispersive properties [38]. This can be even more important in the case of
stepped surfaces where the band structure is more complicated as shown in Fig. 5.2(b). To
illustrate this complication, in Fig. 5.2(b), the Umklapp surface state-band centered at k=
—m/L=-0.22 A7Ys not sufficiently strong to be observed in the raw EDC data, while its
resonance response, as it crosses the image-state band, can be easily identified, as discussed
above. In some photoemission experiments Umklapp features from noble-metal stepped
surfaces exhibit a lack of symmetry in intensity on either side of k= 0 and, specifically no
Umklapp feature is seen for negative values of k. For example, it is well known that the
step-modulated state on vicinal Cu exhibits a photon-energy dependent intensity variation.
As shown on Cu(223) [144], Cu(443) [145], and Cu(775) [146], the step-modulated surface
state is most intense in PE measurements for photon energy < 45 €V, while its Umklapp,
with band minimum located at k=3m/L becomes dominant as the photon energies increase
to >45 eV. This phenomenon has been explained as a result of photoemission resonances
[143, 144], which are determined by matching the &k component of the final state with the
spatial oscillation of the surface state as it evanesces into the substrate. Note that in our
2PPE measurement, however, an Umklapp is obtained at kj— —n /L. This result is opposite
to that anticipated from single-photoemission experiments and theory, but is in agreement
with other 2PPE experiments, such as that of Baumberger et al. on Cu(443)[142].

An important feature of the photoemission seen in our system is the degree to which the

process relies on non-equilibration of the electron distribution in the excited intermediate
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Figure 5.2: Angle-resolved 2PPE (a) from Cu(111) surface at an incident photon energy
of 4.29 eV and (b) from Cu(775) at an incident photon energy of 4.48 V. The green dotted
lines represent the n = 0 surface-state band dispersion and the solid blue lines represent
the n = 1 image-state band dispersion. The maximum photoemission signal intensity as a
function of momentum is plotted in the lower portion of each figure. Using the measured
effective masses and linewidths, simulations of the 2PPE signals for (111) and (775) surfaces
using Eq. (1) are presented in the insets (an extra term similar to the first term in Eq. (1)
is added for the (775) surface simulation).

state, from which photoemission occurs. This lack of full equilibration is not seen, for
example, in typical, single-photon photoemission band-mapping experiments done using
synchrotron or UV lamp sources. In those cases, non-equilibration does not play a role in
determining the excitation-relaxation processes in the final state since it couples directly into
the free-electron states and since the occupation of the initial state is given accurately by
ambient temperature Fermi-Dirac statistics. In the case of 2PPE, the excitation time is 100
fs and photoemission occurs at times comparable to or faster than the intraband relaxation
time of the intermediate state. As mentioned above for Cu(111) the n = 1 lifetime has
been measured to be ~ 18 fs [138, 139], a result in agreement with many-body theory
[47, 147, 148, 149]. This lifetime arises from contributions due to intraband and interband

processes [149]. This lack of full equilibration within the excited state can be seen by the
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comparatively narrow region in k-space, over which photoemission occurs in Fig. 5.2. Note
that in our experiments with the stepped surface, the intermediate distribution is broadened
out more perceptibly than for the flat surface; however, the bright resonant portion of the
curves in Fig. 5.2 indicates that this broadening or equilibration is not complete and that
resonant mapping is still possible. This additional broadening is attributed to hybridization

between the bulk and surfaces states [142, 143|, and step scattering|42, 150].

=20 0 -2 D 20 o

2=319 nm 2=313 nm 2=304 nm 2=294 nm A=288 nm A=282 nm

Figure 5.3: Angle-resolved 2PPE spectra for a series of incident photon energies on the
Cu(775) surface. From left to right, the photon energies are 3.89, 3.96, 4.08, 4.22, 4.31, 4.40,
and 4.48 eV, respectively.

