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1. Motivation

After Konrad Zuse’s creation of the first digital computer, the "Z3", in 1941, a technological
revolution set in that is still continuing and without which today’s society would be unimag-
inable (Rojas 1997). In his early device Zuse used relays for circuit switching, which were
soon replaced by semiconductor devices, i. e. transistors (Shockley 1952; Shockley 1956).
Nowadays those are processed in vast arrays together with other components on integrated
circuits. Their miniaturization forms the basis of increasing computing capacities at de-
creasing costs of production as described by Moore’s rule which was formulated in 1965:
"The complexity for minimum component costs has increased at a rate of roughly a factor
of two per year [...] this rate can be expected to continue, if not to increase (Moore 1998)."
In the course of these advances, the material-specific limitations of the most common
semiconductor, silicon, will be reached within the next decades (International Technology
Roadmap for Semiconductors 2011). One limiting factor are parasitic resistances in con-
tacts and wirings, which will exceed the gate resistance at the 20 nm technology node at
the end of the current silicon technology road map (Thompson 2006; Meindl 2001).

In search for alternative materials for gates and interconnects graphene plays a major
role (Iwai 2009). Although the electronic properties of this hexagonally close-packed,
single carbon layer had already been calculated in 1947 (Wallace 1947), its isolation and
characterization was first successfully carried out in 2004 (Novoselov 2004; Geim 2010).
Apart from its quasi two-dimensional structure, one of the most intriguing properties of
graphene is a high carrier mobility of more than 15000 cm2/Vs (Wu 2009; Li 2010). It
is a result of the two carbon atoms within a unit cell, each contributing one electron to
the conduction band and the valence band, respectively: The two atoms are equivalent
under inversion symmetry, and this symmetry leads to an additional conserved quantity,
the pseudospin, which links electronic states to one of the two sublattices. The resulting
linearly-dispersive bands of opposite pseudospin cross at a Dirac point as sketched in
Figure 1.1 (a). This spectrum is similar to the one of relativistic massless particles (conduc-
tion electrons) and antiparticles (holes) and gives rise to phenomena like the half-integer
quantum Hall effect (Sharapov 2004; Gusynin 2005; Zhang 2005; Novoselov 2005b) and
Klein tunneling (Katsnelson 2006; Stander 2009): An electron can penetrate arbitrarily
deep into a seemingly repulsive barrier by coupling to hole states in the forbidden region.
Backscattering is suppressed and the high carrier mobility arises.

Low-energy excitations and carrier transport in graphene are well studied, and large-
scale growth on silicon carbide (Emtsev 2009) and metal substrates (e. g. nickel (Reina
2009) and copper (Han 2011)) pave the way for applied research: Transferring graphene
onto 15 mm silicon wafers allows parallel processing of 100 GHz transistors (Lin 2010) and
"barristors" (Yang 2012), triode-like switches with a today’s on-off-ratio of 105. Despite
all those achievements, basic research questions still remain open: What higher-energy
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Chapter 1. Motivation

excitations are possible in graphene and what are the dynamics of those excitations? To
what degree does contact to neighboring material and metal wirings influence the electronic
properties, and to what extent does charge transfer set in? Chapter 5 deals with these topics
by comparing the work function of graphene in contact with different metal substrates.
Two-photon photoemission is employed in order to study the ability of graphene to screen
an external charge, which is formed by an electron in an image-potential state in front of
the surface. The image-potential states of free-standing graphene were predicted to exhibit
an energetic splitting as a result of the mirror symmetry with respect to the graphene
sheet (Silkin 2009). Is a remanescence of this splitting observable in the presence of a
metallic or semiconducting substrate? In order to shed some light on those issues, the
energetics and dynamics of surface states of a well-characterized system, graphene on
iridium(111), are studied in Section 5.2.1 and 5.2.2. In contrast, graphene on square
substrates has not been the subject of extended scientific effort. This system will be
characterized by photoemission experiments in Sections 5.2.3 and 5.2.4. Subsequently,
in Section 5.3 the results are extended to different metal substrates as well as epitaxially
grown graphene on silicon carbide.

An alternate route towards dissipationless transport is making use of the spin degree of
freedom of the electron (Murakami 2003; Rashba 2003). In topological insulators (Kane
2005) and Rashba-systems (Rashba 1965) spin-orbit interaction lifts the spin degeneracy
of electronic states and electronic bands with spin-momentum locking arise. In the vicinity
of certain high-symmetry points in the Brillouin zone, the Kramers points, where spin
degeneracy is conserved, the emerging spectrum is formally similar to the one of graphene
as illustrated in Figure 1.1 (b). However, in these systems an orientation of the real spin
is the origin and not a pseudospin like in graphene (Hasan 2010). As scattering events
which are able to flip the spin orientation and hence the orientation of the momentum of
the electron are rare, backscattering is suppressed also in topological insulators (Roushan
2009). Moreover, spin-momentum locking allows manipulation of the spin of the electron
by electric fields, as illustrated e. g. in Figure 1.1 (c). Theoretical concepts of a quantum
computer based on a combination of topological insulators and superconductors have been
proposed (Fu 2008; Collins 2006).

The discrimination between a Rashba-system and a topological insulator is a result of
the underlying bulk band structure. From the knowledge of the symmetry of the bulk states
a systems can be predicted to be a topological insulator or not. The spin-split branches of a
Rashba-split surface state are slightly shifted respect to each other in momentum space.
Like in the absence of Rashba-splitting, they may have any electronic filling level from
empty to full. The topological surface state is caused by a symmetry break at the surface
of a bulk insulator and necessarily metallic. The bulk band needs to have a symmetry-
inversion, as it was first predicted (Volkov 1985; Pankratov 1987; Bernevig 2006) and
found (König 2007) in the case of HgTe and Hg1−xCdxTe quantum well structures: With
increasing cadmium concentration x the conduction band with Γ8-symmetry shifts towards
lower energy until it finally drops below the Fermi level and turns into the valence band.
At the interface between two layers of different concentration a topological interface state
forms connecting bands of the same symmetry across the band gap.
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Figure 1.1.: Schematic band structure of (a) graphene and (b) a topological insulator in the prox-
imity of the Fermi level. Backscattering is suppressed by the conservation of quasispin σ and spin s.
Forming a barrier is thus not easily achieved by gating, but requires e. g. confinement (c) (Krueckl
2011) or, in the case of graphene, asymmetric charging of a double-layer (d) (Zhang 2009b). In the
topological state, control over the spin is achieved (c) which is depicted by the blue (spin up) and
orange (spin down) color in (a - c).

The present work focuses on three-dimensional topological insulators with a topological
surface state at the interface to the vacuum (Fu 2007a; Fu 2007b). Shortly after the
experimental verification of the presence of these states on Bi1−xSbx (Hsieh 2008), bismuth
chalcogenides (Bi2Te3 (Chen 2009b), Bi2Se3 (Hsieh 2009a)) were found to have a model-
like band structure and band gaps of several hundreds of meV. This finding triggered the
breakthrough of the field. Those materials are intrinsically electron doped, and often the
level of doping is high enough to shift the Fermi level into the conduction band (Bianchi
2010). Measurements on electron and spin dynamics become very challenging, and in
applications spin currents at the surface would be masked by the bulk conductivity. For
technical applications, contributions of the bulk may be suppressed by the use of thin layers
and application of a bias voltage. In addition, doping by foreign atoms like magnesium
is possible and allows also for pump-and-probe experiments (Sobota 2012). Chapter
6 presents two alternative routes making spectroscopic measurements possible: On the
one hand, Section 6.2 deals with higher-excited topological states in the unoccupied part
of the band structure of Bi2TenSe3−n (n=0,2,3). Their energetics are investigated using
monochromatic two-photon photoemission, and circular dichroism effects together with
comparison to calculations give insight into the spin structure. Those states can serve as
model systems for the dynamics of excitations in this new class of materials. As their
optical excitation is possible, they might be utilized as a source of spin-polarized electrons
for spin injection into semiconductors. On the other hand, in Section 6.3 the electronic
dispersion and electron dynamics of an intrinsically hole-doped topological insulator,
SnSb2Te4, is discussed.
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2. Physical properties of graphene

Graphene, a two-dimensional, isolated single layer of graphite, was first characterized in
2004 by Andre Geim and Konstantin Novoselov (Novoselov 2004), who were awarded the
Nobel prize in 2010 for this research (Geim 2010). Possible applications of the material
include logical electronics (Lin 2010; Waldmann 2011; Hertel 2012; Yang 2012) and
transparent electrodes (Wang 2008; Kim 2009; Bae 2010; Wu 2010). The suitability of
graphene for such devices is closely related to its electronic structure, which will be the
subject of Section 2.1. Section 2.2 will give attention to practical issues like production
methods and effects arising from the interaction with the supporting substrate.

2.1. Atomic and electronic structure of
free-standing graphene

The unit cell of graphene is spanned by two lattice vectors with a length of a= 2.46Å and
an angle of 60◦ between them (Wallace 1947). It includes two atoms, located at (0, 0)
and (1/3, 1/3). The resulting honeycomb or chicken wire structure of C6v symmetry is
illustrated in Figure 2.1 (a), where the sixfold rotational axis is indicated as well as dashed
lines representing the mirror axises m1 and m2.

For completeness, the phonon dispersion of graphene is shown in Figure 2.1 (b) (Dressel-
haus 2010). Characteristic for the two-dimensional structure is a significant softening of the
out-of-plane modes (oTO and oTA) compared to in-plane vibrations. The equivalence of
the two atoms in the unit cell results in degeneracies at the K and M high symmetry points.
Characteristic of free-standing graphene is the softening of the highest optical branch
by Kohn anomalies at the Γ and K points (Piscanec 2004), which arises from efficient
screening of the atomic cores by the π electron system at these k values (nesting) (Kohn
1959). The Kohn anomalies are lifted when graphene is strongly bound to a substrate, like
e. g. for graphene/Ni(111) (Allard 2010; Aizawa 1990; Shikin 1999).

The electronic structure in the vicinity of the Fermi level is well-described by a nearest-
neighbor tight-binding approximation including a single pz basis function (Wallace 1947;
Saito 1998; Reich 2002):

E±(k) =
ε2p ∓ γ0

√
3 + 2 cos (2πak1) + 2 cos (2πak2) + 2 cos (2πa (k1 − k2))

1∓ s0
√

3 + 2 cos (2πak1) + 2 cos (2πak2) + 2 cos (2πa (k1 − k2))
(2.1)

The resulting band structure for a transfer matrix element γ0= 2.79 eV and vanishing
overlap matrix element s0 is displayed in Figure 2.1 (c), where ε2p is set to zero. The
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Figure 2.1.: Atomic (a), vibronic (b) (Dresselhaus 2010) and electronic structure of graphene
within a tight-binding scheme (Wallace 1947) (c) and a density functional theory calculation
(d) (Silkin 2009). The inset in (c) illustrates the helical structure of the Dirac cone. In contrast, the
full band structure is given in (d).

three remaining valence electrons of carbon do not contribute to the Fermi surface, but
can be modeled by sp2 hybrid orbitals which are assumed to form deep lying σ bands, as
confirmed by the full density functional theory calculation shown in Figure 2.1 (d).

Considerable interest has been attracted by the conical dispersion in the energy region
± 1 eV around the Fermi level at the K high symmetry point and its mirror image, the
K ′ point. The resulting "Dirac cone" is sketched in the inset of Figure 2.1 (c). Since the
dispersion is formally similar to the solution of the Dirac equation for massless Fermions of
spin 1/2 (Dirac 1928), it can be described by the corresponding formalism after introducing
a pseudospin σ (Novoselov 2006; McCann 2006). The bands evolve a chiral spin structure,
with σ · (k − kK)/ |σ| · |k − kK | ∈ {1,−1}. Note, however, that chirality is a result of
the symmetry between the two equivalent carbon atoms within the unit cell, and hence
relates the bands to one of the two sublattices but not to the spin. The bands remain spin-
degenerate. Nevertheless, σ forms an additional conserved quantity which is rarely flipped
during scattering events, resulting in chiral tunneling (Katsnelson 2006; Stander 2009), the
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2.2 Fabrication and interaction with the substrate

suppression of backscattering and ultimately ballistic charge transport (Novoselov 2004).
This makes graphene a relevant material for future logical devices (Lin 2010; Waldmann
2011; Hertel 2012; Yang 2012). Besides a high carrier mobility (Wu 2009; Li 2010), the
linear dispersion gives rise to an universal optical conductance, resulting in a constant
light transmittivity T= (1 + 0.5πα)−2 =97.7%, where α= 1/137 is the fine structure constant,
for low-frequencies and up to the complete visible range (Ando 2002; Gusynin 2006;
Falkovsky 2007; Kuzmenko 2008). Together with its mechanical flexibility, this makes
graphene an attractive material also for a variety of photonic applications (Bonaccorso
2010), and especially for transparent electrodes (Wang 2008; Kim 2009; Bae 2010; Wu
2010).

Two-photon photoemission experiments focus on unoccupied electronic states between
the Fermi level and the vacuum level in the proximity of the Γ point. Two bands of free-
standing graphene within this energy window are marked in red in Figure 2.1 (d), labeled
1+ and 1−. They originate from the first image-potential state, which exhibits a symmetry-
related splitting: The graphene sheet itself forms a horizontal mirror plane, which results
in a double-series of image-potential states of even and odd symmetry (Silkin 2009).
However, this symmetry is necessarily broken when graphene is bound to a substrate,
leaving only the state of odd symmetry (Lehmann 1999; Niesner 2012a). On the other
hand, optical pumping of those unoccupied surface states becomes possible only in the
presence of a substrate, since the applied photon energies of about 4.6 eV are not suitable
to perform k-conserving optical excitations from occupied initial states of graphene at Γ.
The latter would require photon energies of more than 6 eV, which would exceed the work
function of graphene and give rise to a single-photon photoemission background.

2.2. Fabrication and interaction with the substrate

First graphene specimens were obtained by micromechanical cleavage of highly-oriented
pyrolytic graphite (Novoselov 2004). Remarkably, due to interference phenomena the
thickness of "few layer graphene" flakes deposited on 300 nm SiO2 can be estimated
using optical microscopy (Novoselov 2005a). In the same setup, single layer graphene is
subsequently identified by Raman spectroscopy (Ferrari 2006). Indeed this method yields
highest-quality graphene for basic research (Graphene Industries Limited 2012), but it is
not scalable to wafer-size production cost-efficiently.

This problem may be overcome by the growth of graphene by decomposition of hydro-
carbons at metal surfaces (Bae 2010; Wintterlin 2009; Batzill 2012). After deposition of
an organic film on top and subsequent etching of the metal, graphene can be transferred to
arbitrary substrates (Reina 2009; Li 2009). The transfer process as well as the underlying
growth mechanisms of graphene are sketched in Figure 2.2 (Bae 2010) and 2.3 (N’Diaye
2004). Depending on the solubility of carbon in the metal, two main growth modes emerge.
Its high solubility in e. g. nickel (Shelton 1974), palladium (Hamilton 1980) and ruthe-
nium (Massalski 1990) causes carbon to dissolve in the surface-near region during the
chemical decomposition of a hydrocarbon precursor at elevated temperature. Subsequent
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Chapter 2. Physical properties of graphene
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Figure 2.2.: Industrial fabrication of graphene by (a) growth on copper foil and (b) subsequent
transfer to a target substrate (Bae 2010). (c) Resulting graphene sheets with an absorbance of 2.3%
per layer (Bae 2010; Kuzmenko 2008).
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Figure 2.3.: Growth mechanisms of graphene on metal substrate referring to N’Diaye 2004. Carbon
is formed by catalytic decomposition of hydrocarbon precursors at elevated temperature. Graphene
forms either by (a) segregation of dissolved carbon or (b) by CVD-like growth at the surface. (c)
Graphene islands are formed by temperature-programmed growth, a modification of CVD.
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2.2 Fabrication and interaction with the substrate

cooling reduces the solubility, and graphene is formed by segregation (Shelton 1974; Yu
2008; Liu 2011b; Hamilton 1980; Marchini 2007; McCarty 2009). In contrast, carbon is
hardly soluble e. g. in iridium or platinum (Gland 1980; Conrad 1977). Thus chemical
vapor deposition (CVD)-like growth of graphene at the surface is dominant (Gastel 2009;
Sutter 2009b; Gao 2011). In contrast to segregation, CVD-like growth is self-limiting
to monolayer graphene, since the carbon layer, which forms at the surface, inhibits the
catalytic dissociation of successively impinging precursor molecules on the metal surface.
Moreover, a modification of CVD, temperature-programmed growth (TPG), opens the
possibility to produce partially graphene-covered surfaces (Coraux 2009): By adsorp-
tion of precursor molecules to a well-defined saturation coverage at room temperature, a
fixed amount of carbon is introduced to the system. Following dissociation at elevated
temperature results in a known graphene coverage, if either no molecules or a known
fraction of them desorb during heating. The TPG cycle can be repeated several times in
order to cover the surface with graphene in a stepwise manner. Thus, studies on electron
localization (Kralj 2011; Niesner 2012a; Altenburg 2012), confinement (Hämäläinen 2011;
Subramaniam 2012; Phark 2012) and edge states (Phark 2012) become possible.

The interaction between graphene and metals is not only a technologically relevant
issue during growth. Graphene-based electronic devices will necessarily contain metallic
contacts on graphene. Hence, binding between the two will directly affect the device
performance. Phenomenologically, two kinds of binding can be distinguished. On e. g.
Ni(111) (Nagashima 1994; Bertoni 2005), Pd(111) (Kwon 2009), Co(0001) (Varykhalov
2009) or Ru(0001) (Marchini 2007; Sutter 2008; Sutter 2009a) the distance between
the graphitic adlayer and the metal surface is short (<3 Å) and the π bands are strongly
hybridized with metal d states. The two carbon atoms within the graphene unit cell become
inequivalent, the symmetry is reduced to C3v and the dispersion of the π bands in the
proximity of the Fermi level changes from linear to parabolic. Furthermore, a significant
band gap of several eV opens as shown for the case of graphene/Ni(111) in Figure 2.4 (a).

In contrast, the bonding between graphene and inert noble metal surfaces of e. g. gold,
iridium or platinum is predominantly van-der-Waals type (Khomyakov 2009; Brako 2010;
Busse 2011; Hamada 2010) resulting in graphene-metal distances of more than 3 Å (Busse
2011; Sutter 2009b; Varchon 2007; Filleter 2008; Sławińska 2012). The linear dispersion of
the π bands is mostly conserved (Varykhalov 2008; N’Diaye 2006; Pletikosić 2009; Sutter
2009b) as illustrated in Figure 2.4 (b, c). Graphene on a monolayer of silver, copper or gold
on Ni(111) exhibits band gaps of 0.32 eV, 0.18 eV and 0 eV (Varykhalov 2010). However,
more subtle effects are caused by the remaining hybridization between electronic states of
graphene and the metallic surface: In case of graphene/Ir(111), the Dirac cone is located
in a projected bulk band gap of the substrate, and electronic interaction is mediated by
surface states within this gap (Pletikosić 2010; Starodub 2011). As shown in Figure 2.4 (e),
umklapp processes due to the resulting superstructure induce the formation of mini cones
and mini gaps of 0.1...0.2 eV (Pletikosić 2009). In case of graphene/Au/Ni(111), the
spin-orbit splitting of gold (LaShell 1996) translates to the Dirac cone of graphene via
hybridization with the gold d states (Marchenko 2012). The resulting spin-orbit splitting
of the π states by 100 meV was observed by spin-resolved photoemission experiments
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dispersive π band in photoemission (g), while the buffer layer is covalently bond to the substrate
(f) (Emtsev 2008).
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2.2 Fabrication and interaction with the substrate

as shown in Figure 2.4 (d). While modifying its electronic structure on the one hand,
interaction of graphene with the substrate is on the other hand required in order to induce
a preferred orientation of the adlayer during growth. Thereby the formation of growth
nuclei of identical orientation becomes possible, which can merge without creating a
high concentration of defects. While substrate interaction is exceptionally weak in case
of graphene/Pt(111), a variety of relatively small rotational domains is formed during
growth (Sutter 2009b; Gao 2011). Ordered graphene on weakly-interacting substrate
like gold, the inertness of which inhibits even the catalytic decomposition of hydrocarbon
precursors, is achieved in a two-step process: A strongly bound and atomically well-ordered
graphitic adlayer is initially prepared on e. g. Ni(111) (Shelton 1974), Co(0001) (Hamilton
1980) or SiC(0001) (Van Bommel 1975). Gold is subsequently deposited on top and
intercalated during a thermal annealing step (Varykhalov 2008; Sánchez-Barriga 2010;
Gierz 2010).