To carry out band mapping, the binding energy and the crystal momentum were mea-
sured as described in the experimental section. Figure 5.3 shows a series of angle-resolved
2PPE spectra from the Cu(775) surface at different incident-photon energies. As mentioned

above, the origin of the resonance point is reflected by the first term in Eq. 5.1 and is due



CHAPTER 5. BAND MAPPING OF SELF ASSEMBLED NANOSTRUCTURES ON SINGLE CRYSTAL

to the fact that the image state is directly pumped from the surface state and that, due to
the intense, ultrafast laser pulse, photoemission takes place prior to electron equilibration.
The measured resonant points obtained from both surfaces are shown in Fig. 5.4 along with
parabolic fits to the image and surface states. In the case of Cu(775) the surface state is
folded due to the step superlattice [140, 141] and only parts of each folded band are visible.
This band-folded surface state may be described by the Kronig-Penney model, wherein the
steps are viewed as one-dimensional potential barriers, to yield the surface state energy given
by
h2
E(k)) = Py {cos™ U|T| cos (kyL)] — } — &0 (5.2)
where T = |T|e’® is the complex transmission coefficient through the one-dimensional
step barriers [151, 152]. Thus by setting L = 14.02 A, one can obtain the values of the
fitting parameters g, m*,|T| and ¢. The minima of the resulting bandfolded parabolas
are separated by 0.44 A_l(i.e., the superlattice reciprocal vector). The measured binding
energies for the Cu(111) and Cu(775) surface states are g = 0.40 £ 0.07 eV and 0.29 £
0.06 eV respectively, in agreement with the values of 0.39 eV and 0.28 eV below Er from
earlier measurements [142, 141]. The reduced binding energy of the surface state on the
stepped surface is attributed to confinement of electrons due to the step-edge potential
[142, 153, 141, 145, 152]. The effective masses of the surface state are m* = 0.40 £ 0.10
me and 0.48 £+ 0.30 m, for Cu(111) and Cu(775), respectively, corresponding to the blue
solid-line fits to the data in the bottom panels of Figs. 5.4(a) and (b). The larger mass
for the (775) surface compared with the flat surface, agrees with a previous measurement
from a vicinal Cu(111) surface with a comparable terrace width of 15.4 A, which yielded
m* = 0.45 m, [152]. The remaining fitting parameters for the surface state of Cu(775) are
|| = 0.99 £ 0.10 and ¢ — (0.96 + 0.26)7. Note that the larger error bars associated with
the (775) surface state bandfolding arise from the insufficient data for |kj| > 7/L and the

assumption that the binding energies, €o, at k= 7/L and 7/L are equal. The measured
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binding energy at k= —m /L, however, appears to be lower than the binding energy at k=
m/L. This apparent difference in the measured binding energies at k= +7/L may be an
artifact due to the large difference between the signal intensity levels at these two parabolas
for this photon energy such as observed previously for ARPES experiments with Au(223)
[154]. For the case of the n = 1 image-state, the band minimum is approximately 4.05 eV
above the Fermi level with effective masses of m* = 1.17 & 0.10 m, and m* = 1.13 £ 0.20
me for Cu(111) and Cu(775), respectively, as shown in the top panels of Figs. 5.4(a) and
(b).

In the case of the (775) surface, the band minimum of the image state is not at k)=
0 but slightly off normal. In a previous, more detailed, nanosecond-pulse band mapping
experiment of the Cu(775) surface, the band minimum was observed for the emission in the
[111] direction with a subtle inflection of band dispersion close to the surface normal. In the
present experiment using fs pulses and with fewer data points, the band minimum in the
data fit appeared at an intermediate point between the [111] and |775] directions.

The slightly higher measured value of the effective mass for both Cu(111) and Cu(775)
surfaces for the n = 1 state may be indicative of the dynamic nonequilibrium processes
occurring during resonant excitation of the electrons from the initial state to the intermediate
n = 1 state. Despite the fact that our measured values agree with reported values within the
uncertainty limits, these slightly higher values deserve additional comment. With regards
to the Cu(111) surface, it has been found theoretically that for Cu(111) (and Ag(111)) the
intrinsic linewidth of n = 1 increases linearly with k:||2 due chiefly to the contributions of
intraband scattering and, more importantly, the increasing overlap between the image states
and the bulk states, thus the lifetime decreases with increasing kjvalues [149]. For the case
of Cu(001) and Ag(001), a similar dependence is observed experimentally[134, 155], but with
a much weaker lifetime dependence on kjdue to the small overlap between wavefunctions
of the image state and the bulk states. Thus for ultrashort pulses with large bandwidth,
a corresponding band kjvalues will be excited to the intermediate n = 1 band. Due to

shorter lifetimes at the higher kjvalues, the resonance value will be weighted to lower energy
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Figure 5.4: Band dispersion obtained for (a) Cu(111) and (b) Cu(775) using the technique
of resonant band mapping. The top curves denote the n = 1 intermediate state, while the
bottom curves denote the surface state (n = 0). The blue quadratic curves [(a) and top of
(b)] are fits to the data. The fits yield n = 1 effective masses of m* = 1.17 £ 0.10 m, and
m* = 1.13 £ 0.20 m, for the Cu(111) and Cu(775) surfaces, respectively. For Cu(111), m*
= 0.40 £ 0.10 m, for n = 0, while for Cu(775), m* = 0.48 £ 0.30 me..