An alternative fabrication technique is the thermal decomposition of silicon carbide, a
commercially available, wide band gap semiconductor (Philipp 1960). At elevated tempera-
ture silicon evaporates from the wafer and at ≈1000◦C a carbon-rich 6

√
(3)×6

√
(3) R30◦

superstructure is formed on the (0001) crystal face (Van Bommel 1975; Emtsev 2008). The
atomic structure of this buffer layer is close to the one of free-standing graphene, but cova-
lent sp3 bonds between every third carbon atom and the underlying silicon layer destroys the
linear π band structure (Mattausch 2007), as shown in Figure 2.4 (f) (Emtsev 2008). Due to
remaining dangling bonds, the reconstructed surface is nevertheless metallic (Emtsev 2008;
Ristein 2012). When the temperature is increased above ≈1200◦C, these bonds are broken
and additional silicon evaporates from the following layer, which thereby turns into the
buffer layer (Emtsev 2008). The first, topmost graphitic layer is lifted, becomes van-der-
Waals bound and exhibits the π band structure of graphene as shown in Figure 2.4 (g). When
the process is conducted under argon atmosphere instead of UHV conditions, growth at
higher temperature and hence an improvement of the crystalline quality is possible (Emtsev
2009). Alternatively, the buffer layer is decoupled from the substrate by the intercalation
of hydrogen, which breaks the covalent bonds to the silicon atoms and saturates additional
dangling bonds, thus minimizing the interaction between the resulting graphene layer and
silicon carbide (Riedl 2009; Speck 2010). Graphene/SiC(0001) is attractive for semicon-
ductor applications, since the supporting silicon carbide can be structured previously as
well as directly after growth of graphene without any additional transfer (Waldmann 2011;
Hertel 2012).

Independent of the fabrication technique, in practice graphene is always at least partly
supported by a substrate, which gives rise to charge transfer (Martin 2008; Khomyakov
2009; Bostwick 2007; Ristein 2012). In free-standing graphene, the Fermi level is intrinsi-
cally located at the Dirac point, as each of the two carbon atoms in the unit cell contributes
one electron to the π bands (Wallace 1947). The dominant driving force of charge transfer
is the occurring work function difference when connecting free-standing graphene to a
substrate in a gedanken experiment. The work function of graphene on a metallic substrate
can be calculated within a phenomenological model, treating the graphene-metal interface
as a capacitor (Giovannetti 2008; Khomyakov 2009):
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Chapter 2. Physical properties of graphene
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Figure 2.5.: The work function difference Φsub - Φ0 drives a charge transfer Q, which is propor-
tional to Φgraphene − Φ0 via the capacitance of the system. Φ0 is the work function of graphene
Φgraphene plus the shift of the Fermi level caused by hybridization. The linear dispersion of
graphene relates Q to a shift of the Fermi level. Adapted from Reference Giovannetti (2008).

Φ = Φgraphene +
C ′

d · ν

(√
1 + 2ν · d/C ′ |Φsub − Φ0| − 1

) (Φsub − Φ0)

|Φsub − Φ0|
(2.2)

WhereC ′/d is the capacitance, Φ, Φgraphene and Φsub are the work functions of graphene on
metal, free-standing graphene and the bare metal substrate. ν = 2e2/ (π~2v2F ) = 0.09 V−2

correlates the charge on the capacitor Q to a shift of the Fermi level of graphene ∆EF by
Q = ν |∆EF |2/ (2e), where vF is the Fermi velocity in graphene. The driving force of
the charge transfer is assumed to be Φsub − Φ0, when Φ0 6= Φgraphene. Deviations account
for modifications of the band structure of the combined system due to the overlap of the
graphene π bands with the metal d bands (Giovannetti 2008; Khomyakov 2009).

The doping levels and work functions of graphene on noble-metal surfaces calcu-
lated by the analytical model are in agreement with the ones from density functional
theory, when "chemically-induced" charge transfer is accounted for by substituting Φ0 −
Φgraphene = 0.9 eV (Giovannetti 2008; Khomyakov 2009).
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3. Physical properties of topological insulators

Topological insulators are bulk insulators with a topological state on their surface (TSS)
or at an interface to a "topologically trivial" material (Hasan 2010). The effect was first
predicted (Volkov 1985; Pankratov 1987; Bernevig 2006) and experimentally found (König
2007) in two-dimensional CdTe/HgTe quantum wells. The following section will focus
on three-dimensional topological insulators (Fu 2007a; Fu 2007b) which exhibit band
gaps of several hundred meV (Hsieh 2008; Chen 2009b; Hsieh 2009a; Hsieh 2009b). A
brief introduction will be given to the theoretical concepts and the electronic structure of
topological insulators in Section 3.1. Experiments giving proof of some of the theoretical
implications will be discussed in Section 3.2.

3.1. Theoretical concept

In Figure 3.1 (a) dispersion and spin structure of a topological state in a bulk band gap are
sketched in the vicinity of Γ. It forms a helical Dirac cone similar to the π band structure of
graphene, except for the fact, that a polarization of the conventional electron spin instead
of a pseudospin sets in (Kane 2005).

The helical spin structure is a result of the topological properties of the bulk material,
which are described by a set of integer numbers, the topological invariants Z2 (Hasan
2010). For three-dimensional materials, four Z2 invariants exist, which are related to
the bulk band structure. They can be evaluated from the symmetry of the bulk valence
bands at the Kramers points, also called time-reversal invariant momenta (TRIM) (Fu
2007a; Moore 2007). If the material has inversion symmetry, the analysis is simplified and
requires only the parity eigenvalues (Fu 2007b). The Kramers points are determined by
the translation symmetry of the crystal and constitute those high symmetry points Γi at
the edge of the Brillouin zone, which can be connected into −Γi by a reciprocal lattice
vector. The zone center obviously fulfills this requirement and therefore also forms a
TRIM. In d ∈ {1, 2, 3} dimensions, 2d TRIM exist. The TRIM of a two-dimensional
rectangularly and hexagonally-shaped Brillouin zone are shown in Figure 3.1 (b) for
illustration. The name "time-reversal invariant momenta" is connected to the fact, that
time-reversal symmetry has to be fulfilled at these points. For a particle of spin 1/2, as
an electron is, this translates to the band structure as E(k, s) =E(−k,−s), if k= 0 is the
Kramers point.

The Z2 topological invariant which characterizes the strong topological insulator, that is
the class of topological insulators, which experiments will focus on, is the ν0= 1 invariant.
ν0 mod 2 determines whether the Fermi surface of the surface (Fermi circle) encloses an
even or odd number of surface states. E. g. the surface band structure of graphene is formed
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Figure 3.1.: Dispersion and helical spin structure of a topological state in the vicinity of a Kramers
point (a). Kramers points (TRIM) of a rectangular and a hexagonal two-dimensional unit cell
(b). The topological surface state (d) has an odd number of Fermi level crossings between two
Kramers points, which requires it to connect to bulk bands there (Fu 2007a; Hasan 2010). Due
to its even number of Fermi level crossings, a topologically trivial state can be connected to its
Kramers partner at TRIM (c).

by four states, two spin-degenerate ones forming the two Dirac cones at K and K ′. ν0
is even, graphene is topologically trivial and the time-reversal symmetry with respect to
the Γ and M Kramers points is satisfied as a result of spin-degeneracy. The pseudospin
of graphene is a result of spatial symmetry and not flipped upon time reversal. Hence
the two Dirac cones have opposite helicity. In contrast, time-reversal has more serious
consequences if ν0 is odd. In the simplest case, which is realized in the systems under
investigation, the Fermi circle is formed by a single and consequently not spin-degenerate
topological state. For reasons of symmetry, the resulting single Kramers degenerate point
is located at Γ, where Kramers degeneracy means energetic degeneracy at the Kramers
point, since E(0, s) =E(−0,−s). For k 6= 0, time-reversal symmetry requires a reversed
spin orientation at k as compared to −k. Consequently, a Dirac cone with a helical spin
structure as depicted in Figure 3.1 (a) arises.

Even or odd ν0 are equivalent to an even or odd number of Fermi-level crossings of
the surface state between two TRIM, as illustrated in Figure 3.1 (c, d) (Fu 2007a; Hasan
2010). In the presence of spin-orbit coupling, the band structure with an even number
of Fermi level crossings depicted in (c) is the one of a Rashba-split surface state like
e. g. observed on Au(111) (LaShell 1996). The two branches are Kramers degenerate
at the TRIM because of time-reversal symmetry. Bands disperse smoothly between Γ
and the Brillouin zone boundary, and the two branches can merge into each other there,
resulting in an even number of Fermi level crossings. Realizing an odd number of Fermi
level crossings requires the topological state in (d) to find its Kramers partner amongst the
bulk valence and conduction bands. Therefore the topological surface state bridges the
bulk band gap and is necessarily metallic.

Remarkably, dispersion and spin-polarization are purely results of the symmetry of
the bulk electronic structure and time-reversal symmetry. The TSS therefore occurs at
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3.1 Theoretical concept

every surface or interface to a topologically trivial material, independent of details of the
interface. This fact is referred to as topological protection, since other surface states are in
general sensitive to e. g. surface roughness, impurities or adsorbates.

The finding that the topological state bridges the band gap suggests conditions for bulk
materials to be a topological insulator. First, significant spin-orbit interaction is required in
order to lift spin-degeneracy. As spin-orbit coupling (SOC) is proportional to the potential
gradient acting on the electrons, topological insulators often contain heavy elements with a
high atomic number like bismuth, antimony or lead. Second, a symmetry-inverted band
can support a surface or interface state which restores symmetry across the surface or
interface. A symmetry-inversion means a change in the energetic order of bands of different
symmetry across the interface. E. g. in the first two-dimensional topological insulator,
consisting of Hg1−xCdxTe quantum wells, bands of Γ6 and Γ8 symmetry switch from
valence to conduction bands and vice versa as a function of cadmium content x (Volkov
1985; Pankratov 1987; Bernevig 2006; König 2007) as shown in Figure 3.2 (a). In a
heterostructure, the topological state forms across the interface between layers of different
cadmium content, connecting bands of identical symmetry. In present three-dimensional
topological insulators, the band inversion is a result of spin-orbit coupling. Figure 3.2 (b)
and (c) show the band structure of Bi2Se3 within functional theory without including
SOC (a) and including SOC (b) (Zhang 2009a). Switching on SOC introduces avoided
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Figure 3.2.: Band inversion, which gives rise to topological non-triviality, is realized by changing
the cadmium content x in HgxCd1−xTe quantum wells (a) (Pankratov 1987). The topological
state arises at the interface between an inverted and not inverted layer. In the three-dimensional
topological insulator Bi2Se3 the band inversion is a result of spin-orbit coupling (SOC) (b, c) (Zhang
2009a). Switching on SOC changes the energetic order of the bands, which occurs as a lifting of
the band crossings which are marked by vertical arrows (b).
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Chapter 3. Physical properties of topological insulators

crossings close to Γ, marked by vertical arrows in (b), indicating that the sequence of bands
has changed. The band inversion is confirmed by a detailed symmetry analysis (Zhang
2009a; Fu 2007b). Since Bi2Se3 without SOC is topologically trivial, actual Bi2Se3 with
SOC is a topological insulator.

Various phenomena related to the topological state were predicted. An electric current
which is carried by the TSS is necessarily connected to a spin current, making topo-
logical insulators potential materials for spintronic devices (Datta 1990; King 2011). As a
result of spin-momentum locking, an electron will not only maintain its spin orientation,
but also its momentum in the absence of spin-flipping scattering events. Thus ballistic,
dissipationless electron and spin currents may be driven (Kane 2005). Moreover, electrons
in the topological regime are protected from Anderson localization (Anderson 1958),
since the time-reversed of every trajectory, which describes a round-trip, is formed by
states of opposite spin orientation. The two trajectories interfere destructively, which can
be described in a Berry’s phase of π (Fu 2007a; Hikami 1980). Phenomena of rather
fundamental physical interest are the formation of magnetic monopoles, which arise from
the screening of an external charge (Qi 2009), or of Majorana Fermions as a result of
superconducting proximity effects (Fu 2008).

3.2. Experimental verification

Quintuple
layer

t1

t2 t3

Se2

Bi

Se1

Figure 3.3.: Atomic
structure of Bi2Se3
(Zhang 2009a).

The first experimentally confirmed topological insulator,
Bi1−xSbx (x > 0.07), has a complex surface band structure with
five Fermi level crossings between the Kramers points and will
not be discussed here in detail (Hsieh 2008). In 2009, the most
simple possible surface band structure consisting of a single Dirac
cone was predicted by calculations (Zhang 2009a) and found by
photoemission studies (Xia 2009; Chen 2009b; Hsieh 2009a;
Hsieh 2009b) on several materials, including Bi2Se3, Bi2Te3 and
Sb2Te3. All of them form layered crystals of covalently-bound
quintuple-layers, which are separated by a van-der-Waals gap as
illustrated in Figure 3.3 (Zhang 2009a). The structure is hexa-
gonal with a threefold symmetry axis along the c axis and the cen-
tral bismuth atom constitutes an inversion center. Photoemission
data of these systems are shown in Figure 3.4 (a - c) (Xia 2009;
Wang 2010; Hsieh 2009a), as well as spin-resolved data from
Bi2Te3 (d) (Hsieh 2009a). The experimental dispersion of Bi2Se3
and Bi2Te3 in the proximity of the Γ Kramers point is in agree-

ment with the theoretical predictions presented in Section 3 and the expected spin structure
is observed. In contrast to case of graphene, where the Fermi level EF is intrinsically
located at the Dirac point, since the two pz electrons in the unit cell just occupy the π band,
the Dirac point lies below EF in Bi2Se3 and Bi2Te3, but above EF in Sb2Te3. Hence
the Dirac point of Sb2Te3 is not accessible in ARPES. The relative position of the Dirac
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3.2 Experimental verification

point to the bulk band gap and the filling level of the TSS are material dependent, and the
experimental findings are in qualitative agreement with calculations (Xia 2009; Zhang
2009a; Park 2009). On Bi2Se3, the Fermi level lies 0.2 eV higher than in the calcula-
tion (Xia 2009) due to doping of the surface (Bianchi 2010; Analytis 2010a; King 2011)
by selenium vacancies (Benia 2011). The resulting band bending is strong enough to
support the formation of a quasi-free electron gas at the surface (Bianchi 2010) and to
partially occupy the conduction band. In Bi2Te3 the Dirac point is below the valence band
maximum, thus bulk states exist at the same energy but higher k|| values.

Due to the bulk band gap of a few hundred meV and the presence of bulk states at the
energy of the Dirac cone or the Fermi level, surface-sensitive experiments are inevitable
for studies on the characteristic electron and spin dynamics in the TSS. In transport
measurements on bulk crystals, surface currents are overlaid by the bulk conductivity (Qu
2010; Analytis 2010b; Ren 2010). Surface transport becomes clearly observable in flakes
or stripes of Bi2Se3 thinner than 30 nm at low temperature (< 20 K) by electric gating (Peng
2010; Steinberg 2010; He 2011; Liu 2011a; Checkelsky 2011; Sacépé 2011; Kim 2012;
Hong 2012). Experiments confirm the characteristic Landau level quantization of massless
Dirac Fermions (Sacépé 2011). Weak localization is found, unless magnetic adatoms are
introduced, which break time-reversal symmetry (He 2011).

Distinct scattering channels can be identified by scanning tunneling spectroscopy of
defective surfaces. dI/dV maps show standing wave patterns, which are the result of
interferences of Bloch waves that are scattered by defects. The k|| vectors of the underlying
scattering events are obtained by a Fourier transformation (FT-STS). Figure 3.5 (a) shows
a dI/dV map at the Fermi level of the surface of Bi0.92Sb0.08 (Roushan 2009), the initially
mentioned topological insulator which exhibits five Fermi level crossings in its surface
band structure (Hsieh 2008). In the top right panel the Fourier transform is given. A cut
from Γ to M , which are the Kramers points, is shown in (c).

In the absence of any restrictions, scattering occurs between all electronic states at the
Fermi level, which are illustrated in (e). In this case the FT-STS pattern would resemble
the joint density of states (JDOS) which is depicted in (b). In the experiment, the scattering
events with a momentum transfer q2, q4 and q8 are observed, while the scattering channels
A and B are suppressed. Comparison to the spin orientation of the TSS at the Fermi level
crossings in (e) reveals, that A and B require an inversion of the spin orientation. q2, q4 and
q8 connect bands of identical spin orientation. Thus, FT-STS gives experimental evidence
that the helical spin structure of the TSS protects electrons on a disordered surface from
backscattering, although no current flows along the surface.

More direct access to electron and spin dynamics in the topological state is achieved
by following the response to an optical excitation. Three examples are presented in
Figure 3.6 (McIver 2012; Hsieh 2011; Sobota 2012). (a) illustrates photo current measure-
ments which make use of circular dichroims (CD). As shown in (b), the photo currents
excited by left- and right-handed circularly polarized light differ. Different handedness
corresponds to opposite orientation of the spin of the photon shν , either parallel or antipar-
allel to the direction of propagation. shν and the orbital-angular momentum of the electron
form a total angular momentum, which is conserved in electron-photon interaction. Hence
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Figure 3.4.: Results of photoemission experiments on Bi2Se3 (a) (Xia 2009), Sb2Te3 (b) (Wang
2010) and Bi2Te3 (c) (Hsieh 2009a) and are consistent with the existence of a single topological
surface state. The helical spin structure is confirmed by spin-resolved data (d) (Hsieh 2009a). In
case of Bi2Se3, in addition the bulk conduction band is partially filled due to n-type doping. The
Dirac point of Sb2Te3 is not accessible in ARPES (b).

distinct selection rules for left- and right-handed light apply e. g. to optical transitions in
atoms. The effect is also utilized in x-ray photoemission. In case of the surface state of a
topological insulator, the spin-momentum locking of the Dirac cone results in a locking
of the spin of the electron se− to its orbital-angular momentum (Park 2012b). Therefore,
electron-photon coupling becomes dependent on shν ·se− , or the rotational direction of the
circularly polarized light, respectively. The asymmetric spin and momentum distribution
of the holes, which remain in the TSS under illumination with circularly polarized light,
gives rise to a spin-polarized current as sketched in Figure 3.6 (a).

Electron dynamics are observed directly in the time domain by pump-and-probe experi-
ments, namely time-resolved second-harmonic generation (TR-SHG) and two-photon
photoelectron spectroscopy. Moreover, these techniques offer surface sensitivity or the
possibility to separate surface from bulk contributions. In both methods, an initial electronic
excitation is induced by a femtosecond pump laser pulse, which is probed by a second
pulse after an adjustable time delay.
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3.2 Experimental verification

In TR-SHG, the induced changes in the nonlinear susceptibility are probed by monitoring
the intensity of the second-harmonic frequency of the pump pulse. Changes can be
attributed to electric polarization caused by electronic excitations at the surface, since bulk
crystals with inversion symmetry do not contribute to SHG. Switching the linear light
polarization of the probe pulse from s to p allows to follow fields within or perpendicular
to the surface. A spectrum recorded from Bi2Se3 with a s polarized probe beam is shown
in red in Figure 3.6 (c) (Hsieh 2011). The decay time of 1.2 ps is shorter than the one in the
bulk (2.3 ps), which is obtained from transient reflectivity measurements (gray curve). The
faster cooling rate of the surface carriers may be explained by enhanced surface electron-
phonon scattering or diffusion of hot carriers to the bulk (Hsieh 2011). The spectrum in
Figure 3.6 (d) was recorded with p polarized probe beam and measures the fields normal to
the surface. The corresponding dynamics takes place on a longer timescale of 21 ps. It was
attributed to the recovery of the space-charge layer, which creates a band bending towards
semiconductor surfaces. This band bending had been lifted by the photovoltage, which
was induced by the pump pulse. Using circularly-polarized light, the experiment did not
find a spin current in the topological surface state. Thus, the spin coherence time of the
TSS of Bi2Se3 is shorter than the experimental resolution of ≈100 fs, probably because of
scattering to the conduction band at the same energy.

Finally, 2PPE resolves energy and the momentum of the excited electrons. Photo-
emission spectra of Bi2Se3, which was p-doped by magnesium, recorded at time delay of
0.7 ps and 2.5 ps after the initial optical excitation are shown in Figure 3.6 (f, g) (Sobota
2012). In addition to the valence band below the Fermi level, the transient occupation
of the conduction band and the TSS are accessed. At 2.5 ps, practically all excited bulk
carriers, that have not recombined yet, have relaxed to the conduction band minimum
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Figure 3.5.: dI/dV map of Bi0.92Sb0.08 (a) and its Fourier transform (a, c). Comparison to the
spin structure of the TSS (e) demonstrates that spin-conserving scattering events (q2, q4, q8) occur,
while those which require a spin-flip (A, B) are suppressed (Roushan 2009).
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Chapter 3. Physical properties of topological insulators

(CBM) at ≈ 0.25 eV. The topological state remains filled only at energies below this value,
indicating that refilling from the conduction band is the dominant occupation pathway.
Actually, the time-resolved spectra of the TSS (4, red curve) in Figure 3.6 (e) closely
resembles the one of the conduction band (3, black curve). Both traces are delayed with
respect to the cross-correlation trace of the laser pulses (blue curve), indicating indirect
occupation of the CBM and ultimately of the TSS by initially higher-excited electrons.
By this mechanism, a transient occupation is supported even ≈10 ps after the optical
excitation.

Furthermore, 2PPE studies were conducted on electron cooling in nominally undoped
Bi2Te3 (Hajlaoui 2012) and Bi2Se3 (Wang 2012a; Crepaldi 2012). Qualitatively, all studies
find a delayed occupation of the TSS which is attributed to indirect population from bulk
states. The undoped materials are degenerate semiconductors, with their Fermi level located
in the bulk conduction band. In case of Bi2Te3, besides the occupied part of the TSS, bulk
bands exist at the same energy but higher k|| (Zhang 2009a). In the experiment, different
rise times of the unoccupied and the occupied part the TSS population are observed
as shown in Figure 3.7 (Hajlaoui 2012) (a, b). The applied rate-equation model yields
scattering times of the surface electrons with bulk electrons (holes) of 0.34 fs (0.14 fs).
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Figure 3.6.: Optical response of Bi2Se3: The helical structure of the TSS allows to drive photo-
generated spin currents by circularly-polarized light (a) (McIver 2012). A different current flow
under illumination with left- and right-handed circular polarization arises (b). TR-SHG using s (c)
and p (d) polarized probe beams measures the electric polarization along the surface and normal
to it (Hsieh 2011). The decay time of the former (1.2 ps, red curve) is the result of carrier cooling
at the surface, which is two times faster than in the bulk (gray curve, transient reflectivity). The
latter (green curve, 21 fs decay time) arises from the collapsing photovoltage. 2PPE spectra after
a time delay of 0.7 ps (f) and 2.5 ps (g) indicate refilling of the TSS from the conduction band
(CB) (Sobota 2012). Consistently, the time-resolved spectra of the CB and the TSS resemble each
other (e). Significant delay compared to the cross correlation trace (blue curve) indicates an indirect
occupation pathway.
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Dirac cone are both populated indirectly, but with different scattering rates. In Bi2Se3, CB and
TSS temperatures are balanced after 15 ps at room temperature (d) but not at 15 K (d), indicating
phonon-mediated interaction.

From an analysis of the probing depth, these scattering events are found to take place
within a depth of < 5nm below the surface. Thermalization of the topological state of
Bi2Te3 lasts ≈ 1 ps, and electron relaxation has a time constant of ≈ 2 ps.

In contrast, in Bi2Se3 thermalization within the TSS and the bulk conduction band is
faster than the experimental resolution (200...300 fs) (Wang 2012a; Crepaldi 2012). Energy-
distribution curves were fitted by modeled thermal distributions, thus yielding the electron
temperature as a function of time delay which is shown in Figure 3.7 (c, d) at two different
temperatures. Thermalization of the TSS with the conduction band is slowed down at lower
temperature and was therefore ascribed to phonon-mediated scattering (Wang 2012a). At
low temperature, the cooling rate was found to depend on the position of the Fermi level
EF relative to the Dirac point as EF 3. This relation is characteristic for the cooling of
two-dimensional Dirac Fermions via acoustic phonons (Bistritzer 2009).
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4. Photoelectron spectroscopy

Photoelectron spectroscopy provides a valuable tool for studies on the band structure of
solids and especially surfaces. The following chapter will treat UV photoemission (ARPES)
and two-photon photoemission (2PPE). After a theoretical description of the photoemission
process in Section 4.1, attention will be paid to circular dichroism in Section 4.2. Particular
effects in 2PPE are the subject of Section 4.3. Finally, the experimental setup is presented
in Section 4.5.

4.1. General description
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Figure 4.1.: Energy diagram of the pho-
toemission process.

When a surface is illuminated by light with a
photon energy hν larger than the work function Φ,
absorption of a photon can excite an electron from
below the Fermi level into a state which is energe-
tically above the vacuum level as sketched in Fig-
ure 4.1. If the direction of propagation is suitable,
the electron can escape from the surface. It is ul-
timately detected by an analyzer in a free-electron
state which is characterized by a momentum p and
a kinetic energy Ekin= p2/2m0. The detector de-
termines Ekin and the direction of emission, thus
p. Conservation of energy gives the binding energy
EB of the initial state:

EB = hν − Φ− Ekin

The systems under investigation have crystalline translation symmetry in the bulk, which
is reduced to the symmetry parallel to the surface for the emission process. Therefore,
the total parallel crystal momentum k|| is a conserved quantity except for a reciprocal
surface lattice vector. The momentum of the photons in the visible and UV spectral range
of ≈ 10−3 Å−1 is negligible compared to the experimental resolution. Thus the modulus of
k|| is given by

k|| =
p sin θ

~
=

√
2m0

~
√
Ekin sin θ (4.1)
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Figure 4.2.: Reference frame.

with respect to the reference frame depicted in Fig-
ure 4.2. Hence the full surface band structure EB(k||)
is contained in the energy- and angle-resolved pho-
toemission data. The reconstruction of the bulk band
structure EB(k||, kz) is more problematic, since kz
is not conserved due to the symmetry break in the z
direction at the surface. Determining the full k vec-
tor requires a variation of the photon energy in com-
bination with assumptions of the involved bands or

measurements on several crystal faces. This is not in the scope of the present work.
Perturbation theory allows to calculate relative photoemission intensities. The light

field is assumed as a plane wave of the form A=A0 exp
(
i(qr − ωt)

)
, Φ = 0 satisfying

a Coulomb gauge (∇A= 0) when A0q = 0. The direction of A0 gives the polarization of
light, since E =−∂A/∂t. The perturbation V is found by substituting p̂→ p̂− eA in the
Hamiltonian:

V =
1

2m
(−eAp̂− ep̂A+ e2A2) =

1

2m
(−2eAp̂+ ei~(∇A) + e2A2) ≈ − e

m
Ap̂ (4.2)

where the quadratic term inA was neglected. Integrating the periodical time dependence re-
produces conservation of energy, and results in the photoemission probability w according
to Fermi’s golden rule

w = −2πe

m~
|Mf,i|2 δ(Ef − Ei − hν) , Mf,i =

〈
ψf |Ṽ (A)|ψi

〉
Ṽ (A) = A0 exp(iqr)p̂

(4.3)

where ψi and ψf are the initial and final state, corresponding to the energy eigenvalues Ei
and Ef , respectively. In general, a numerical evaluation requires detailed knowledge of
these states.

However, when the plane of light incidence (y = 0) matches a mirror plane of the sample,
electrons which are emitted along the y = 0 plane are subject of distinct selection rules
for As‖ey (s polarization) and Ap⊥ey (p polarization). In the former case, Ṽ is odd
under the unitary mirror operation O: y → −y, in the latter it is even. The plane-wave
electron final states ψf within the plane are necessarily even (ky = 0), and initial states obey
Oψi± = ±ψi±. Hence

Mf,i+ =
〈
ψf |O†OṼ (As)O†O|ψi+

〉
=
〈
Oψf |OṼ (As)O†|Oψi+

〉
= −Mf,i+ = 0

Mf,i− =
〈
ψf |O†OṼ (Ap)O†O|ψi−

〉
=
〈
Oψf |OṼ (Ap)O†|Oψi−

〉
= −Mf,i− = 0

and using p (s) polarized light, only transitions from even (odd) initial states to the even final
states are observed. Similar selection rules apply for s polarization and p polarized light at
grazing incidence, when the mirror plane and the direction of photoelectron emission are
both within the yz plane.
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4.2 Circular dichroism

4.2. Circular dichroism

Circular dichroism (CD) in general describes the differing response of a system to light of
left-handed and right-handed circular polarization. Circularly polarized light is helical with
a parity of −1, meaning that the electromagnetic wave, in which the fields wind around
the direction of propagation in clockwise direction is the mirror image of its oppositely
turning counterpart. The different helicities correspond to either parallel or antiparallel
orientation of spin and momentum. The appearance of photons of opposite spin gives
rise to distinct optical selection rules in the interaction with electrons in a system with
rotational symmetry. Thus circular dichroism effects are widely observed in spectroscopic
experiments on atoms, inner shell electrons and to some degree in molecules, where the
helicity of the photon couples to the orbital angular momentum.

Rotational symmetry is broken in crystals, which are characterized by anisotropy. How-
ever, in case of topological insulators, significant spin-orbit coupling (SOC) induces the
helical surface state with its spin-momentum locking. As a result of SOC, spin is not a good
quantum number, but pseudospin, similar to the total angular momentum of atoms (Fu
2009; Park 2012b; Cao 2012). In the helical structure of the pseudospin, the orbital angular
momentum (OAM) is thus locked to the spin (Jung 2011; Park 2012b; Cao 2012). An
OAM can be assigned to the crystal eigenstates phenomenologically by expanding the
Bloch states in terms of atomic orbitals, which are eigenstates of the OAM. The helical
structure which arises from the application of this scheme to a density functional theory
calculation of Bi2Se3 is sketched in Figure 4.3 (a) (Park 2012b). Remarkably, experiments
using linearly polarized light indicate a switch of the px, py orbital composition of the TSS
at the Dirac point as illustrated in Figure 4.3 (b, c) (Cao 2012). Although the orientation
of the OAM is not directly accessible in this configuration, a changing composition of
px, py orbitals, which are linear combinations of the p1, p−1 orbitals, is consistent with a
change in the helicity of the OAM across the Dirac point.

Strict selection rules like in the case of optical transitions in atoms do not apply in the
CD of photoemission from crystals. However, the distinct coupling of photons of opposite
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Figure 4.3.: (a) Helical structure of the orbital angular momentum of the TSS of Bi2Se3 within a
density functional theory calculation (Park 2012b). (b) Symmetry of the orbital composition of
the TSS as reconstructed from the polarization dependence of the photoelectron distribution in (c),
where ky = 0 is the plane of light incidence (Cao 2012).

25



Chapter 4. Photoelectron spectroscopy

spin orientation to the orbital momentum of the TSS results in asymmetric photoemission
patterns even in a highly symmetric experimental geometry (Park 2012b; Wang 2012a;
Mirhosseini 2012; Park 2012a). The highly symmetric geometry is realized when the
mirror plane of the sample coincides with the mirror plane of the experimental setup, i. e.
the plane of light incidence. In this case, the circular dichroism asymmetry ∆I , which is
the difference of the photoemission patterns recorded with left- and right-handed circularly
polarized light, is antisymmetric with respect to the mirror axis, which forms a zero line
as illustrated in Figure 4.4 (Wang 2012a; Wang 2012b; Park 2012b). Perpendicular to
the mirror axis, two features of opposite CD asymmetry and opposite slope appear in the
two-dimensional E(k) versus k cuts. They exhibit the group velocity of the TSS and a
crossing point at the Dirac point, as expected from the orbital momentum structure in
Figure 4.3 (a). The CD patterns observed in this geometry are hardly affected by variations
in the photon energy, as illustrated in Figure 4.4 (c - e).

A theoretical description of the CD patterns requires evaluation of the photoemission
matrix elements in Equation 4.3 for the case of circularly polarized light, which is given
by A0 = (−iAx, Ay,−iAz). The two rotational directions are transformed into each other
by Ay → −Ay. For topological insulators, an analytical evaluation is possible within the
k · p approximation (Wang 2012a). Within this approximation, the states in the vicinity
of the expansion point at k = 0 are expanded in terms of the degenerate eigenfunctions
|ψ+〉 and |ψ−〉 at k = 0, which are eigenfunctions of the pseudospin (Fu 2009). Assuming
spin-degeneracy of the final states, most of the terms in the dipole transition element vanish
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Figure 4.4.: Photoemission studies of the conventional Dirac cone of Bi2Se3 in a highly-symmetric
setup using left-handed (LCP) and right-handed (RCP) circularly polarized light. (a) Intensity
distribution for both polarizations as measured at a photon energy of 6.2 eV and (b) difference of
the two (Wang 2011a; Wang 2012b). The cut was recorded along the green lines labeled 1 and 2 in
the momentum distribution patterns in (c). Energies in (b) and (c) refer to the Dirac point. (d, e)
Circular dichroism patterns recorded at (d) 13 eV and (e) 10 eV photon energy at the Fermi level,
which is located 0.3 eV above the Dirac point (Park 2012b).
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4.3 Two-photon photoemission

due to the threefold rotational axis, the mirror plane and the fact that |ψ+〉 and |ψ−〉 are
Kramers partners (Wang 2011b). The CD asymmetry ∆I is related to the spin orientation
parallel 〈Sx〉k and perpendicular 〈Sz〉k to the surface by subtracting the dipole matrix
elements for left- and right-handed circularly polarized light:

∆I =
∣∣MLCP

f,i

∣∣2 − ∣∣MRCP
f,i

∣∣2 = a2 Im(AxA
∗
y) 〈Sz〉k − 4ab Im(AzA

∗
y) 〈Sx〉k

where a, b are real constants. The spin orientation reconstructed from the CD patterns
of Bi2Se3 within this approximation resembles the one of DFT calculations, including
increasing 〈Sz〉k components at higher k values (Wang 2012a).

An issue of discussion are the CD patterns which evolve when the symmetry is broken,
e. g. when the mirror plane of the sample is oriented perpendicular to the plane of light
incidence. Ishida et al. demonstrated, that in a purely two-dimensional system, the xz and
the yz plane both form zero lines when the mirror axis of the sample is perpendicular to the
plane of light incidence. They observe the corresponding zero lines in the CD patterns of
copper-doped Bi2Se3 but also of SrTiO3, which is not a topological insulator (Ishida 2011).
On the other hand, a complex and asymmetric CD pattern of Bi2Te3 was observed along
the xz plane in this geometry, including a change of the sign of CD asymmetry along one
of the bands (Jung 2011). A change of the sign of the complete CD pattern was found upon
variation of the photon energy (Sánchez-Barriga 2012b). Density-functional calculations
which did not only take into account the helical spin structure of the initial state, the
TSS, but evaluated the photoemission matrix elements, were able to reproduce the CD
patterns (Sánchez-Barriga 2012b; Mirhosseini 2012). However, for the highly symmetrical
setup, the CD asymmetry computed within the same calculation remains necessarily
symmetric and resembles the spin structure of the TSS (Mirhosseini 2012). Consequently,
in general and especially when mirror symmetry is broken by the experimental setup,
final-state effects have to be taken into account for a quantitative analysis of the measured
CD patterns.

The conducted 2PPE experiments focus on measurements in the highly symmetrical
geometry. In this case, both initial and final states have a well-defined symmetry with
respect to the y → −y mirror operation, giving rise to antisymmetric CD patterns along
the y direction. A fingerprint of the helical pseudospin structure of the TSS then is an
inversion of the CD asymmetry at the Dirac point (Cao 2012; Wang 2012a; Mirhosseini
2012; Park 2012b; Jung 2011). Additional inversion points due to final-state effects cannot
be fully excluded (Sánchez-Barriga 2012b; Mirhosseini 2012), but are unlikely to coincide
with the Dirac point.

4.3. Two-photon photoemission
By conventional ARPES, occupied bands below the Fermi level EF are probed. In
two-photon photoemission an additional optical pump pulse excites a measurable non-
equilibrium occupation of electronic states above EF , which is probed by a second pulse.
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Chapter 4. Photoelectron spectroscopy

The probability of this process is proportional to the product of both pump and probe
intensity, and hence 2PPE is a nonlinear process. Therefore short and tightly focused light
pulses have to be applied. Suppression of "single-photon" photoemission makes the use of
photon energies smaller than the work function desirable. Thus 2PPE usually probes the
electronic structure between EF and the vacuum level in the proximity of the Γ point.

The energy diagram of 2PPE is shown in Figure 4.5 (a). For reasons of simplicity,
two-photon absorption in a continuous wave (cw) light field will be discussed first. Second-
order perturbation theory yields the transition matrix element(Jha 1966; Göppert-Mayer
1931):

Mf,i =
〈
ψf |Ṽ ∗(Apump, Aprobe)|ψi

〉
+
∑
m


〈
ψf |Ṽ (Aprobe)|ψm

〉〈
ψm|Ṽ (Apump)|ψi

〉
(Em − Ei − hνpump)−1

+
(pump
l

probe

) (4.4)

The intensity is again proportional to |Mfi|2 δ (Ef − Ei − h (νpump + νprobe)).
Ṽ ∗(Apump, Aprobe) contains the sum of the quadratic and product terms in the vector
potentials Apump and Aprobe, which were neglected in Equation 4.2, as well as the sum-
frequency and second-harmonic fields of Apump, Aprobe, which are generated at the surface.

Together with general symmetry consideration, the following implications are obtained:
(i) Parallel momentum is conserved in each absorption step except for a reciprocal lattice
vector. In the absence of scattering at defects or other quasiparticles, the initial state ψi, the
intermediate state ψm and the final state ψf correspond to the same k|| quantum number.
(ii) In monochromatic 2PPE (νpump = νprobe) the two terms in the square brackets are
identical. In bichromatic 2PPE each the pump and probe photons may be provided by any
of the two incoming laser beams. Only the photon energy of two IR photons is usually
not sufficient to overcome the work function of the surface and to extract photoelectrons.
Notably, the overall absorbed photon energy is independent of the pump-probe sequence for
νpump 6= νprobe. As both processes take simultaneously, the resulting signals are overlaid in
the spectra. Determining the pump-probe sequence requires time-resolved experiments or
a variation of the photon energy as described in the following.
(iii) Energy is conserved in the overall 2PPE process. However, the energy of the inter-
mediate state and the initial state are not necessarily separated exactly by the pump photon
energy hνpump. If they are, optical transitions between ψi and ψm become possible and
resonances occur. The denominator is reduced and the 2PPE intensity is enhanced, as
illustrated in Figure 4.5 (b) (Giesen 1986; Steinmann 1989). When the photon energy is
slightly detuned, two distinct peaks are observed in 2PPE. They are the result of initial-
state effects where Ef = Ei + h(νpump + νprobe) and intermediate-state effects with
Ef = Em + hνprobe, as described by the two summands in Equation 4.4. Direct transitions
from the initial state to the final state as well as the probe photon in bichromatic 2PPE can
thus be identified from the photon-energy dependence.
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Figure 4.5.: (a) Energy diagram of two-photon photoemission. (b) From their photon-energy
dependence, initial-state (Shockley-type surface state, Surf. St.) and intermediate-state (image-
potential state, n = 1) effects are distinguished. When both peaks coincide, the photoemission
intensity is enhanced due to resonance effects (Giesen 1986; Steinmann 1989).