value. As direct consequence, the dispersion will yield a larger apparent effective mass. For
the Cu(775), a different behavior is expected. Roth et al., demonstrated that in a stepped
Cu(119) surface, the lifetime of the n = 1 state has an anisotropic behavior with respect to
electrons traveling up-steps or down-steps [150]. As a consequence, this observation suggests
that in resonant band-mapping, anisotropic behavior with respect to kjis also expected. To
some degree this behavior is observed in Fig. 5.4(b) above. In our fitting however, we used
the Kronig-Penney model, in which the bandfolded parabolas are symmetric. The measured

effective mass is, again, within the uncertainty in agreement with reported values.
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5.4 Conclusion

Laser photoemission is attracting new interest due to its low-photon energy and hence its
ability to sample crystal regions away from the surface, that is to reliably probe the bulk-
crystal electronic structure. The results shown in this chapter indicate that ultrafast lasers
can be used, as well, for other photoemission techniques to study surface and near-surface
excited states and bands. Ideally, an optimal laser source for 2PPE would provide high-
intensity, tunable, and high-repetition-rate (> 1 MHz) pulses, which permits the reduction
of the laser intensity to the ideal one photoemitted-electron per laser pulse. In this chapter,
I have examined the implications of newly emerging tunable moderate-repetition-rate lasers
for resonant photoemission to map the excited electronic structure in surface bands. I in-
vestigated this possibility using the two model surface systems of flat Cu(111) and stepped
Cu(775); in the case of the latter, its nanometer-scale arrays of potential steps yields in-
formation on lateral surface-electron movement. This nanostructured system is probed by
accessing the unoccupied-state manifold with two-photon photoemission since the tunable,
fs optical parametric amplifier (OPA) source (with 250 KHz repetition rate), allows reso-
nant mapping with photon energies 4.2-4.6 eV of the unoccupied-states structure. I have
demonstrated measurements of surface-state bandfolding due to Umklapp processes by the
periodic steps on the Cu(775) surface. The weak unoccupied state observed here using this
ultrafast tunable OPA has recently been identified as due to pumping of a bulk band. The
observation of this state shows clearly the sufficiently high excitation rate possible with this

OPA source.



Chapter 6

Mapping Unoccupied Bulk States

using Two-photon Photoemission

6.1 Introduction

As discussed above, angle-resolved photoemission spectroscopy (PES) is the definitive method
for accurate measurement of the electronic structure of crystalline solids [6]. Its use is nor-
mally constrained to occupied states ranging in energy across the valence band to ther-
mally accessible regions just above the Fermi level Ep [156, 157]. For access of unoccupied
bands between Er and the vacuum level E;,, techniques such as inverse photoemission (IPE)
[158, 37] and 2PPE|41, 39| have been developed. Compared to IPE, 2PPE has the advantage
of superior energy resolution and time-resolved measurement capability. In this dissertation,
I have discussed the importance of 2PPE in investigating the 2D electronic structure of pla-
nar and nanostructured metallic surfaces, including surface states (SS) and image states
(IS)[41, 39]. Recent work, however, has shown the importance of bulk bands in interpret-
ing 2PPE spectra [23, 159, 160, 161, 52, 49, 50, 51]. In particular, direct two-photon (2P)
transitions between bulk bands below Er and above E, via virtual intermediate states have
been observed using 2PPE on Ag(111) |23, 159, 160, 161] and Cu(111) [52].

There is an increasing need for mapping the unoccupied bulk electronic structure in the

100
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region Fr < E < E,, as underscored in a recent theoretical formalism for probing bound
unoccupied bulk states by 2PPE [162]. This need is growing in many areas of condensed
matter research; for example, in strongly correlated materials, non-Fermi-liquid behavior
results in the emergence of bandgaps in this energy region, which are not well understood
[163, 164]. In this Chapter, I show the use of 2PPE to map an excited, normally unoccupied
Cu(111) bulk band in the energy range Fr < E < E,. Thus, I will show that 2PPE is more
powerful in its ability to observe bound, unoccupied states than previously demonstrated
and should stimulate further studies of their properties.

2PPE has been used to study metals for over 45 years [165] and has been extensively used
to probe 2D states below E,, [41, 39]. Its potential, however, for band mapping of bulk states
has not been realized until now because of the relatively short lifetimes of bulk states due to
electron-electron scattering, which leads to a rapid dephasing of the intermediate state and,
thus, a much weaker 2PPE signal. In contrast, 2PPE from image states is readily observed
because of the relatively long lifetimes of image states, e.g., ~ 18 fs for IS1 (n=1 IS) [139],
since the decay of image states is restricted by the lack of available final states and phase
space. The bulk electron density N, may be obtained using the lifetime 7. From Fermi-
liquid theory, T = 0 FE2%/(E — Er)?, 70 = 128/(72V/3w,), and w, is the plasma frequency
[166, 167, 57|. Using, e.g., E—Ep ~ 4.4 ¢V and Cu parameters [168, 169] yields 7 ~ 1.6 fs. If
e-e scattering is the dominant loss channel, N, may be estimated using a rate equation with
pumping and loss terms that depend on laser intensity and 7, respectively. To determine
the IS1 surface electron density ng, a similar rate equation is used as discussed in detail in
Ref. [170]. Note that only those bulk electrons within the electron mean free path, A, of the
surface have a non-negligible probability of being photoemitted. Thus, the relevant quantity
for comparison with ng is ny &= NpAe. Under quasi-equilibrium condition and for sufficiently
intense pulses, ny/ng scales as ~ T(F/Tp)l/Q, where F' and T}, are the laser fluence and
pulsewidth, respectively. Thus, despite the short bulk state 7, intense short pulses may be
used for efficient pumping of the intermediate bulk states, thereby permitting observation

of these states by 2PPE.
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6.2 Experiment

Experiments were carried out at pressures < 2 x 1070 Torr and room temperature. A
Cu(111) sample was prepared by several cycles of ArT™ sputtering and annealing until sharp
LEED spots were observed. The surface was also characterized by 2PPE work function ®
measurement to find ® = 4.9£0.05 eV. The amplified Ti:Sapphire laser described in Chapter
2 was used as the photon source; laser pulses were p-polarized with 70° incidence angle.
Starting from a relatively high value, the lagser power was decreased until the 2PPE signal
scaled quadratically with the power, and the detected energetic positions and linewidths of
the SS or IS did not vary with power. Such a procedure minimized the space-charge effects
and limited the maximum fluence to F' ~ 5 uJ/cm?. PE electrons were detected along the
direction of the (111) surface Brillouin zone using a spherical-sector energy analyzer with 50
meV energy resolution. The sample was biased at —4 V to reduce the effects of stray fields.
Corrections for the change in electron kinetic energy KE and parallel momentum 7k due

to this bias voltage were performed using a procedure described in Ref. [52].

6.3 Results and Discussion

2PPE data were taken for several fw in the range 4.4-4.9 eV, although our discussion below
focuses mostly on results at three representative values of fwv: 4.84, 4.70, and 4.59 eV (Fig.
6.1). The 2PPE spectra displayed a set of distinctive features, e.g., Fig. 6.1(a) reveals four
bands, where the top two and bottom two bands, each, overlap and exhibit sharp maxima
at k| = +£0.22 and 4+0.1A~1, respectively. Many of these features can be readily identified
as originating from well-known 2D Cu(111) states based on their parabolic dispersion and
binding energies; the n = 0, 1, and 2 features denote SS, IS1, and IS2, respectively. Fig.
1(d)-(f) shows the theoretical curves. The effective masses of the IS1 and SS, averaged
over three photon energies, are m* = 1.04 £ 0.10m, and 0.50 £ 0.04m,, respectively, where
me is the electron mass, in excellent agreement with published results [3]. In addition, we

have identified a fourth spectral feature, denoted “sp” in Fig 6.1, as due to bulk electronic
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Figure 6.1: 2PPE spectra of Cu(111) at hw = (a) 4.84, (b) 4.7, and (c) 4.59 eV. Correspond-
ing panels (d)-(f): theoretical calculations. Labels n =0, 1, and 2 denote SS, IS1, and IS2,
respectively; “sp” (dashed line) indicates transitions between the occupied and unoccupied
sp bands below E,.

transitions between the lower and upper sp-bands just below and above Ep, respectively, as
discussed below.