(iv) The sum in Equation 4.4, which describes transitions through an intermediate state,
contains matrix elements of the form

〈
ψ2|Ṽ (A)|ψ1

〉
, which is identical to the case of

single-photon photoemission. Therefore, the selection rules discussed in Section 4.1 hold
for the individual steps. Especially, when the plane of light incident, the direction of
photoemission and the mirror plane of the crystal coincide, p polarized light induces
transition between states of the same symmetry, s polarized light between states of opposite
symmetry. As the free electron final state is again symmetric, the polarization dependence
allows conclusions on the symmetry of both initial and intermediate state if they are
isolated from the continuum.

In addition to the mapping of the unoccupied part of the surface band structure, the
pump-and-probe scheme of 2PPE enables time-resolved experiments. For this purpose
a time-delay between the two pulses is introduced and the photoelectron distribution is
measured after an adjustable time-delay. The obtained time-resolved spectra reflect the
evolution of the transient population, energetic relaxation and dephasing of the excited
electronic states as well as the shape of the optical pulses. Depending on the details of
electron dynamics in the system under investigation, different approaches for data modeling
have been suggested. Two main regimes can be distinguished:

(i) If the excited electrons loose their phase coherence within the observed time interval,
classical rate equations can be applied (Weinelt 2002; Petek 1997; Zhu 2002; Kirchmann
2008; Hajlaoui 2012). The approach is mathematically relatively simple and especially
useful, when the underlying scattering mechanisms include a variety of contributing chan-
nels (Hotzel 2000). It gives a set of coupled inhomogeneous linear differential equations.
To some degree, analytical evaluation is possible. In the general case, they are solved
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Chapter 4. Photoelectron spectroscopy

numerically. Alternatively, ensemble properties are modeled, i. e. the evolution of the
thermal distribution of the electrons, which allows to follow carrier cooling in metals (Fann
1992a; Fann 1992b; Schmuttenmaer 1994; Cao 1997) and semiconductors (Goldman 1994;
Schmuttenmaer 1996; Ramakrishna 2004; Wang 2012a; Crepaldi 2012).

(ii) The full coherent response of the system is modeled by the optical Bloch equations.
They use the Liouville-von Neumann formalism to describe the temporal evolution of the
quantum-mechanical density matrix within the rotating-wave approximation. Analytic
evaluation is possible in the presence of a single decay channel in the limits of overlapping
and separated pulses (Boger 2002). In general, the resulting differential equations have
to be solved numerically. A detailed discussion of the mathematical treatment as well as
resulting implications is given in Reference Boger (2004). The formalism explains e. g. the
time-dependent line shape in energy-resolved 2PPE (Ogawa 1997; Boger 2002) and allows
to separate between direct coherent excitation at the surface and incoherent excitation
mechanisms, which involve e. g. bulk states (Hertel 1996; Ogawa 1997; Shumay 1998;
Wolf 1999; Boger 2004). An approximation to the optical Bloch equations, including a
single decay channel, is given in Appendix A.3.1 and was used to fit time-resolved spectra
of energetically isolated states.

Both mathematical models yield an identical minimal interpretation of time-resolved
spectra in agreement with experiments. (i) If the lifetime of the intermediate state is
short (< 20 fs), the shift of the maximum in the time-resolved spectra resembles the
lifetime (Hertel 1996; Wolf 1999). (ii) The longest-lived observed decay channel dominates
the spectra at long pump-probe delays and gives rise to an exponential decay. The time
constant reflects the decay time of this long-lived state. If two decay channels with
significantly different decay rates are involved, a biexponential decay is observed.

4.4. Image-potential states

image
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+

E = 0

metal

- z

electron

Figure 4.6.: Screening
of an external charge
by a surface charge
redistribution (blue).

A model system for studies of dynamics in a two-dimensional
quasi-free electron gas is provided by image-potential states (IPSs)
in front of metallic surfaces (Fauster 1994; Osgood 1997; Echenique
2004). When an electron is brought in front of the surface at a
distance z, a charge redistribution at the surface sets in, which screens
the bulk metal from the external field. The resulting potential in front
of the surface is described by adding a positive elementary image-
charge at -z inside the metal as sketched in Figure 4.6. Thus electron
and image-charge form a one-dimensional hydrogen-like system.
Parallel to the surface, the electron can move almost freely, since
the resulting image-potential state usually has its maximum several
Ångström in front of the surface. The resulting energy eigenvalues of

the IPS form a Rydberg-like series (Echenique 1978):

En(k||) = Evac −
0.85 eV

(n+ a)2
+

~2

2m∗
k2||, n ∈ N\{0} (4.5)
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The series limit is the vacuum energy Evac, n is the quantum number, m∗ is the effective
mass of the IPS band. a is the quantum defect, a correction which arises from the matching
of the IPS to the bulk states (Echenique 1978; Smith 1985; Giesen 1987). In order to
ensure localization at the surface, the IPS has to be located in a projected bulk band gap.
The quantum defect is then determined by the relative position of the IPS to the band edges.
It evolves monotonously from 1/2 at the bottom of the band gap to zero at the top.

With increasing n, and hence decreasing binding energy, the maximum of the charge
density of the IPS moves further away from the surface (Loudon 1959; Haines 1969).
According to the virial theorem the kinetic energy decreases hereby. The period T which a
classical particle takes for a round-trip in an 1/r potential is proportional to (E0 − E)3/2.
Here E0 is the minimum of the energy of the unbound states. Application of the equation
to the IPS electron gives the period T = h

2·0.85 eV (n+ a)3 (Echenique 1991; Fauster 2000).
In this classical picture, the electron is subject to scattering to bulk bands at the turning
point at the surface. When the probability of scattering to bulk states is independent of
energy and momentum, the resulting lifetime is proportional to (n + a)3. This classical
limit is usually reached for n ≥ 2, e. g. in case of Cu(100) (Reuß 1999; Echenique 2004).

2PPE of image-potential states was e. g. applied to study lateral electron localiza-
tion (Fischer 1993; Fischer 1996; Wallauer 1995) and confinement in z direction (Fischer
1995; Wallauer 1995; Chiang 2009; Chiang 2010). The latter was also accessed by 2PPE
studies of quantum well structures (Kirchmann 2007; Kirchmann 2008; Kirchmann 2010;
Mathias 2010b; Mathias 2010a; Chiang 2009; Chiang 2010). CO adsorption was shown
to enhance the dephasing rate of the IPSs drastically (Wolf 1999; Reuß 1999), while Cu
adatoms dominantly cause elastic scattering between states of different momentum (Boger
2004). Remarkably, higher-lying IPS with a narrow energy spacing can be excited co-
herently due to the spectral width of the optical pump. The interference caused by the
distinct temporal evolution of the states results in quantum beats in the time-resolved
spectra (Höfer 1997). The decay of the oscillations allows to observe their loss of phase
coherence directly in the time domain (Reuß 1999).

4.5. Experimental setup
Two-photon photoemission experiments were conducted in two experimental setups. The
corresponding laser systems and possibilities of sample preparation are similar, but the
available electron analyzers constitute a major difference.

Optical setup

As a light source acts a titanium:sapphire oscillator with a repetition rate of 90 MHz.
It is pumped by a frequency-doubled Nd:YVO laser (Spectra-Physica Millenia) with a
wavelength of 532 nm and a power of 4.3 W. The duration of the generated pulses is about
35 fs and the central wavelength can be tuned from 760 nm to 820 nm, corresponding to
photon energies between 1.51 eV and 1.63 eV. The resulting average power ranges from
480 mW to 600 mW with a maximum at a wavelength of 800 nm. If not stated otherwise,
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Figure 4.7.: Laser setup, (a) real-space image and (b) schematic drawing.

this photon energy was applied. A spectrometer and an autocorrelator are used to determine
central wavelength and duration of the pulses. A schematic drawing of the system is shown
in Figure 4.7. A detailed description of the system and the underlying working principles
like e. g. the Kerr lens effect in the titanium:sapphire crystal or the pulse compression in
prisms can be found in Reference Wang (2005).

For bichromatic 2PPE, 30% of the laser output are deflected by a beam splitter, which is
removed in monochromatic experiments. Subsequently, the beam is focussed onto lithium
triborate (LBO) and β-barium borate (BBO) crystals, which generate the second harmonic
and mix the third harmonic of the fundamental laser frequency in nonlinear optical pro-
cesses (Boyd 2008). λ/2 or λ/4 wave plates in the fundamental IR and the third harmonic
UV path are used to adjust the light polarization. If not stated otherwise, experiments were
conducted with p polarized beams. The pulse duration is minimized by compressor prism
pairs in the IR, the UV and the second-harmonic beampath. Assuming Gaussian lineshapes,
the pulse duration of the third harmonic as reconstructed from the cross-correlation trace of
IR and UV pulse in 2PPE is typically about 60 fs. Angle-resolved photoemission (ARPES)
measurements become possible by additional sum frequency generation of UV and IR
beam in a BBO crystal, which results in a photon energy of about 6.2 eV. For bichromatic
2PPE experiments, the UV beam and the initially withdrawn IR light are joined by a
dichroic mirror. An adjustable time delay is introduced in the IR beampath by a delay stage.
The beam is brought into the ultrahigh vacuum chamber through a quartz glass window.
The angle of light incidence is α = 33◦ with respect to the sample normal in the display
analyzer setup and α = 45◦ at normal emission in experiments on topological insulators
in the hemispherical analyzer setup. In the latter setup, experiments on graphene were
conducted at α = 80◦ at normal emission.

In addition, 2PPE of graphene on iridium was conducted in the display analyzer setup
using a commercial titanium:sapphire oscillator (Coherent Mira 900 F), which is pumped
by a argon ion laser (13 W, multiline). The optical setup is similar, but specifications of
the laser differ. The average fundamental power is 1.3 W at 800 nm while the central
wavelength can be tuned from 740 nm to 820 nm. The system is equipped with a 10% beam
splitter for bichromatic 2PPE experiments. Frequency tripling is achieved in a commercial
device (Inrad frequency tripler) which results in longer pulse durations due to the thicker
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optical cystals. On the other hand, the third harmonic is more intense with an average
power of about 30 mW. Only the IR beampath contains compressor prisms. The width of
the cross-correlation trace is about 150 fs.

Ultrahigh-vacuum chamber

Sample preparation and photoemission experiments were conducted under ultrahigh-
vacuum (UHV) conditions at a base pressure below 10−9 Pa, which is achieved by a
combination of turbomolecular, ion getter and titanium sublimation pumps. In the display
analyzer setup, the analyzer is protected from contaminating gases, which are present
during sample preparation, by a gate valve. Both chambers are equipped with the same
systems of sample holders (Dr. Lutz Hammer and workshop of Lehrstuhl für Festkör-
perphysik) allowing quick sample transfer through a load lock. The sample holder is
electrically isolated from the chamber and offers electric contacts for direct current heat-
ing (≤ 25 A) and a Chromel/Alumel R© thermocouple. Sample temperatures above 900 K
were additionally checked using a pyrometer. Both setups contain a sputter gun for ion
bombardment, the possibility to cool samples to 90 K using liquid nitrogen, a thermal gold
evaporator (Potenz 2012) as well as optics and an electron gun for low-energy electron
diffraction (ErLEED). In addition to a conventional gas inlet, a "doser" is available, which
is a capillary tube on a linear motion drive, providing a gas inlet closely (≈ 1 cm) in front of
the sample surface. In this geometry, the pressure of the inserted gas in front of the surface
is enhanced by two to three orders of magnitude with respect to the average pressure in the
UHV chamber (Gubo 2010).

Hemispherical analyzer

In this analyzer concept, electrons are forced onto circular paths by an electric field between
two hemispheres (Hadjarab 1985). Energy-resolution is achieved by the dependence of the
radius on the kinetic energy. In the utilized Omicron EA125 analyzer seven channeltrons
serve as detectors, which are arranged along the radial direction and hence receive electrons
of slightly different energy. The applied pass energy of 2 eV results in an energy-resolution
of 34 meV and an energetic spacing of 50 meV between the single channels. The angular
resolution amounts to 1.6◦. The resolution was determined in Reference Boger (2004),
where the apparatus is described in detail. The analyzer is spatially fixed and angle-
resolved photoemission experiments are performed by rotating the sample with respect
to the analyzer. The polar angle around one axis within the sample plane is varied in
order to select a definite emission angle θ and hence the modulus of k|| via Equation 4.1.
The direction of k|| is chosen by an additional rotational axis around the sample normal.
Varying θ changes also the angle of light incidence on the sample, thus changing the dipole
matrix element in Equation 4.3 and hence the relative photoemission intensities. Notably,
in the geometry at hand the detectable emission direction remains within the plane of light
incidence when rotating the sample. This direction forms a zero line of circular dichroism.
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Chapter 4. Photoelectron spectroscopy

Ellipsoidal display-type analyzer

In the second setup, the sample is located in one of the focal points of a metallic ellipsoid
during photoemission experiments as illustrated in Figure 4.8. A finite voltage −Epass/e
is applied to the ellipsoid, which serves as a lowpass and reflects photoelectrons of kinetic
energy smaller than Epass onto the second focal point, where they pass an exit slit.

microchannel plates
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Figure 4.8.: Schematic drawing of the ellipsoidal
display-type analyzer

The following double grid G5 forms
a retarding field analyzer which acts as
a highpass. Electrons are finally de-
tected by a combination of micro-channel
plates, a phosphor screen and an ampli-
fying camera. By the resulting bandpass,
energy-resolution is realized, and the
full two-dimensional angular photoemis-
sion pattern within an acceptance cone
of 88◦ is imaged simultaneously (East-
man 1980). The detected energy is varied
by biasing the sample and G1. The ad-
ditional grids G2, G3, G4, G6, G7 which
are depicted in green in Figure 4.8 are

grounded in order to confine the electric fields. The present setup is described in detail in
References Gubo (2006) and Rieger (1983), including the reconstruction of the angular
photoelectron distribution from the camera image. The apparatus is the first application
of this analyzer concept to 2PPE (Gubo 2006). It permits measurements of the circular
dichroism of 2PPE, which are not feasible in the hemispherical analyzer setup.

For 2PPE experiments, a pass energy of 5 eV was chosen, which results in an energy
resolution of 50 meV for a single emission angle and 90 meV over the entire ellipsoid. The
difference is a result of the off-normal incidence of the photoelectrons on the ellipsoid.
As the reflection at the repulsive potential sorts electrons with respect to their momentum
perpendicular to the surface, the resolution gets worse from the poles of the ellipsis
towards the direction of normal emission. Tribute was paid to this fact by segmenting the
ellipsoid into three electrically isolated parts. Hence, three voltages are adjusted separately
depending on the emission angle. However, a significant improvement does not occur as
also found in Reference Dütemeyer (2001).

The recorded two-dimensional momentum-distribution patterns (MDCs) exhibit inhomo-
geneities, i. e. dark areas, which are independent of the system under investigation but
presumably arise from inhomogeneities of the micro-channel plates. Therefore MDCs
were normalized to the ones of features, which may be assumed to be isotropic. The latter
are provided by image-potential states. This procedure improves the angular resolution
from about 5◦ (Gubo 2006; Niesner 2010) to 3◦. MDCs which are isotropic within the
angular resolution were averaged along the direction of the azimuth φ. Corresponding
algorithms were implemented in the course of a replacement of the data acquisition hard-
and software.
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5. Graphene on noble-metal
and on silicon-carbide substrates

Electronic surface states of graphene supported by different substrates will be the subject
of this section. While the properties of the π-band electrons have been studied in great
detail (Wallace 1947; Reich 2002; Novoselov 2004; Geim 2007; Bostwick 2007; Dedkov
2008c; Varykhalov 2008; Pletikosić 2009), here two-photon photoemission is applied to
access the image-potential states of graphene close to the vacuum level. In addition, the
influence of the graphene adlayer on substrate-induced surface states closely below the
Fermi level in the vicinity of the Γ high symmetry point is investigated.

In case of free-standing graphene, a splitting of the series of IPS into states of even
and odd symmetry with respect to the mirror plane formed by the graphene sheet was
predicted (Silkin 2009). Although this symmetry is broken by the substrate, a two-peak
structure of the first IPS of graphene/SiC(0001) appears in scanning tunneling spec-
troscopy (Bose 2010). The momentum resolution of 2PPE gives additional information to
clarify the situation. By 2PPE, a double series of image-potential states was also found
on graphene/Ru(0001) (Armbrust 2012). From their distinct dispersion, the splitting was
assigned to the occurrence of localized and delocalized states on the corrugated surface
in agreement with scanning tunneling spectroscopy (Parga 2008) and calculations (Borca
2010). Moreover, significant hybridization between the IPS and substrate-induced sur-
face states was found in this system (Borca 2010) due to the short graphene-ruthenium
distance (Moritz 2010). In contrast, the graphene-substrate distances in the systems which
will be discussed in the following are much larger (Busse 2011; Sutter 2009b; Varchon
2007; Filleter 2008; Sławińska 2012) and close to the graphite interlayer distance of
3.354 Å (Baskin 1955). Therefore the resulting electronic interaction is considerably
weaker (Pletikosić 2009; Nobis 2013a; Bostwick 2007; Sutter 2009b; Varykhalov 2008).

After addressing some experimental details in Section 5.1, surface states of graphene
on iridium will be described in detail in Section 5.2. Subsequently, in Section 5.3 the
energetics and dynamics of image-potential states of graphene on different substrates,
including Pt(111), Au/Ni(111) and SiC(0001), will be compared. In addition, work
functions of the different surfaces are directly measured in 2PPE. Changes in the work
function will be related to charge transfer between graphene and the substrate in Section
5.3.1. The experimental findings are compared to the theoretical model proposed in
Reference Giovannetti (2008).
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Chapter 5. Graphene on noble-metal and on silicon-carbide substrates

5.1. Experimental details

5.1.1. Sample preparation

Graphene on metal substrates was synthesized under ultrahigh vacuum conditions by
decomposition of ethene on the hot clean metal surfaces. This method leads to the formation
of well-aligned large-area monolayer graphene (MLG) films on Ir(111) in a chemical vapor
deposition (CVD) like process (Nieuwenhuys 1976; N’Diaye 2006; Gastel 2009; Hattab
2011; Hattab 2012). By a similar approach, graphene can be grown on Pt(111) (Sutter
2009b; Gao 2011) and Ir(100) (Gubo 2009; Ferstl 2010). The graphene/Au/Ni(111) system
was established by deposition of gold on graphene/Ni(111) and subsequent intercalation of
the adatoms (Shikin 2000).

Preparation parameters are summarized in Table 5.1. Clean metal surfaces were prepared
by repeated cycles of bombardment with argon ions of the kinetic energies Eion followed
by annealing at Tmetal. Platinum and iridium crystals were then cooled from Tmetal to TO2

and exposed to oxygen atmosphere in order to remove carbon impurities. The oxygen
pressure in the UHV chamber was pO2 but locally enhanced by 102...103 (Gubo 2009)
using a "doser" as described in Section 4.5. In case of Ni(111), oxygen treatment was
conducted at significantly lower temperature and pressure without the use of a doser for
two reasons (Potenz 2012). On the one hand, chemisorbed carbon is dissolved in bulk
Ni(111) at temperatures as low as 500...660 K and segregates back to the surface at room
temperature (Nakano 2002; Nakamura 1989). At temperatures above 1180 K even the
inert MLG/Ni(111) is dissolved and is reformed after cooling (Shelton 1974). Moreover,
nickel is rapidly oxidized when a surplus of oxygen is offered (Rieder 1978), while the
platinum and iridium noble metal surfaces are far more stable against oxidation (Conrad
1977; Gland 1980).