In 2PPE, the variation of Ey with fiw may be used to identify the excitation channels
for the intermediate state [41, 39]. Typical excitation channels are presented in Fig. 6.2(a):
Photoexcitation of a specific intermediate 2D state may occur as a result of an indirect
process, e.g., an intraband or bulk-to-surface band scattering process (A), direct 2P process
through a virtual intermediate state (B), or direct surface-band-to-image-band excitation
(C). Finally, excitation of a bulk band can occur via a direct bulk-to-bulk band transition
(D). Thus for indirect excitation via an intermediate state, and direct excitation via a virtual
intermediate state, E; varies as hw and 2fw, respectively. Fig. 6.2(b) shows Ey data for
SS, 181, and 1IS2 bands at k) = 0. Linear fits to the data yield dEy/d(fw) = 2.04 4 0.14,

1.03 £ 0.03, and 1.02 £ 0.05, respectively, in agreement with the expected fw-dependence,
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Figure 6.2: (a) Schemes for possible channels of intermediate-state excitation: (A) indirect
excitation, (B) virtual-state transition, and resonant transition (C) between 2D states and
(D) between bulk states. (b) Ey vs. fw for SS, IS1, IS2 bands at k) = 0.0 A-1 and for

sp-band feature at k) — 0.3 A1, Lines: fits to data with approximate slopes.

further confirming the identity of these states. For the sp-band features, dEy/d(hw) =
1.64 + 0.09 averaged over k= 0.1, 0.2, and 0.3 A~1. The data for k= 0.3 A1 are shown.
The origin of this last Aiw-dependence is discussed below.

Examination of prior 2PPE measurements on Cu(111) shows that the sp-feature in Fig.
6.1 has not been previously reported, which is likely due to the use of lower laser intensities,
which decreases the effective population of the excited electrons, and in addition, the use of
smaller photon energies, which prevents access to the relevant states. To confirm the bulk
origin of this band, we first examine its dispersion with respect to k||. Note that this feature
has an approximately linear dispersion with respect to k|, in contrast to the clearly parabolic
SS, IS1, and IS2 bands. In addition, at lower photon energies, e.g., at hw = 4.59 eV [Fig.
6.1(c)] and 4.51 eV (not shown), these “linear” features become more spectrally isolated and
shorter in k) space. At larger fiw (e.g., at 4.7 and 4.84 eV), these sp-features intersect the
IS1 state. Note, further, that the sp-structures exhibit clear high-electron-energy cutoffs,

which depend on Aw. In Fig. 1(b)-(c) the cutoff occurs at Er; however, this is t not for the
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case in Fig. 6.1(a).

To understand the physics of our photoexcitation processes, we examined the variation
of the intensity maxima in the spectra near the points where two 2PPE features intersect,
which arise either from a true resonance (i.e., a direct band-to-band transition from initial
state to intermediate state) or simply a simultaneous excitation from two different initial
states into the same final state. In particular, the peaks of the electron distribution curves
away from the intersection points for the Fig. 6.1(a) data were fit for each of the features and
the extracted intensities were then normalized to the relevant peak signal. A comparison of
the sum of these individual intensities extrapolated to the intersection points, with the actual
measured intensities at the maxima, may be used to determine the nature of the excitation
(Fig. 6.3). For the SS and IS2 bands, an extrapolation of the individual contributions to
the resonance peak at k)| = 0.22 A~! shows that their sum (solid line, Fig. 3(a) inset) is
about half of the measured intensity. The fact that the total intensity is not simply a sum
of the contributions implies that the maximum signal is the result of a resonant excitation
between the SS and IS2. In fact, at k| = 0.22 A1 the energy separation of these two
bands is 4.88 +0.09 eV, which is equal, within the experimental error, to the photon energy,
hw = 4.84 +0.05 V.

Consider now the strong 2PPE signal at k| = 0.1 A~ which originates from the crossing
of the IS1 and sp features. Performing the same analysis as above yields the results plotted
in Fig. 3(b). Extrapolating and adding the measured intensities to the “resonance" location
gives a value equal to within 10% of the total measured intensity (see Fig. 6.3(b) inset).
The clear additive nature of these two contributions to the total signal implies that these
two bands are predominantly independent of each other since the momentum-conserving
transitions between these two states are not possible. Thus, at the point where the two
features cross, the total intensity is due to the sum of the intensities of separate transitions.
These results however do not preclude possible coupling between bulk and the 2D states, as
seen in 3PPE [171, 172]

Our observed sp-features, Fig. 6.1, agree with the Cu band structure that was obtained
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Figure 6.3: Contributions to fww =4.84 €V spectrum. Top inset (2PPE spectrum). Frac-
tional signals for (a) n = 0 and 2, and (b) n = 1 and sp-band, states relative to the peak
signals at k) = 0.22 and 0.1 A1, respectively. Vertical dash-dot lines: signal-maxima posi-
tions. Other insets: squares (data), solid lines are corresponding sums of the extrapolated
contributions to the peaks at maxima k| values.