LEED diffraction patterns from the clean surfaces except Ir(100) show the periodicity
and symmetry of the bulk-terminated single crystals without additional diffraction spots.
In case of Ir(100), a (5×1)-superstructure is observed which can be attributed to the
hexagonally reconstructed topmost iridium layer (Ignatiev 1972; Veen 1980). In this layer
the packing density is increased. However, at elevated temperatures as they are needed
for the growth of graphene, the reconstruction is lifted and the additional iridium atoms
diffuse to step edges as they become mobile (Gubo 2010).

Prior to graphene growth, ethene was adsorbed to saturation coverage at 90 K on iridium
and platinum. Subsequent heating to TTPG leads to the formation of initial graphene islands.
This growth mode, which will be referred to as temperature-programmed growth (TPG),
was studied in detail on Ir(111) using STM (Coraux 2009; N’Diaye 2009), low-energy
electron microscopy (N’Diaye 2009; Gastel 2009) and photoemission (Kralj 2011). After
one TPG cycle at 1400 K, 19% of the surface is covered by graphene islands of >20 nm
diameter which exhibit sharp zigzag edges (Coraux 2009; Kralj 2011). These well-ordered
structures of low density (10−5 islands/site (Coraux 2009)) serve as nucleation seeds during
the following continous CVD-like growth (N’Diaye 2009). Alternatively, the TPG step
was repeated several times in order to adjust the graphene coverage in a stepwise way, as
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5.1 Experimental details

Table 5.1.: Preparation conditions of graphene on Ir(111), Ir(100), Pt(111) (Nobis 2011) and
Ni(111) (Potenz 2012). Ion energies are given in keV, temperatures in K, pressures in Pa and times
in minutes. ∗ indicates the use of a doser.

substrate Eion Tmetal TO2 pO2 TTPG TCV D pCV D tCV D
Ir(111) 3 1500 1230 ∗2·10−7 1450 1270 5·10−7 20
Ir(100) 3 1500 1230 ∗2·10−7 1450 1270 5·10−7 15
Pt(111) 1.5 1280 1150 ∗2·10−7 1130 1130 5·10−7 20
Ni(111) 1 1280 580 1·10−7 - 980 ∗1·10−6 5

81% of the previously bare substrate remain uncovered after each cycle. The respective
graphene coverages reached per TPG step on Ir(100) and Pt(111) are unknown. However,
photoemission experiments on graphene/Pt(111) indicate a significantly lower growth rate
than on Ir(111) (Nobis 2011), which is possibly caused by desorption of ethene during
heating (Davis 1985). On Ni(111), the TPG approach does not lead to the formation of
graphene. Carbon is preferentially chemisorbed in a c(2×2) structure at low coverage,
whereas graphene is formed only at higher carbon coverage (Nakamura 1989). Monolayer
graphene/Ni(111) was achieved in a single, continuous growth step.

A closed layer of MLG was grown by heating the surface to TCV D under ethene atmo-
sphere (pCV D) during a time interval tCV D. In case of iridium and platinum, this step was
performed immediately after the initial TPG cycle, consequently the sample temperature
was decreased from TTPG to TCV D. A surplus of ethene was then offered at relatively low
pressure during a long time interval in order to allow the growth of large, aligned graphene
single crystals from the TPG-induced nucleation seeds. On Ni(111), the alignment of the
graphitic adlayer is ensured by the interaction with the substrate (Shelton 1974). However,
in order to avoid dissolving excess carbon in nickel, the ethene dose was reduced compared
to the noble-metal surfaces.

The preparation of graphene/Au/Ni(111) was completed by gold intercalation. One
monolayer of gold, referring to bulk-terminated Au(111), was deposited on graphene on
Ni(111) from a thermal evaporator. The intercalation process was triggered by subsequent
annealing at 630 K.

Epitaxial graphene/SiC(0001) was produced by thermal decomposition of 6H-SiC(0001)
under argon atmosphere (Emtsev 2009) in the group of Prof. Thomas Seyller, Lehrstuhl
für Technische Physik. Samples were characterized by x-ray photoemission ensuring
monolayer (bilayer) coverage, by atomic force microscopy revealing micrometer-sized
flat terraces and by Raman spectroscopy which measured an insignificant intensity of the
defect-induced mode relative to the graphitic optical mode (Fromm 2011). Details of the
sample characterization can be found in Reference Gugel (2011). After transfer through
air, graphene/SiC(0001) samples were annealed in vacuum at 670...850 K for at least 20
minutes in order to desorb hydrocarbons and water which adsorb or intercalate under
ambient conditions (Emtsev 2009).

The quality of all surfaces was checked by low-energy electron diffraction and results
are discussed in the following section.
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Chapter 5. Graphene on noble-metal and on silicon-carbide substrates

5.1.2. Sample characterization by low-energy electron diffraction
In the following, low-energy electron diffraction (LEED) patterns of graphene grown
in situ in UHV (a-e) will be presented (Niesner 2012a; Nobis 2013a) as well as of the
bare Ni(111) substrate (f) (Potenz 2012) and of epitaxial graphene on silicon carbide
(g, h) (Gugel 2011). A brief discussion on each of the systems will be given.

(a) Graphene/Ir(111)

In the LEED pattern of MLG/Ir(111), the graphene lattice vectors are aligned with the
ones of the substrate. In addition, a large supercell is observed which is consistent with
the 9.32×9.32 moiré structure modeled in Reference N’Diaye (2008). Sharp LEED spots
and the absence of diffuse background indicate a low concentration of defects as expected
under the used growth conditions (Gastel 2009; N’Diaye 2009). This interpretation is
supported by the finding, that after exposition of the specimen to ambient conditions the
LEED pattern can be recovered by mild thermal treatment in UHV.

79 eV
Graphene growth on Ir(111) at low temperatures leads to

the formation of misaligned domains which are rotated by
30◦ with respect to the substrate (Loginova 2009; Starodub
2011; Hattab 2011). Growth of bilayer graphene is also ac-
companied by the occurrence of rotated domains (Nie 2011).
In the present LEED data, no additional spots are found, nei-
ther is the graphitic optical phonon ("G-Peak") observed in
Raman spectra as shown in Section A.1.1, which would be
another fingerprint of second-layer growth or the presence of

rotated graphene domains (Starodub 2011; Nie 2011).

(b) Graphene/Ir(100)

75 eV
Besides the original square unit mesh of the clean Ir(100)

substrate, twelve broad additional spots with a double-peak
structure are found in the LEED pattern of graphene/Ir(100).
The lattice constant found from the distance to the (00) reflex
matches the one of graphene. The splitting into two peaks
indicates the presence of two symmetry-equivalent domains
which are rotated by±2.7◦ with respect to the (011) direction
of the iridium substrate. Due to the fourfold symmetry of
the (100) crystal face, the graphene adlayer causes twelve

additional double-spots instead of six, a result of the superpositions of the diffraction
patterns of 90◦ rotated but yet symmetry-equivalent graphene domains.

Under slightly different preparation conditions, a complex moiré structure is found in
addition, as observed earlier in the LEED patterns of graphene on (100) noble metal sur-
faces (Hamilton 1980). In scanning tunneling microscopy, areas of flat graphene are found
next to regions with a stripe-like one-dimensional structure that has an apparent height
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of several Ångström and a periodicity of 22 Å (Ferstl 2011). These strongly-corrugated
regions can be found in STM independent of details of the sample preparation, while
the intensity of the LEED moiré spots varies strongly depending on the growth tempera-
ture (Ferstl 2010). To what extend atomic rearrangement is connected to this superstructure
can only be a subject of speculation. Nevertheless, the large height differences observed
in STM and the different thermal expansion coefficients of graphite (Tsang 2005) and
iridium (Singh 1968) seem to be consistent with the occurrence of atomic corrugation in
the reconstructed areas.

Two-photon photoemission will focus on the "low-temperature phase" (Ferstl 2010)
without pronounced LEED moiré spots. Although strongly-corrugated graphene may be
expected to cover only a small fraction of surface, it is probably nevertheless present (Ferstl
2011).

(c) Graphene/Pt(111)

26°

80 eV
LEED patterns of graphene/Pt(111) indicate the forma-

tion of various domains which exhibit different rotational
orientations as observed before (Sutter 2009b; Gao 2011).
Although the distribution of rotational domains does not
measurably affect the two-photoemission results, parameters
of the sample preparation, namely growth temperature and
ethene pressure, were varied in order to achieve a relatively
narrow distribution (Nobis 2011). In the LEED pattern, pref-
erential orientations of 0◦ and 26◦ with respect to the (011)
direction of the substrate are found.

(d) Graphene/Au/Ni(111)

72 eV
After annealing one monolayer of gold on

graphene/Ni(111), a ≈10×10 moiré structure appears
in the LEED pattern (Potenz 2012) as also found in STM
topographic images of MLG/Au/Ni(111) (Varykhalov
2008). Conclusively, gold has actually intercalated between
graphene and nickel. Gold forms a similar superstructure
on bare Ni(111) (Umezawa 1999), thus indicating only weak
interaction between gold and graphene. However, the align-
ment of MLG/Ni(111) is transferred to graphene/Au/Ni(111).
The diffuse background in the LEED pattern is more intense than in case of MLG/Ir(111),
most probably because of imperfect ordering of the intercalated gold layer.
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Chapter 5. Graphene on noble-metal and on silicon-carbide substrates

(e, f) Graphene/Ni(111) and Ni(111)

72 eV72 eV Ni(111)MLG/
Ni(111)

Graphene forms a commensurate
1×1 structure on Ni(111), which
is why its LEED pattern shows
the same periodicity as the one of
Ni(111). Still, the spot intensities in
the LEED patterns of MLG/Ni(111)
and Ni(111) differ, and thus al-
low to distinguish between the two
phases (Dedkov 2008b; Dedkov

2008a). Photoemission experiments focus on graphene on noble-metal surfaces and silicon
carbide, hence graphene/Ni(111) serves mainly as an intermediate during the preparation
of graphene/Au/Ni(111).

(g) Graphene/SiC(0001)

113 eV
The interface between graphene and the silicon-terminated

crystal face of SiC is formed by a carbon-rich "buffer layer"
which gives rise to the 6

√
3×6
√

3 R30◦ superstructure (Van
Bommel 1975; Mattausch 2007; Emtsev 2008; Starke 2009)
observed in the LEED pattern. As MLG/SiC(0001) is formed
by a lift-off of this buffer layer, it is commensurate with the
superstructure (Ohta 2008). This leads to the growth of an
ordered and well-aligned graphene adlayer as observed in
the LEED pattern which is in agreement with the sample

characterization by the complementary methods listed in Section 5.1.

5.1.3. Details of photoemission experiments
The unoccupied part of the band structure of graphene on noble-metal surfaces was
examined by bichromatic two-photon photoemission. In addition, UV photoemission
was conducted at photon energies of ≈6.2 eV. Experiments on each of the surfaces were
conducted in both setups described in Section 4.5 giving consistent results. Graphene on
iridium was grown in the "display analyzer" setup and 2PPE in the "hemispherical analyzer"
setup was conducted after transfer of the sample through air and subsequent annealing at
1150 K in order to avoid adsorbed or intercalated species. After retransfer to the display-
analyzer setup and annealing again, the original LEED patterns and photoemission data
can be reproduced. MLG/Pt(111) and MLG/Au/Ni(111) were always prepared in situ
prior to photoemission experiments. In the display-analyzer setup, 2PPE experiments on
graphene/iridium were conducted using a commercial laser setup consisting of a Coherent
Mira 900 F Titanium:Sapphire oscillator and an Inrad frequency tripler.

On graphene/SiC(0001) additional 2PPE experiments were carried out at Max-Born-
Institut Berlin together with the group of Prof. Martin Weinelt, now Freie Universität
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5.2 Surface states of graphene on iridium

Berlin. The laser system is based on a Titanium:Sapphire laser and a Coherent RegA 9050
amplifier which drives two optical parametric amplifiers (Coherent OPA 9450, Coherent
OPA 9850). It allows to tune the photon energy of a UV pulse from 3.26 eV to 5.46 eV
and that of a visible pulse between 1.6 eV and 2.25 eV independently. The corresponding
ultrahigh vacuum system is equipped with a Specs Phoibos 100 hemispherical electron
analyzer. A detailed description of the setup can be found in Reference Eickhoff (2010).

Complementary monochromatic 2PPE experiments on Ir(111) were also performed by
the group of Prof. Richard Osgood, Columbia University, New York (Niesner 2012a). UV
photon pulses were generated by frequency-doubling the output of an optical parametric
amplifier driven by a titanium:sapphire laser, resulting in photon energies between 3.8 eV
and 4.9 eV. Photoelectrons are collected using a spherical-sector energy analyzer with 50
meV energy resolution. In this setup, the angle of light incidence stays constant, while the
polar angle is varied during angle-resolved experiments by changing the position of the
analyzer. Details of the setup are given in Reference Hao (2010).

Angle-resolved photoelectron spectroscopy (ARPES) on graphene/Ir(100) was con-
ducted at beamline U125/2-SGM at BESSY II of Helmholtz-Zentrum Berlin in collabo-
ration with the groups of Prof. Thomas Seyller and Dr. Lutz Hammer, both Universität
Erlangen-Nürnberg. The endstation was equipped with a toroidal electron analyzer as
described in Reference Broekman (2005), which measures two-dimensional photoemission
intensity distributions as a function of polar angle and energy. An automated five-axis
manipulator allows to vary the sample azimuth quickly and therefore to precisely identify
and orientate the high-symmetry directions of the surface.

ARPES on graphene/Ir(111) was conducted at APE (ELETTRA) by Marin Petrović and
Dr. Marko Kralj, Institut za fiziku, Zagreb. Experiments were performed using a photon
energy of 55 eV and a Scienta SES 2002 hemispherical electron analyzer with an energy
resolution of 20 meV and an angular resolution of 0.2◦.

5.2. Surface states of graphene on iridium

5.2.1. Surface band structure of graphene/Ir(111)

The unoccupied part of the band structure of Ir(111) as obtained from two-photon photo-
emission and the occupied part as measured by angle-resolved photoemission are shown
in Figure 5.1 (a) and (b) (Niesner 2012a). The as-measured energy distribution curves of
the 2PPE data can be found in Figure A.4. A series of states is found, whose final-state
energy exhibits a one-to-one to correspondence to changes in the IR photon energy as
illustrated in Figure 5.2 (b), where a slope of one is sketched by dashed lines. Because
the determined work function of graphene/Ir(111) amounts to 4.65 eV, these states are
UV-pumped and located energetically 0.83 eV, 0.19 eV and 0.09 eV below the vacuum level.
Their dispersion is the one of free electrons with an effective mass of 0.9 free-electron
masses. The bands are only observed when the IR-beam is p-polarized consistent with even
symmetry under mirror operation with respect to the plane of light incidence. Conclusively
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Figure 5.1.: (a) Image-potential states of Ir(111). The intensity distribution along the first IPS is
indicated by white circles. The double-peak structure is a result of the resonance between the IPS
and the two branches of the downward dispersive, Rashba-split surface state below the Fermi level
(b) (Niesner 2012a).

these states are attributed to the series of image-potential states which occur in front of
metallic surfaces (Echenique 1978; Fauster 1995).

Below the Fermi level, two downward-dispersing surface states are observed with a
binding energy of 190 meV. Their maxima are shifted away from the Γ-point in parallel
momentum by ±0.033 Å, resembling the dispersion of a Rashba-type spin-split surface
state (Rashba 1960). It is attributed to a substrate-induced Shockley-type surface state as it
is observed at 0.2 eV higher binding energy also on the bare Ir(111) surface (Pletikosić
2010). The difference in binding energy is a result of charge transfer between graphene
and the substrate, which is the subject of Section 5.3.1, and which modifies the potential at
the iridium surface.

From a band structure calculation (Niesner 2012a), which is based on a nonrelativistic
parametrized tight-binding scheme (Papaconstantopoulos 1986), the total density of bulk
states projected onto the (111) direction of iridium (right-hand side of Figure 5.2 (a))
as well as contributions which originate from basis functions of sp symmetry (left-hand
side of the same figure) were extracted along the ΓK direction. Starting from the L2′

and L1 band edges, which are formed by states of pure sp symmetry at Γ, the position
of the Shockley-type surface state as well as the ones of the image-potential states were
calculated within a scattering model (Fauster 1995). The work function was adjusted to
the experimental value for MLG/Ir(111). As relativistic effects and spin-orbit coupling
are not included in the calculation, the surface state was shifted in parallel momentum by
±0.033 Å in order to account for the experimental Rashba-type spin splitting.
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Figure 5.2.: (a) Total projected density of states (Total DOS) and density of states with sp symmetry
(sp-DOS) of Ir(111) within a tight-binding calculation (Niesner 2012a). A downward-dispersing,
Rashba-split surface state (green lines) is located in the symmetry band gap, giving rise to the
resonances indicated by arrows for a photon energy of hν= 1.59 eV. Blue dots depict experimental
data. Changing the photon energy, the second and third image-potential states are shifted into or
out of resonance (b). Dashed lines indicate a slope ∂Ekin/∂hν = 1.

While the calculated and the experimentally found binding energies of the higher-lying
image-potential states are in agreement, the binding energy of the first image-potential
state, which is located closely in front of the surface, is significantly increased by the
graphene adlayer. Experiments on weakly-bound graphene on different substrates give
similar results. The screening of the IPS electron by the graphene sheet and resulting
implications on the detailed binding energies of the IPSs will be the subject of Section 5.3.
The Shockley state lies in a projected sp symmetry band gap of iridium and is degenerate
with the bulk d states.

As it inherits the sp symmetry, optical transitions between the surface state and the
image-potential states are possible under irradiation by p-polarized light. These transitions
give rise to resonance effects in 2PPE which occur as an intensity enhancement in the
spectra (Giesen 1986). In the calculation in Figure 5.2 (a) the resonant transitions at a
pump photon energy of 3hν= 4.77 eV are indicated by pink arrows. The experimentally
found intensity distribution along the first image-potential state is depicted by white circles
in Figure 5.1 (a). It exhibits a double-peak structure resulting from the Rashba-splitting
of the occupied surface state, while the positions of the intensity maxima are shifted to
slightly smaller k|| values as compared to the calculation. The latter finding is explained by
the overlaid intensity distribution resulting from non-resonant excitation, which decreases
monotonically from Γ towards larger k|| values (Güdde 2007).
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Chapter 5. Graphene on noble-metal and on silicon-carbide substrates

Additional evidence of the consistence of the model surface band structure is given
by the photon-energy dependence of the higher-lying IPSs as illustrated in Figure 5.2 (b).
Energy-distribution curves at normal emission were recorded at different photon energies
hν in the ellipsoidal display analyzer setup and were normalized to the peak intensity of
the first IPS. Consistent with the preceding discussion, the intensity of the second (third)
IPS rises drastically when the pump photon energy 3hν reaches the energy difference of
4.65 eV (4.75 eV) between the image-potential state and the Shockley-state.

In conclusion, a comprehensive picture of the electronic bands under investigation is
obtained for a closed monolayer of graphene on Ir(111). In order to study the influence of
confining graphene islands on the concerning image-potential states, experiments were
conducted on the partially covered surface (Niesner 2012a). Therefore repeated cycles of
temperature-programmed growth were used to cover 19% of the surface not covered by
graphene per step (Coraux 2009) with graphene as described in Section 5.1.1.

The evolution of the work function and the binding energies of the lowest three image-
potential states as a function of coverage is illustrated in Figure 5.3. The work function
decreases linearly from 5.79 eV, which is in agreement with literature values for clean
Ir(111) (Strayer 1973; Nieuwenhuys 1974), to the value of 4.65 eV for MLG/Ir(111).
Photoemission measures the work function averaged over bare substrate and graphene
islands (Fischer 1993). Hence the linear relation between coverage and work function
confirms the underlying calibration of the coverage θ= 1− 0.81n, where n is the number
of applied TPG cycles.
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Figure 5.3.: Coverage-dependence of the work func-
tion Φ and the lowest three image-potential states
n = 1, 2, 3 of graphene/Ir(111) (Niesner 2012a).