using a tight-binding code employing a 9 x 9 Hamiltonian [168]. (For a list of references
on Cu band structure, see Refs. [6] and [173, 174, 175].) Here, the position of the upper
band was adjusted by 0.35 eV so that the L-gap is equal to its experimentally measured
value of 4.95 eV for Cu [6, 176]. In Fig. 6.4(a), the pairs of relevant bands are shown for
the first excitation step of the 2PPE process as a function of k) and k)| in the vicinity of
the L-point, i.e., (k1 k) = (1.507, 0.0) A~ (see Fig. 4). The 2D-projected intermediate
state transitions are shown as dashed lines in Fig. 6.1(d)-(f), in excellent agreement with
the experimental results. The observed bulk transitions can only occur for values of k,
which satisfy the following three criteria simultaneously: (I) E,, (k) — E;(k) = hw, (II)
Er < E,(k) < E,, and (1) E;(k) < Ep, where E; and E,, are the initial state and

intermediate state energies, respectively. These criteria thus imply a finite range of k, hence



CHAPTER 6. MAPPING UNOCCUPIED BULK STATES USING TWO-PHOTON PHOTOEMISSIONI1(

a) O k=0.1A"
(@) O k=0.2A-
A KF03A

N ILA.. e

13 14 15 16 17180 -
k, (A'l) k\\U

Figure 6.4: (a) Lines: calculated energy band structure vs. k, at fixed k|| values. Symbols:
measured band map of bound, unoccupied states. (b) Calculated band structure vs. k; and
k. Transitions with fiw = 4.7 eV are indicated.

k|, values at these transitions. For Cu(111), these conditions may be satisfied near the
L-point. In our case, the lower limit of allowed |k:H| values is set by criterion I, while the
upper limit is set either by criterion IT (the onset of one-photon PE occurs when E,, > E,)
or by criterion III (Fermi cutoff). As hw is decreased, the available range of |k)|| decreases
and these bulk transition features become more isolated in our spectrum as observed in Fig.
1(c).

Our measured non-integer E¢-vs.-fiw slope for the sp-band may be explained by approx-
imating the upper and lower sp-bands as two parabolic bands [Fig. 4(a)|] with quadratic
coefficients a1 and —aw, respectively. Using E¢(k) = Ey,(k) + hw, we obtain dEy/d(hw) =
14 (1 + ag/ar)™t = 1.67 £ 0.02, averaged over the range k = 0 to 0.4 A~ in excellent
agreement with the measured value of 1.64 £ 0.09. This non-integer slope implies that the
transition cannot involve a 2D state, and is a consequence of the extra degree of freedom
arising from the additional quantum number, k) . Our measured data together with a knowl-

edge of the initial states permit us to map the intermediate state band structure, i.e., E,,
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vs. k1, as shown in Fig. 4(a) for k;=0.1 to 0.3 A=1. This map is obtained by first extract-
ing E; from the data using the relation F; = ® + KFE — 2hw, then extracting k, at the
given E; using the known Cu band structure for states below Er and for which intermediate
states are accessible by vertical transitions using our photon energies. The resulting values
of E,, = F; 4+ hw, agree with the theoretical curves within the uncertainty limits.

The excellent agreement between theory and experiment implies that the two-step tran-
sitions are vertical in F vs. k space and, thus, do not involve changes in crystal momentum
|see Fig. 4(b)|. Examination of the Cu band structure, however, shows that the only mo-
mentum conserving transitions in this final stage are located > 12 eV above the intermediate
bands, and, hence, are not accessible for low photon energies. The lack of an energetically
accessible well-defined bulk free-electron band implies that the final PE transition proceeds
as a one-step process [177, 178, 179] involving the near-surface electrons into the strongly

damped inverse-LEED states [6, 162].

6.4 Conclusion

In this chapter, I have demonstrated an example of non-equilibrium mapping of bound,
unoccupied bulk states below E, with two-photon photoemission. Such states are, in general,
hard to access by standard photoemission techniques. However, I have shown that these
states are distinguishable from and are predominantly independent of the well-known 2D-
state transitions. Such states possess a non-integer final-state dispersion with respect to hw,
which illustrates the significant role of k). This result is relevant for a better understanding
of bulk electronic structures and it opens new avenues for high energy-resolution studies and

direct measurements of unoccupied bulk-state lifetimes and electron dynamics.
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