In contrast, the image-potential states
appear at the same energetic positions
as on MLG/Ir(111) for all coverages
θ > 0. As the IPSs are energetically
pinned to the vacuum level (Echenique
1978), this finding implies that they
are localized on graphene islands and
pinned to their local work function.
This behavior is expected when island
sizes exceed the lateral extension of
the surface charge distribution which
screens the IPS electron (Fischer 1993).
The latter is given by the distance of
the probability density maximum of
the image-potential state from the sur-

face, which is of the order of nanometers. Signal arising from the IPSs of the bare substrate
is suppressed, as these states are not accessible because of the high work function of
Ir(111). The constant energy of the image-potential states indicates that, under the applied
preparation conditions, the local work function of graphene islands reflects the value of
the closed layer independent of their size which is about (35 nm)2 after the first TPG
cycle (Kralj 2011). Energy shifts caused by confinement in a potential well of this size are
�1 meV and are therefore negligible compared to experimental uncertainties.
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5.2 Surface states of graphene on iridium

5.2.2. Dynamics of image-potential states of graphene/Ir(111)

Lifetimes of the image-potential states were determined by bichromatic two-photon photo-
electron spectroscopy. A series of time-resolved measurements of the first four states
recorded at normal emission is shown in Figure 5.4 (a). Note that the fourth IPS is not
resolved in the energy distribution curves, hence the spectrum was acquired at the energetic
position calculated from Equation 4.5. Lifetimes were extracted by fitting equation A.1 to
the data. The resulting fitting curves are given in gray. All data sets are well-described by
a single-exponential decay at long pump-probe delays with lifetimes of 35 fs, 114 fs, 270 fs
and 437 fs. The relation between lifetime and binding energy is illustrated in Figure 5.4 (b).
As described in Section 4.4, lifetimes are expected to decrease ∝ E−3/2 within a classical
model based on a one-dimensional Kepler problem, whereas an∝ E−1 relation is found in
the present case. One possible reason for deviations are scattering processes taking place
dominantly in two dimensions (Petek 1997). However, a similar ∝ E−1 dependence was
also found on copper surfaces (Echenique 2004). A comprehensive theoretical description
of the underlying scattering events is necessary in order to assign them to a distinct spatial
dimensionality.

On closer examination the time-resolved spectrum of the fourth IPS is periodically
modulated at delays <300 fs. The modulation is a result of quantum beats between higher-
lying states which are separated in energy only by a few tens of meV (Höfer 1997). Due to
the spectral width of the laser pulse, these states can be excited coherently. The fast decay
of the quantum beats indicates a fast loss of the phase coherence of the excited states (Reuß
1999). The pure dephasing rate of the first IPS was determined from a line width analysis
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2012a).
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Chapter 5. Graphene on noble-metal and on silicon-carbide substrates

as illustrated in the inset of Figure 5.5 (a). The peak shapes were deconvolved into a
Gaussian contribution representing an experimental resolution of 58 meV and a Lorentzian
contribution which depends on the pump-probe delay in 2PPE (Wolf 1999; Boger 2002).
From comparison to a simulation based on the optical Bloch equations (Boger 2005) a
pure dephasing rate of ≈10 meV is found, which is a factor 2...3 larger than the one of
the n = 1 state of Cu(100), although the decay rates are similar in both systems (Weinelt
2002; Boger 2005). Consistently, quantum beats between higher-lying IPSs of Cu(100) are
observed even picoseconds after the initial excitation (Höfer 1997). The faster loss of the
phase coherency of the IPS of graphene/Ir(111) compared to Cu(100) may be attributed
to the presence of the periodic superstructure on the one hand and to the presence of an
additional band at a similar energy on the other hand. The mean free path of an electron
in the image-potential state is 1

~

〈
dE
dk

〉
k
τ ≈ 35 Å, where 〈...〉k denotes the average over k

values within the first moiré Brillouin zone. This value is similar to the size of the supercell
(25 Å (N’Diaye 2008)). Thus within its lifetime the image-potential electron passes about
one single high and one low area of the superstructure, which act as defects and can reduce
the the phase coherence. In addition, quasi-elastic scattering may occur between the first
image-potential state and an additional band, which will be the subject of the following
paragraph.

As shown in Figure 5.5 (a), the decay rate of the first IPS increases steeply with en-
ergy within the lowest 100 meV from the band minimum, corresponding to a k|| range
of ≈0.15 Å. At higher energies the slope is decreased significantly. The additional scatter-
ing channel in the proximity of the minimum can be attributed to a second, flat unoccupied
band in this energy region. The lineshape of the n= 1 image-potential state at ≈0.7...1.3 eV
kinetic energy in the EDCs in Figure 5.5 (b) becomes increasingly asymmetric at polar
angles θ ≥ 20◦. At θ= 40◦ a second peak is resolved. At polar angles below 15◦, corre-
sponding to k|| =0.15 Å, the feature merges into the n = 1 state. Monochromatic 2PPE
observes the unoccupied state at a similar binding energy (Dadap 2011), supporting the
interpretation as an intermediate state.

A possible origin of the flat band is the localization of image-potential states on corru-
gated regions of the surface as observed on graphene/Ru(0001) (Armbrust 2012). However,
the corrugation of graphene/Ir(111) is significantly smaller than on Ru(0001) (Busse 2011;
Moritz 2010). Moreover, the periodic potential of the superstructure is expected to give
rise to umklapp processes. No indication of a resulting band gap opening is observed
within the experimental uncertainties. A splitting of the IPS series into states of even and
odd symmetry like expected in case of free-standing graphene (Silkin 2009; Bose 2010)
may also be considered, but seems very unlikely, as the underlying symmetry is broken by
the metal substrate. Revealing the nature of the additional band is a concern of ongoing
research (Nobis 2013b).
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Figure 5.5.: (a) The observed decay rate of the first IPS of graphene/Ir(111) increases steeply
in energy in the proximity of the band minimum. (b) The additional flat band marked by the
arrow is observed at polar angles >20◦ in the energy distribution curves. The large slope in (a) is
either caused by the superposition of signal from both states or by scattering between them on the
surface. The inset in (a) illustrates the line width analysis of the first IPS. From comparison to the
simulation (Boger 2004) a dephasing rate of ≈10 meV is estimated.

5.2.3. π-band structure of graphene/Ir(100)
While the growth of graphene/Ir(111) is a well-understood process (Nieuwenhuys 1976;
N’Diaye 2006; Gastel 2009; Hattab 2011; Hattab 2012) and the resulting, almost defect-
free graphene was studied using various techniques (Coraux 2009; Pletikosić 2009; Gastel
2009; Busse 2011; Langer 2011), only little preliminary work has been performed on
graphene/Ir(100) (Ferstl 2010; Ferstl 2011). A key method giving information on the
electronic structure is angle-resolved photoelectron spectroscopy (ARPES). The experi-
mental band structure recorded at a photon energy of 55 eV is shown in Figure 5.6 (a),
whereas in (b) the first derivative of the spectra with respect to energy is given. The square
symmetry of the (100) crystal face results in the formation of two symmetry-equivalent
domains, which are rotated by 90◦ with respect to each other. Hence, contributions of the
ΓM direction of one and the ΓK direction of the second domain are overlaid in the data.
Fits to energy distribution curves find the minimum of the prominent band at −8.03 eV at
Γ and a local maximum at −2.45 eV at about 1.54 Å−1. In the proximity of the Fermi level
EF it develops a narrow lineshape and a linear dispersion, until it crosses EF at≈1.65 Å−1.
The dispersion is the same at a photon energy of 40 eV (not shown). Thus the band is
assigned to a surface feature, namely to the π band of graphene.

As a model dispersion, the tight-binding band structure of Equation 2.1 (Wallace 1947)
was fitted to the Γ and M high symmetry points. Fixing the lattice constant to the literature
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Figure 5.6.: (a) In ARPES data of graphene/Ir(100) signals from the ΓK and ΓM high symmetry
directions are overlaid because of the fourfold symmetry of the substrate. The tight-binding band
structure (Wallace 1947) along both directions is shown together with the first derivative of the
spectra in (b). The crossing between the additional linearly dispersive feature and the original
π band at 1.58 Å is assigned to the zone boundary of the moiré supercell.

value (Geim 2007) and neglecting the overlap matrix element results in a transfer matrix
element of 2.79 eV, in agreement with previously reported values (Reich 2002). The Dirac
point is found 0.34 eV above the Fermi level. P -doping occurs also in graphene/Ir(111),
where the Dirac point is located at 0.1 eV (Pletikosić 2009). Due to the p-type doping, the
Dirac point is not accessible by ARPES. Its position at 0.34 eV therefore gives an upper
limit of a possible band gap occurring in MLG/Ir(100). Nevertheless, the linearity of the
π band up to the Fermi level suggest a smaller value.

The tight-binding π bands along the ΓK and ΓM direction are plotted as green and
black curves in Figure 5.6 (b). There is reasonable agreement for E−EF <−2 eV and the
linearly upward-dispersing branch just below the Fermi level is well described. However,
an additional branch of opposite slope that crosses the π band at 1.58 Å−1 (0.12 Å−1 from
the K point) appears at photon energies of both 40 eV and 50 eV. No surface states or
downward-dispersing bulk bands of Ir(100) are expected at this energy (Lerch 2006). The
feature can rather be assigned to an umklapp of the original π band at the zone boundary
which arises from the superstructure of graphene/Ir(100). The estimated periodicity
of π/0.12Å

−1
= 26 Å is consistent with the value of 22 Å found in scanning tunneling

microscopy (Ferstl 2011), since the relative error in each of the experiments amounts
to 10%. Moiré structures of graphene on other metal surfaces cause similar umklapp
effects (Pivetta 2005; Pletikosić 2009; Marchenko 2012; Ulstrup 2012; Katsiev 2012;
Sánchez-Barriga 2012a). No minigap opens at the zone boundary within the experimental
resolution of 90 meV.
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5.2 Surface states of graphene on iridium

The occurrence of a second Dirac cone of different periodicity is supported by the
massive corrugation of the moiré structure observed in STM (Ferstl 2011). In a speculative
model, the corrugation could arise from thermal stress, causing a bending of graphene per-
pendicular to the stripes of the moiré, which would ultimately result in reduced periodicity
along the surface.

5.2.4. Image-potential states of graphene/Ir(100)
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Figure 5.7.: 2PPE intensity map of the image-
potential states of graphene/Ir(100).

Angle-resolved two-photon photo-
emission data of graphene/Ir(100) which
were recorded using the display analyzer
are shown in Figure 5.7. The first two
image-potential states are resolved. The
bands seem broadened, and experiments
using the hemispherical analyzer with better
resolution reveal an asymmetric lineshape,
as shown by the energy distribution curves
in Figure 5.8 (a). Despite two distinct
peaks are not resolved, the EDCs are
well described by a sum of two Voigtian
functions with an equidistant spacing of
0.14 eV almost independent of k||.

Furthermore, the work function varies from preparation to preparation between 4.75 eV
and 4.92 eV. A reliable position of the vacuum level can not be extracted, and energies
of the IPSs are therefore given with reference to the Fermi level. From fits to the data,
two n = 1 parabolas are found at 4.00 eV and 3.86 eV with effective masses of 0.9 free
electron masses as displayed in Figure 5.8 (b).

The appearance of two image-potential states and the varying work functions are in-
dications of the presence of two different surface modifications. Actually scanning tun-
neling microscopy (STM) images show areas of flat graphene as well as areas with a
one-dimensional, stripe-like moiré (Ferstl 2011). The latter have a periodicity of 22 Å and
the apparent corrugation is several Ångström. Although the intensity of the resulting super-
structure spots in LEED patterns depends strongly on details of the sample preparation,
flat and corrugated regions are always found side by side in STM images (Ferstl 2010).
Hence, the surfaces under investigation are presumably composed of slightly varying
contributions of both modifications. The different work functions observed in the photo-
emission experiment are an average over the entire illuminated surface of slightly varying
composition (Fischer 1993). The image-potential states on the other hand are localized on
individual patches and pinned to the referring local work function (Fischer 1993), giving
rise to the observed double series. Consistently, the n = 2 state exhibits a qualitatively
similar line shape as the n = 1 state, although a reliable quantitative line shape analysis is
complicated by the lower photoemission intensity.
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resulting dispersion is shown in (b).

Attempts to prepare the pure phases were not successful. Therefore the determination of
the local work functions as well as an assignment of the two members of the double series
to one of the phases is not possible. Nevertheless, the absence of clear moiré superstructure
spots in the LEED patterns under the applied preparation conditions suggests minor
contributions from corrugated areas. Hence the assignment of the dominant high-energy
peak to flat graphene is plausible.

5.3. Graphene on various substrates

The doping level of the graphene on different substrates and its influence on the binding
energies of image-potential states will be studied systematically in this chapter by a
comparison of bichromatic two-photon photoemission data from monolayer graphene
grown on different substrates.

The dispersion of the image-potential states of several systems are shown in Figure 5.9.
Experiments on (a) graphene/Pt(111) were conducted using the Omicron hemispherical
analyzer (Nobis 2013a; Nobis 2012; Nobis 2011), on (b) graphene/Au/Ni(111) with the
ellipsoidal display analyzer (Nobis 2013a; Potenz 2012) and (c) 2PPE on MLG/SiC(0001)
was performed in the setup at Max-Born-Institut, Berlin (Gugel 2011; Gugel 2011). For
experimental details see Section 5.1.3 and corresponding References. In the first two setups
pump and probe photon energies of 4.65 eV and 1.55 eV were applied, in the latter they
amounted to 4.13 eV and 2.1 eV. The two-dimensional momentum distribution patterns
recorded with the display analyzer were averaged along the azimuthal direction.
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Peak positions were determined by fitting a single Voigtian function to each IPS in the
energy distribution curves. By this approach, all EDCs are well-described including the
ones recorded on graphene/SiC(0001). No low-energy shoulder of the image-potential state
like in case of graphene/Ir(100) is observed, see also Figure A.5. The resulting dispersion
curves are well described by a single parabolic band. The intensity distribution of the n = 1
state of Pt(111) is dominated by a resonance between the IPS and a bulk sp band edge, yet
without significant influence on the parabolic dispersion (Nobis 2013a). Binding energies,
effective masses and work functions are summarized in Table 5.2.

Time-resolved spectra of the first image-potential states of the systems under investi-
gation are given in Figure 5.10. Spectra from graphene/Ir(100) were recorded with the
hemispherical analyzer, for the other materials the same experimental setups were used
as for the energy-resolved data. Except for graphene/Ir(100), lifetimes were extracted by
fitting Equation A.1 to the data. In case of graphene/Au/Ni(111) and graphene/Ir(100),
spectra of the n = 1 image-potential state are overlaid by a background resulting from IR-
pumped processes. The IR-pumped contributions in the spectrum of graphene/Au/Ni(111)
were accounted for by a corresponding component in the fit. The time-resolved spectrum
of the n = 1 state of graphene/Ni(111) is dominated by the IR-pumped process. Moreover,
the pulse shape is not Gaussian as assumed in Equation A.1. Therefore lifetimes were
determined by fitting a single-exponential decay to the data at pump-probe delays ≥ 140 fs.
The lifetimes obtained from the fits are listed in Table 5.2.

5.3.1. Changes in work function and doping of graphene by the
substrate

The work function of the different surfaces is directly obtained from the low-energy cutoff
of the photoemission spectra. The measured work functions of graphene on various
substrates are displayed in Figure 5.11. As the work function of Au/Ni(111) was not
measured and is not available in the literature, the value of Au(111) (Reuß 1996) is assumed.
This value may be considered as a good approximation, since the difference between the
work functions of Au(111) and Ni(111) is only 0.2 eV. However, gold on Ni(111) grows
in a 9×9 superstructure (Jacobsen 1995) which may slightly modify the work function
compared to the herringbone-reconstructed clean Au(111) surface (Perdereau 1974; Wöll
1989).

When free-standing graphene is attached to a metal substrate in a gedanken experiment,
the work function difference ΦSubstrate−Φgraphene between the two systems drives a charge
transfer, which ultimately determines the work function Φ of the combined system. The
phenomenological capacitor model described in Section 2.2 relates the charge transfer to
work function differences in a classical approach resulting in Equation 2.2 (Giovannetti
2008; Khomyakov 2009). Within the model, the energetic difference between the vacuum
level and the Dirac point is the work function of free-standing graphene (Giovannetti
2008).
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Chapter 5. Graphene on noble-metal and on silicon-carbide substrates
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Figure 5.11.: Work function Φ of the graphene-
covered surfaces as a function of the work
function of the bare substrate Φsub. The gray
line indicates a calculation using the capacitor
model (Giovannetti 2008; Khomyakov 2009).

Subtracting the position of the Dirac
cones (Bostwick 2007; Varykhalov 2008;
Sutter 2009b; Pletikosić 2009) from the
work functions of graphene/metal gives the
work function of free-standing graphene
Φgraphene= 〈Evac − ED〉= 4.51±0.05 eV in
agreement with the calculated value of
4.5 eV (Wehling 2008; Giovannetti 2008;
Silkin 2009). 〈...〉 denotes the average over
the individual systems. Starting from this
value, a fit of Equation 2.2 to the data
was performed which is depicted by the
gray line in Figure 5.11. The work func-
tion of graphene/Ir(100) was disregarded
because of the experimental uncertainties
described in Section 5.2.4. Notably, the
driving force of charge transfer is modified

to ΦSubstrate − (Φgraphene + 0.97eV ) as a result of hybridization between the graphene
π bands and the metal d states (Giovannetti 2008). The value of 0.97 eV is in good agree-
ment with 0.9 eV obtained from density functional theory calculations (Giovannetti 2008;
Khomyakov 2009). The capacitor distance d= 2.5±0.6 Å is significantly shorter than the
average graphene-metal distance of ≈ 3.4Å (Busse 2011; Sutter 2009b; Varchon 2007;
Filleter 2008; Sławińska 2012), as expected from the localization of the charge between
graphene and the substrate (Giovannetti 2008; Khomyakov 2009).

It may seem surprising that graphene/SiC(0001) is described by the capacitor model, as
charge accumulation on such a short length scale is usually not possible in semiconductors.
However, on SiC(0001) graphene is placed on top of a graphitic buffer layer (Mattausch
2007; Emtsev 2009), which is metallic (Emtsev 2008) and can assimilate enough charge
to reduce the band bending at the surface by 1.3 eV (Ristein 2012). The buffer layer can
therefore be assumed to serve as the second plate of the capacitor.

5.3.2. Screening of the metal substrate from the external charge of
the image-potential state

On metal surfaces, the image-potential states are energetically pinned to the vacuum level,
resulting in a binding energy of 0.85 eV of the first image-potential state (Echenique 1978).
Matching of the IPS to the bulk bands of a distinct metal results in modifications of the
probability density distribution and ultimately in a decrease of this binding energy by a
factor 1/ (1 + a)2. Here, a denotes the quantum defect, which varies between zero if the
IPS is energetically located at the upper edge of a projected bulk band gap and one half at
the lower edge. As a result, binding energies of 0.65 eV (Link 2001a), 0.8 eV (Reuß 1996)
and 0.73 eV are observed on Pt(111), Au(111) and Ir(100). Experimental values for Ir(111)
and SiC(0001) are not available, but within a scattering model (Fauster 1995) binding
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5.3 Graphene on various substrates

energies of 0.59 eV and 0.65 eV are expected when the work function of the graphene-
covered surfaces is included in the calculation. As silicon carbide is distinguished from the
metallic surfaces by being a wide band-gap semiconductor (Philipp 1960), an additional
decrease of the work function by a factor

(
ε−1
ε+1

)2 arises from the large screening length in the
system (Echenique 1978), where ε≈ 10 is the dielectric constant of silicon carbide (Patrick
1970). Within the scattering model, the decrease in work function caused by the graphene
adlayer is expected to lead to reduced binding energies also on the other surfaces, as the
image-potential states are energetically shifted towards the lower band edge.

Before proceeding to a quantitative discussion of the results, one may consider the
influence of the graphene sheet in a classical approach. Doped graphene is metallic with
a high carrier mobility of more than 15000 cm2/Vs (Wu 2009; Li 2010), and electronic
delocalization is ensured by Klein tunneling (Stander 2009), which inhibits Anderson
localization (Anderson 1958). Hence, an electron localized in front of the sheet is expected
to be screened efficiently by a charge redistribution within the graphene as sketched in
Figure 5.12.

electron

E

E = 0

-

Figure 5.12.: Screening of an ex-
ternal charge by a two-dimensional
metallic sheet.

The resulting surface charge density, which is depicted
in blue, is similar to the one on the surface of a bulk
metal filling the half-space to the left-hand side, since
in metals an external charge is also screened on a length
scale close to the interatomic distance. The electric fields
are the same as described in Section 4.4 for the latter
case: While the electric field in the half-space to the
right-hand side can be described by the presence of an
image charge, the space to the left-hand side becomes
field-free. A metal placed on this side will hence not
undergo a charge redistribution. The metal is screened
from the external charge by the graphene layer.

Binding energies of the n = 1 state E1, work func-
tions Φ and the position of the respective Dirac points
ED (Bostwick 2007; Pletikosić 2009; Sutter 2009b; Marchenko 2011) are depicted in
Figure 5.13. In all investigated systems, the binding energy of the image-potential state
with respect to the vacuum level Evac − E1 is increased after deposition of graphene.
In contrast, a slight decrease due to the reduced work function is expected within a
scattering model that matches the IPS to the bulk bands (Fauster 1995). Except for
graphene/SiC(0001), the experimental values for Evac − E1 are close to the average of
0.77 eV, which is indicated by the blue dotted line in Figure 5.13. This finding suggests that
the image-potential state is widely decoupled from the bulk band structure of the substrate
by the graphene adlayer.

In addition, the average energetic position of the n = 1 state with respect to the Dirac
point E1 − ED is indicated by the red solid line. With respect to this reference level,
the first image-potential state of graphene on the metal substrates has a fixed energy
of 3.70±0.03 eV. In MLG/SiC(0001), the energy of the n = 1 state is slightly lower
(E1−ED = 3.61 eV). Its constant energy independent of the metal substrate indicates that
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Figure 5.13.: Dirac point energy ED, binding energy of the first IP state E1 and work function Φ
of graphene on different substrates. Blue and red lines depict an energetic distance
Φ−E1= 0.77 eV and E1−ED= 3.70 eV.

the image-potential state is pinned to the band structure of the graphene layer. The energy
difference to ED of 3.7 eV is between the calculated positions of the symmetric 1+ and
the antisymmetric 1− state of free-standing graphene (Silkin 2009). In the presence of
the metal substrate, the mirror symmetry which gives rise to the double-series of image-
potential states of free-standing graphene is broken, and the IPS of graphene/metal is a
superposition of the states of both parities. At a graphene/metal spacing of ≈ 3.4 Å only
the linear combination which is dominated by contributions of 1+ keeps a binding energy
close to the case of free-standing graphene (Borca 2010). The 1− state, which is located
farther from the graphene sheet, is strongly affected by spatial confinement and exists no
longer as a bound state as it is shifted above the vacuum level (Borca 2010). Symmetric
and antisymmetric combinations of the 1+-derived state are also the origin of the interlayer
state and the image-potential state of graphite (Posternak 1983; Lehmann 1999; Silkin
2009), on which the n = 1 image-potential state is also located 3.7 eV above the touching
point of the π and π∗ bands (Fauster 1983; Reihl 1986; Schäfer 1987; Lehmann 1999).

The interpretation of the image-potential states as graphene-induced states is further
supported by the measured lifetimes. They are listed in Table 5.2, time-resolved spectra
are shown in Figure 5.10. IPS lifetimes of graphene on Pt(111), Au/Ni(111) and Ir(100)
are similar (τ2= 65 fs...75 fs) despite the different underlying bulk band structures. In
graphene/Ir(111), which forms well-ordered domains of more than 1µm size (N’Diaye
2009), even longer lifetimes are observed (τ2= 114 fs). These findings are consistent with
an efficient screening of the external charge and suggest decoupling of the IPS from the
substrate, whereas scattering is enhanced by defects in the graphene layer. Data for the
bare substrates are only partly available. As far as there are, e. g. for Pt(111) and Ni(111),
lifetimes are increased in the graphene/metal system compared to the ones on the bare
metal surface.
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5.3 Graphene on various substrates

A slightly deviating binding energy is found for graphene/SiC(0001), and also the
lifetimes of the image-potential states are significantly reduced in this system as com-
pared to graphene on metal substrates. Imperfect screening of an external charge in
front of graphene/SiC(0001) was observed in scanning tunneling spectroscopy (Sandin
2010), and attributed to charged-impurity scattering, which is the dominant scattering
channel in graphene (Jang 2008; Chen 2008; Chen 2009a). The unique binding energy of
graphene/SiC(0001) and the high decay rate of the image-potential states support this inter-
pretation. In contrast, in the presence of metal substrates, charged impurities are screened
on a length scale given by the distance between the metal surface and the graphene ad-
layer (Newns 1969; Lang 1973; Echenique 1978), which is ≈ 3.4Å (Busse 2011; Sutter
2009b; Varchon 2007; Filleter 2008; Sławińska 2012).

The finding, that the metal substrate is screened efficiently from the external charge by
the graphene layer is supported by theoretical considerations. The Thomas-Fermi length
λTF , which is the characteristic screening length of an external Coulomb potential in a
Fermi liquid, is given by the density of states of a three-dimensional metal at the Fermi
level D(EF ) as λ−2TF = 4πe2D(EF ) and amounts to 0.55 Å in copper (Kittel 2005). In
case of undoped graphene at zero temperature, the vanishing D(EF ) is expected to inhibit
screening of external charges, and the 1/r dependence of the external Coulomb potential
is maintained (Ando 2006; Terekhov 2008; Neto 2009; Kotov 2012). When the Fermi
level does not coincide with the Dirac point, however, screening occurs on a length scale
λ−1TF = 4αEF/vF as long as the external charge does not exceed a critical magnitude, which
is not the case for a single elementary charge (Terekhov 2008). Here, α = e2

4πε0vF
= 2.2 is

the "fine structure constant of graphene" and vF ≈ 6.5 eV Å is the Fermi velocity. Doping
levels in the range |ED − EF | = 0.45...0.1 eV give λTF = 1.6...7.4 Å. Although these
values are one order of magnitude larger than in case of copper, they are close to the
distance of ≈ 2 Å between the maximum of the n = 1 wave function and the graphene
layer (Silkin 2009). The latter defines the lateral screening length of the external charge in
a classical model, which can be reached within the graphene sheet. Calculations (Visscher
1971) and experiments (Sun 2010) on "multilayer graphene" indicate that the charge
screening length perpendicular to the surface coincides with the interlayer spacing, and
that the external charge is hence mostly screened within the first graphene layer.
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5.4. Discussion
2PPE experiments of image-potential states of van-der-Waals bound graphene on Ir(111),
Ir(100), Au/Ni, Pt(111) and SiC(0001) indicate efficient screening of the metal substrate
from an external charge by a graphene layer. The result is the constant energetic position
of the n = 1 state 3.7 eV above the Dirac cone, almost independent of the substrate. Slight
deviations occur only in case of graphene/SiC(0001), probably as a result of incomplete
screening as also observed in STS (Sandin 2010).

As a result of the symmetry breaking by the substrate, a single series of image-potential
states is found, differently to the case of free-standing graphene (Silkin 2009). In contrast
to 2PPE measurements, STS dI/dV spectra of graphene/SiC show an additional feature
energetically close to the n = 1 IPS (Bose 2010; Sandin 2010). However, it does not
give rise to a clear peak in dI/dZ spectra (Lauffer 2009), as would be expected from the
localization of an IPS in front of the surface (Bose 2010). The absence of an energetic
splitting due to the corrugation of the graphene layer caused by graphene-substrate inter-
action as observed on graphene/Ru(0001) (Armbrust 2012) supports the assumption of
weak binding. This interpretation is also confirmed by the observed charge transfer between
graphene and the substrate. The doping level of graphene is described within a classical
capacitor model (Giovannetti 2008), giving a "chemically induced" shift of the work
function of ∆c = 0.97 eV and an effective capacitor distance of 2.5 Å. These values are
independent of the individual substrate in agreement with calculations (Khomyakov 2009),
giving evidence of the absence of significant covalent bonding. Moreover, the lifetimes
of image-potential states are similar in all systems under investigation(τ2= 65...75 fs), but
significantly reduced in graphene/SiC(0001), resembling the imperfect screening in this
system. Furthermore, the underlying buffer layer is known to exhibit a higher surface
roughness compared to the other substrates (Lauffer 2008).

Particular attention was paid to graphene on Ir(111) and Ir(100). Growth on the former
substrate leads to the formation of large and well-ordered graphene domains of macroscopic
size (Gastel 2009) and TPG be used to cover the surface with nanometer-sized graphene
islands (Coraux 2009; N’Diaye 2009). From the coverage-dependence of the work function
and the n = 1 binding energy, localization of the IPS on the islands was demonstrated.
Probably as a result of high crystalline quality, lifetimes of IPSs are enhanced compared to
the other systems under investigation. Thus the lifetimes of image-potential states seem
rather affected by the quality of graphene than by the band structure of the underlying
substrate. In addition to the n = 1 state, an additional flat band is observed at similar
energy. Its origin is not fully clarified and subject of recent research (Nobis 2013b).

In contrast, few studies deal with the growth of graphene on the square Ir(100) surface.
Two distinct structures occur in LEED and STM experiments. One of them is characterized
by a strong corrugation of the graphene adlayer (Ferstl 2011; Ferstl 2010). In 2PPE,
preparation-dependent variations in the work function and two series of IPSs were found,
supporting the presence of two different surface modifications. ARPES measurements
show the characteristic π-band structure of graphene. The dispersion is linear in the
proximity of the Fermi level, the Dirac point is not observed due to p-type doping. An
additional linearly dispersive feature is observed in the proximity of the Fermi level, which
is attributed to umklapp processes in the periodic potential of the superstructure.
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6. Unoccupied surface states of
topological insulators

As described in Section 3, topological insulators form a new quantum state of matter:
While they are bulk insulators, they exhibit a metallic, spin-polarized surface state forming
a Dirac cone (Kane 2005; Fu 2007a). Two-photon photoemission (2PPE) may prove to
be the ideal tool to study the dynamics of charge and spin carriers in this characteristic
state. Like angle-resolved photoelectron spectroscopy (ARPES), 2PPE provides access to
the dispersion of surface states. The low photon energies which are typically used result
in a good momentum resolution even if the experimental setup provides only moderate
angular resolution. In addition, through the pump-and-probe scheme described in Section
4.3, 2PPE allows to detect electrons in excited states and to follow their dynamics in the
time domain.

Most topological insulators available at present are intrinsically electron-doped (Zhang
2009a). This fact allows detailed studies on their equilibrium electronic structure using
ARPES. However, only hole excitations, but no electron excitations are possible in the
proximity of the Dirac point. For investigations on the dynamics of the spin-polarized
Dirac electrons it is essential to have systems exhibiting no or p-type doping. Scattering
rates extracted from such experiments and insight into the underlying mechanisms may
also be of interest for future applications.

In this chapter, two complementary routes giving access to unoccupied topological
surface states will be presented. After commenting on specific experimental details in
Section 6.1, bismuth chalcogenides will be the topic of Section 6.2. In these systems,
a second Dirac cone is found approximately 1.4 eV above the Fermi level in addition
to the occupied conventional one. The topological character of this state is clarified by
circular dichroism and comparison to density functional theory calculations. Second, in
Section 6.3 experiments on a p-type topological insulator, SnSb2Te4, will be presented.
Thus, time-resolved experiments on the dynamics of electrons in the topological surface
states become possible and first results will be presented.

6.1. Experimental details

6.1.1. Sample preparation
As described in Section 3.2, the topological insulators under investigation have a layered
atomic structure which is made up of covalently-bound quintuple or septuple layers which
are separated by a van-der-Waals gap. This allows simple preparation of well-defined clean
surfaces by cleaving.

59



Chapter 6. Topological Insulators

The single steps of the cleaving process are illustrated in Figure 6.1. Usually the material
was received as a part of a cylinder as shown in Figure 6.1 (a) with a diameter of ≈1 cm
and a length of several centimeters. This shape is the result of growth in an ampoule
in a modified Bridgman-method, see e. g. References Kokh (2005), Bekker (2005) and
Bianchi (2010). The c-axis is aligned perpendicular to the cylinder axis. The surface with
a minimum density of macroscopic steps, which is usually oriented normal to the c-axis,
has to be identified. Using a scalpel, the face side of the cylinder is then slightly penetrated
parallel to this surface and single slices of ≈1 mm thickness as shown in Figure 6.1 (b) are
broken off. These slices are cut into pieces with lateral dimensions of ≈ 6× 6 mm2. The
resulting samples are fixed on a copper baseplate using conductive epoxy glue (Epo-Tek
E4110) and mounted on a sample holder as illustrated in Figure 6.1 (c). The baseplate
allows for ex-situ azimuthal alignment after the initial orientation has been determined
using low-energy electron diffraction (LEED). This kind of orientation is necessary for
circular dichroism measurements in the display analyzer setup as discussed in Section
6.2.1. In the second photoemission setup, azimuthal alignment is possible in situ.

The ultimate cleaving step is conducted under vacuum conditions using adhesive
tape. Therefore the sample holder is mounted onto the cleaving mechanism shown
in Figure 6.1 (e) containing a linear motion drive. Adhesive tape (Tesafilm 57329) is
fixed to the sample surface and a stationary part of the cleaving mechanism as shown in
Figure 6.1 (d). After installation to the load lock of the ultrahigh vacuum (UHV) chamber
it is evacuated to a pressure below 10−5 Pa in case of the display-analyzer setup and 10−6 Pa
in case of the hemispherical analyzer setup. These numbers were estimated from the rise
of the base pressure in the UHV chamber when opening the load lock. Finally the sample
is cleaved by retracting the linear shift and drawing off the adhesive tape with the topmost
layers of the topological insulator material sticking to it. Transfer to UHV (base pressure
below 10−8 Pa) where the sample is cooled to 90 K for measurements takes place within
less than one minute.

Within the scope of this work, Bi2Se3 crystals from three different collaborating groups
were obtained. In Figure 6.2 LEED patterns recorded on different samples are presented.
All samples (Group of Prof. Dr. Philip Hofmann, Aarhus, Denmark, not shown; Prof. Dr.
Oleg E. Tereshchenko, Novosibirsk, Russia, Figure 6.2 (a); Prof. Dr. Nazim Mamedov,
Baku, Azerbaijan, Figure 6.2 (b)) delivered almost identical photoemission results, apart
from slightly different levels of doping. As cleaving of the samples from Novosibirsk
usually resulted in the most homogeneous macroscopic surfaces, most experiments were
carried out on them and the presented data were measured on these samples.

In addition, LEED patterns of Bi2Te3, Bi2Te2Se and Sb2SnTe4 are shown in Figure
6.2 (c-e). All materials exhibit a single-crystalline structure with a hexagonal surface mesh
of threefold symmetry. The M ΓM ′ mirror plane can immediately be identified from the
LEED patterns.
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a cb

d e

Figure 6.1.: Different stages of sample preparation. (a) The as-grown crystal exhibits a slate-like
structure that allows to break off slices as shown in (b). After segmenting into smaller pieces
and gluing to a rotable copper-baseplate (c), samples are cleaved under vacuum conditions after
attaching adhesive tape (d) using the cleaving mechanism shown in (e).

79 eV 

65 eV 

60 eV 

40 eV 

a c60 eV 
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Bi Se2 3

Bi Se2 3

Bi Te Se2 2

Sb SnTe2 4Bi Te2 3

b

Figure 6.2.: (a, b) LEED diffraction patterns from different specimens of Bi2Se3 (see text).
(c, d) Diffraction patterns of the additional bismuth chalcogenide crystals under investigation.
(e) Sb2SnTe4, a ternary p-type topological insulator.
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6.1.2. Details of photoemission experiments
Experiments on all systems under investigation were carried out in both experimental
setups introduced in Section 4.5 resulting in consistent photoemission data.

The display-type analyzer allows to monitor the dispersion of surface states through
the complete accessible range of the Brillouin zone quickly and without any changes in
the geometry of the setup. It was used to check the occupied part of the band structure
of bismuth chalcogenides for the conventional Dirac cone close to the Fermi level. If
necessary, surfaces were scanned for regions consisting of a single crystal domain giving
rise to a single Dirac cone in ARPES. Due to the large acceptance cone, tilts in sample
mounting can be determined after identifying the direction of normal emission in the
two-dimensional momentum distribution patterns. The respective tilts were accounted
for during data evaluation. Moreover, two-dimensional circular dichroism patterns were
recorded containing the crucial direction of parallel momenta of photoelectrons perpen-
dicular to the plane of incidence of the laser beam. Apart from rotating the polarization
of the laser light, no changes in the setup have to be performed during these experiments,
i. e. the angle of incidence of the the laser beam and the illuminated sample area do not
change.

High-resolution measurements were conducted using the hemispherical-analyzer setup.
Besides the improved angle and energy resolution, the associated laser system is equipped
with thinner optical crystals and additional prism compressors resulting in a shorter cross
correlation trace of 70 fs as compared to the display-analyzer setup (≈200 fs) improving
also the temporal resolution. On the other hand, care has to be taken of sample alignment
due to the narrow entrance slit (1.2 ◦) of the analyzer. For angle-resolved measurements
covering a wide range of the surface Brillouin zone, the wanted high-symmetry direction
was oriented parallel to the plane of measurements according to LEED diffraction patterns.
For close-ups of the cone-shaped surface state, samples were rotated stepwise along the
azimuthal direction and ARPES data were recorded thus ensuring that the Γ high symmetry
point is included in the measurements. 2PPE experiments were subsequently performed in
the identical experimental geometry.

Monochromatic photoemission experiments were performed on bismuth chalcogenides.
Photon energies were 4.65 eV with a respective wavelength of 267 nm in 2PPE and 6.2 eV
(200 nm) during ARPES measurements. On p-type topological insulators bichromatic
2PPE was conducted at photon energies of 1.63 eV and 4.89 eV. All beams were p-polarized
if not stated otherwise. Circular polarization was achieved by inserting a λ

4
-waveplate into

the path of the UV-beam.

6.1.3. Sample characterization by angle-resolved photoemission

6.1.4. Sample degradation after cleaving
Bismuth chalcogenides are known to exhibit intrinsic n-type doping (Xia 2009; Chen
2009b). Indeed, the amount of doping in the surface region may increase after exposure to
air or, in some cases, to residual gas under UHV conditions. The effect is most pronounced
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Figure 6.3.: (a) Evolution of the Dirac cone of Bi2Se3 after cleaving. Differences in the photo-
emission spectra are within the statistical variations between various areas of the sample as shown in
(b). (c) Changes in the work function of p-type samples after cleavage. Photoemission experiments
were usually performed after saturation of these initial effects.

and was studied in detail on Bi2Se3 (Bianchi 2010; Analytis 2010a). Initial doping was
attributed to Se vacancies (Horák 1990). Water was shown to dissociate at the selenium-
terminated surface, forming hydrogen diselenide gas which leads to an increase in the
density of selenium vacancies (Benia 2011). Formation of bismuth oxide was suggested as
another source of surface degradation (Kong 2011).

In order to monitor these effects, the evolution of the occupied Dirac cone of Bi2Se3
during several hours after cleavage is shown in Figure 6.3 (a), resembling the typical time
interval for two-photon photoemission experiments. Note, that the sample azimuth was
varied between the experiments. This may change photoemission intensities, and the Γ
point is not necessarily included in the measurements. Irrespective of this, work function
and position of the Dirac point do not change during the three hours of measurements as
demonstrated in Figure 6.3 (b). Small variations are within statistical errors and can be
attributed to slightly inhomogeneous doping of the sample. At most, a shift of the Fermi
level and a decrease of work function by ≤10 meV takes place as estimated by linear fits
to their temporal evolution.
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Chapter 6. Topological Insulators

This situation is qualitatively the same in case of Bi2Te3 and Bi2Te2Se. No detectable
changes in the photoemission spectra from these tellurium-terminated surfaces were
observed during several hours of measurements. Only after one day under UHV conditions,
the work function decreased by≤100 meV and a downshift of the surface state by≤20 meV
was found (Hermann 2012). In conclusion, 2PPE experiments were performed on stable
bismuth chalcogenide surfaces.

However, the surfaces of the studied p-type topological insulators based on antimony
and tellurium constituents are not as stable. Figure 6.3 (c) demonstrates the evolution of
the work function after preparation. Within a few hours, it decreases by at least 0.5 eV.
Corresponding changes in the p-doping of the surface states can hardly be tracked because
of the longer measuring time of 2PPE compared to conventional ARPES. Notably, the
laser beam tends to accelerate or even causes the changes in case of Sb2SnTe4 as can
be deduced from Figure 6.3 (c): Focusing to positions of the sample that had not been
illuminated before leads to an increase of the observed work function, which is quickly
settled after irradiation. In order to ensure stable conditions during 2PPE measurements,
they were conducted after saturation of the initial changes. This occurs within a few hours
after cleavage, while the exact time constants depend on the experimental setup utilized
and variations from cleave to cleave.

6.1.5. n-type doping of Bismuth Chalcogenides

Figure 6.4 shows ARPES data from Bi2Te2Se (a), Bi2Se3 (b) and Bi2Te3 (c) together with
results of density functional theory (DFT) calculations (d-f) on these systems (Niesner
2012b). Details of the calculations can be found in Reference Niesner (2012b). In
the proximity of the Fermi level, the experimental band structures reveal two linearly
dispersing branches with a crossing point at the Γ point. As displayed in Figure 6.4 (g),
two-dimensional momentum distribution patterns (MDCs) show an isotropic dispersion
with slight hexagonal warping several hundred meV above the crossing point. These
findings are in agreement with the literature (Chen 2009b; Hsieh 2009a; Ren 2010;
Miyamoto 2012; Neupane 2012) and the present calculations, thus indicating that the
samples exhibit the topological surface state giving rise to the observed linearly dispersive
feature.

The energetic positions of the Dirac points in experiment and calculation differ especially
in case of Bi2Se3 because of intrinsic n-type doping by defects (Bianchi 2010), see also
Section 6.1.4. Distinct levels of doping are found for the different Bi2Se3 crystals, namely
the Dirac point is found at Eocc=−0.39 eV (−0.29 eV) on sample c (d) referring to the
labeling in Figure 6.2 in Section 6.1.1. In case of Bi2Te2Se an inhomogeneous level of
doping within the same macroscopic crystal was found with Eocc varying from to cleave to
cleave between −0.1 eV to −0.4 eV in agreement with Reference Neupane (2012). The
position of the Dirac point of Bi2Te3 at −0.13 eV is highly reproducible and in good
agreement with the calculations.

In order to account for varying doping levels, ARPES was always used after sample
preparation to determine Eocc individually prior to two-photon photoemission experiments.
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Figure 6.4.: ARPES data recorded at 6.2 eV photon energy on the conventional, occupied Dirac
cone of the bismuth chalcogenides under investigation (a-c) and comparison to the calculated band
structure (d-f) (Niesner 2012b; Chulkov 2012). While the surface band structure of Bi2Te3 and
Bi2Te2Se are well reproduced by calculations, additional band bending occurs on the surface of
Bi2Se3 (Bianchi 2010). (g) demonstrates the evolution of the Dirac cone of Bi2Se3 with energy.

The discrepancy between experiment and theory due to doping can be accounted for by
a rigid shift of the calculated band structure in order to match the positions of the Dirac
points. In the given figures, the original energetics of the calculation are reflected.

6.2. Higher-lying topological surface states of
bismuth chalcogenides

6.2.1. Identification by spectroscopic methods

Figure 6.5 (a) illustrates the result of monochromatic two-photon photoemission experi-
ments on Bi2Te2Se covering a wide range of energy and parallel momentum. For com-
parison, the related parts of the unoccupied and occupied part of the calculated band
structure (Niesner 2012b) are given in Figure 6.5 (b) and (c). Therein purple-shaded
regions represent bulk bands, whereas red dots mark electronic states with an increased
localization in the topmost atomic quintuple layer. Energies of the initial states in Figure
6.5 (c) were shifted by the pump photon energy (4.65 eV) in order to match the energy
scales of (a) and (b).
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Figure 6.5.: (a) Monochromatic 2PPE survey spectrum of the unoccupied part of the band structure
of Bi2Te2Se recorded at 4.65 eV photon energy. Four conduction bands as well as an image-
potential state (IPS) or IPS-derived interlayer state are found in agreement with the calculations in
(b) (Niesner 2012b). The position of the unoccupied topological surface state is indicated by the
arrow labeled "TSS". Comparison to the occupied part of the band structure (c) demonstrates that
the dispersion of the initial states does not significantly influence the 2PPE spectra. The energy
scale to the left-hand side of (c) was shifted by the pump photon energy in order to match the
energy scale of the experiment.

All features observed in experiment can be attributed to corresponding unoccupied
bands in the calculation. The predominantly downward dispersing initial states are not
observed in the spectra. Hence, 2PPE probes intermediate states in the unoccupied part of
the band structure rather than initial states below the Fermi level. Notably, surface states
and resonances in the calculation coincide widely with regions of enhanced intensity in the
measured data. This fact may be considered as an indication of high surface sensitivity in
the 2PPE experiment as was also found in earlier experiments (Wallauer 1995; Knoesel
1995). The agreement between the angle-resolved 2PPE data and the calculated band
structure is of similar agreement for the other topological insulators under investigation,
see Figures A.6 and A.7.

In the following, the discussion will focus on the energetic region ≈1...2 eV above
EF in the close proximity of the Γ point. Attention is drawn to the state marked by
the arrow labeled "TSS" in Figure 6.5 (a). It will be found to be an empty topological
surface state residing in a local bulk band gap. In Figure 6.6 (b) high-resolution data of the
corresponding part of the Brillouin zone are shown. From the calculated band structure in
Figure 6.6 (a) a bulk band gap is expected at the Γ point at E − EF = 1.55 eV with a total
size of ≥100 meV. In experiment, no indication of a band gap is observed within the best
available experimental resolution of 23 meV. Instead, the 2PPE spectra can be explained
taking into account the surface electronic structure as obtained from slab calculations. It
reveals a linearly dispersing surface state forming a Dirac cone around the center of the
Brillouin zone. As observed in experiment, this surface state bridges the bulk band gap
and evolves into a surface resonance as it approaches bulk conduction bands at higher and
lower energies.

66



6.2 Higher-lying topological surface states of bismuth chalcogenides

-0.1 0.0 0.1

0.4

0.2

0.0

-0.2

DFT
calculation

0.4

0.2

0.0

-0.2

1.2

1.4

1.6

1.8

E
ne

rg
y

 (
eV

)
E

nergy - E
 (eV

)
D

irac

b c

0.3 eV0.3 eV

ΔI  (a.u.)

0.1

0.0

-0.1

0.3eV

hv
k
y

k
x

q

0.0-0.1 0.1

k (Å  )
-1

0.3

0.2

0.1

0.0

-0.1

-0.2

d conventional
Dirac cone
(Wang et al.)

2.0

1.8

1.6

1.4

a
2PPE intensity

+ -
σ -σ 

0.00.1 0.1

-

-0.05

||

0.05

0.00

-0.05

0.05

0.00

0.050.00-0.050.050.00-0.05

Figure 6.6.: Comparison between monochromatic 2PPE data of Bi2Se3 (b) and calculations
(a) (Niesner 2012b) demonstrates that the bulk band gap ≈1.5 eV above the Fermi level is bridged
by a surface state. The circular dichroism pattern (c) exhibits a crossing point at the Dirac point as
expected for a topological surface state and as also found in the calculation, see upper panel of (a).
As can be seen in the upper panel of (c), the circular dichroism pattern evolves into a trigonal shape
at higher energies. A similar dichroism pattern results from the conventional, occupied Dirac cone
(d) (Wang 2011a).

Besides this linear dispersion, a fingerprint of a TSS is the lifting of spin degeneracy
which leads to a helical spin structure with an inversion of the spin orientation at the Dirac
point as pointed out in Section 3. This characteristic is found in calculations as sketched
in the upper panel of Figure 6.6 (a). Experimental evidence is achieved by measuring
circular dichroism using circularly polarized light as described in Section 4.2. Therefore
photoelectron momentum distributions patterns (MDCs) resolving both components of the
two-dimensional parallel momentum were measured with both left- (σ−) and right-handed
(σ+) polarization of the laser beam. The sample was aligned with its ΓM mirror plane
parallel to the plane of light incidence which also forms a mirror plane of the electron-
analyzer setup. In Figure 6.6 (c) the difference σ+ − σ− between the resulting MDCs
is shown. Because of symmetry reasons, the mirror plane (ky=0 in the figure) causes a
zero line as displayed in the upper panel which shows a difference MDC at an energy far
(0.3 eV) above the Dirac point. In contrast, the selective excitation of electrons of different
in-plane spin component is observed in the direction perpendicular to the mirror plane.
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Chapter 6. Topological Insulators

The lower panel of Figure 6.6 (c) shows a cut through the data set along the direction
perpendicular to the mirror plane (kx=0). Two bands of opposite slope are observed which
give opposing contributions to circular dichroism. The intensities of the two branches are
slightly asymmetric possibly because of asymmetries in the experimental setup, e. g. a tilt of
the sample or elliptical polarization of the laser beam after passing through the quartz glass
window of the UHV chamber. The maximum observed normalized dichroism amounts
to (σ+ − σ−)/(σ+ + σ−) =±12%, which is smaller than the values of 30...40% observed
in ARPES on Bi2Se3 (Park 2012b) and Bi2Te2Se (Jung 2011; Scholz 2011). As both the
pump and probe pulses in monochromatic 2PPE are circularly polarized, both excitation
steps underly circular dichroism effects. Since amplitude and sign of the measured signals
depend on the excitation energy (Sánchez-Barriga 2012b), the combination of the two
transitions can cause a decreased intensity due to contrarian contributions. In fact, in
bichromatic 2PPE with only one circularly polarized beam, significantly stronger circular
dichroism is observed when exciting electrons from the occupied Dirac cone to an image-
potential state as illustrated in Section 6.2.2. To date, only few experimental studies
on circular dichroism in 2PPE exist which are limited to ferromagnetic systems (Hild
2009; Nakagawa 2009; Chiang 2009). A comprehensive theoretical description of the
phenomenom is not available. Nevertheless, the intensity distribution observed in the
present experiment is consistent with that of a topological surface state, with its spin-
momentum locking leading to a helical orbital-angular momentum (Park 2012b). In
contrast, the initial states at a pump photon energy of 4.65 eV are located in a continuum
of spin-degenerate bulk states far from the Fermi level as illustrated in Figure 6.5 (b), and
are therefore not expected to give rise to circular dichroism.

In the upper panel of Figure 6.6 (c) a MDC shows the circular dichroism pattern at an
energy 0.3 eV above the Fermi level. As the surface state approaches the bulk bands and
turns into a surface resonance, the pattern develops from a twofold into a threefold shape
resembling the symmetry of the bulk states.

This behavior is expected for a TSS. It is in agreement with the calculations and qualita-
tively similar to the results of laser-ARPES experiments performed on the conventional
occupied Dirac cone close to the Fermi (Wang 2011a) level as illustrated in Figure 6.6 (d).
Therefore can it can be concluded that the observed feature actually originates from an
unoccupied topological surface state.

After establishing the existence of a high-lying TSS on Bi2Se3, the discussion will move
on to other bismuth chalcogenides, namely Bi2Te2Se and Bi2Te3. Figure 6.7 (a, b) show
angle-resolved 2PPE data of the projected bulk band gaps under investigation together with
the respective calculated band structures (c, d) (Niesner 2012b). The calculated band gaps
of ≤80 meV are considerably smaller than in case of Bi2Se3. Nevertheless, the experiment
is expected to be able to resolve this band gap if present. Instead, a linearly dispersive
surface state is found on Bi2Te2Se. In calculations (Chulkov 2012), this state exhibits the
characteristic helical spin structure of a TSS and circular dichroism gives results similar to
the ones from Bi2Se3 as shown in Figure A.8. Consequently it is attributed to the same
topological origin.
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6.2 Higher-lying topological surface states of bismuth chalcogenides

Figure 6.7.: While the comparison between the
2PPE experiment (a) and theory (c) (Niesner
2012b) demonstrates the presence of the unoccu-
pied topological surface state of Bi2Te2Se, the
calculated surface band structure (d) (Niesner
2012b) of Bi2Te3 is sensitive to details of the
calculations. The experiment (b) does not clearly
resolve a linearly dispersing feature in the latter
case.

The situation is less clear in case of Bi2Te3.
In the 2PPE spectra, a small band gap ap-
pears to be present. The presence of the
surface state in theory depends strongly on
the details of the calculations including the
exact lattice constant (Niesner 2012b). Dif-
ferent density functional theory approaches
were applied and the results are summa-
rized in Table 6.1. Based on these findings,
the existence of the TSS on Bi2Te3 may be
sensitive to the details of sample growth and
preparation. Although no clear evidence for
its appearance is found in the present data,
it cannot be excluded that the TSS may be
observed on crystals of different parameters
of growth or within the first minutes after
preparation of a clean surface.

In Table 6.1 the energetic positions of the
unoccupied topological surface states are
summarized together with the work func-
tions and the position of the occupied Dirac
cone. Doping levels of Bi2Se3 may vary by
up to 0.1 eV as discussed in Section 6.1.5.
Apart from this, all experimentally found
values are in agreement with the calcula-
tions (Niesner 2012b). The possibility to
perform time-resolved monochromatic two-
photon photoemission on the dynamics of
the new-found TSS is not implemented in
the experimental setup yet. Instead, bichro-
matic 2PPE was applied to tackle this issue
and results will be discussed in the following section.

Table 6.1.: Work function Φ and energies of Dirac points with respect to the Fermi energy (in eV).
Group velocity vunocc of the unoccupied Dirac cone in eV Å.

Φ Eocc Eunocc vunocc
exp. calc. exp. calc. exp. VASP

(PBE)
VASP
(vdW-DF)

FLEUR exp.

Bi2Se3 5.61 5.42 −0.30 0 1.46 1.52 1.56 1.55 2.5±0.3
Bi2Te2Se 5.23 4.92 −0.25 −0.22 1.21 1.15 1.18 1.15 3.4±0.5
Bi2Te3 5.33 4.87 −0.13 −0.15 (1.28) - 1.03 1.07 -
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6.2.2. Dynamics of the unoccupied surface states of Bi2Te2Se

In order to gain access to the dynamics of the unoccupied surface states, time-resolved
bichromatic 2PPE was conducted at photon energies of 1.55 eV and 4.65 eV. In this
experiment, the two introduced laser pulses can each act both as a pump or as a probe, and
signals resulting from the different possible processes are included in the data.

Comparison to monochromatic 2PPE and knowledge of the symmetry of the involved
states can serve to identify the underlying processes as described in Section 4.3. Therefore
energy distribution curves (EDCs) from Bi2Te2Se were recorded with p and s linearly
polarized laser beams. The plane of incidence of the laser beam was matched to the
M ΓM ′ mirror plane of the sample and EDCs were measured close to normal emission at
a polar angle of ≈3◦.

As shown in Figure 6.8 (a), four peaks are observed in monochromatic 2PPE at final-state
energies between 5 eV and and 8 eV. They can be attributed to the four bulk conduction
bands in this energy region as illustrated earlier in Figure 6.5. This interpretation is
supported by their appearance being independent of polarization, which indicates that bulk
states of both even and odd symmetry under mirror operation contribute to these features.
In contrast, the less intense peak at 9.04 eV is present only at p-polarization. Assuming
mirror-symmetric free-electron like final states, it originates from a surface state of even
symmetry. Together with its energetic position 0.84 eV below the vacuum level and its
effective mass of 0.86m0, this is consistent with the interpretation as an image-potential
state (IPS).

In bichromatic 2PPE, three main features are found as illustrated in Figure 6.8 (b). From
comparison to the monochromatic data, the peaks at final-state energies of 5.55 eV and
6.16 eV can immediately be related to bulk conduction bands which are populated by the
IR pulse. Consequently, they are present at arbitrary polarization of the laser beams. The
higher-lying conduction band at 6.16 eV appears more intense when the UV probe pulse
is p-polarized, indicating the presence of a surface resonance at this energy in agreement
with the calculations in Figure 6.5 (b).

Located energetically between the two bulk states, an additional feature is found in
bichromatic 2PPE. A fit to the data by Voigtian functions reveals that it consists of two
components which are not clearly separated in the EDCs. The two states also exhibit a
distinct polarization dependence: The low-energy component at 5.93 eV is observed only
when the IR beam is p-polarized, as expected for an UV-pumped intermediate state of even
symmetry. The difference in final-state energy to the IPS at 9.04 eV in the monochromatic
2PPE spectra in Figure 6.8 (a) coincides closely with the difference in probe photon
energies of 3.1 eV. In conclusion, both features have the same origin.

The high-energy component at 5.99 eV behaves in a different way: While the UV pulse is
p-polarized, it occurs independent of the IR polarization and vanishes when both beams are
s-polarized. As it coincides in final-state energy with the unoccupied topological surface
state discussed in Section 6.2, the feature is attributed to this state. This interpretation
is in agreement with the polarization dependence discussed so far when assuming even
symmetry of the TSS. However, in this case the resulting photoemission intensity is
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6.2 Higher-lying topological surface states of bismuth chalcogenides

Figure 6.8: Polarization dependent measure-
ments of Bi2Te2Se show four bulk conduction
bands in monochromatic 2PPE (a). Two of them
are also found in bichromatic 2PPE (b). The
low-energy component of the additional feature
in bichromatic 2PPE results from the IPS also
found in the monochromatic data, while the
high-energy component can be attributed to the
TSS.

12

10

8

6

4

2

2
P

P
E
 i
n

te
n

si
ty

 (
k 

co
u

n
ts

)

98765
E final (eV)

5
.5

5
5
.9

3
5
.9

9
6
.1

6

6.46.26.05.8

   s, s

   p, p
   s, p
   p, s

bichrom.

a

b

1000

800

600

400

200

2
P

P
E
 i
n

te
n

si
ty

 (
co

u
n

ts
)

98765

5
.5

7

6
.1

6

9
.0

4

monochrom.
  pp
  ss

E final (eV)

expected to vanish when the UV probe beam is switched from p- to s-polarization. In the
experiment, it decreases only by one order of magnitude as can be seen from the topmost
two curves in Figure 6.8 (b). In fact, a complex orbital composition of the conventional
Dirac cone of Bi2Se3 was observed, in which pz and px,y-like orbitals are mixed, resulting
in a switch of the mirror symmetry at the Dirac point (Cao 2012). Calculations indicate that
the higher-lying surface state also contains contributions of px, py and pz orbitals (Eremeev
2012) and hence does not necessarily retain its symmetry within the energy resolution of
the experiment. In addition, a slight tilt of the sample in the experiment might introduce
a symmetry break, as the sample surface remains no longer perpendicular to the plane
of incidence. In addition, the TSS would not be probed at normal emission in this case.
As the local band gap, which it is located in, amounts only to ≈70 meV, the surface state
might be overlapped by bulk states of different symmetry.

After the identification of the underlying processes, discussion will turn to the dynamics
of the unoccupied states. In Figure 6.9 the results of a series of time-resolved bichromatic
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2PPE measurements are illustrated. Both pump- and probe laser pulses were p-polarized
during the experiment. In Figure 6.9 (a) photoemission intensities are given as a function
of final-state energy and pump-probe delay, which will be referred to as a "lifetime map".
The long-lived IR-pumped conduction band in the low-energy region below 5.8 eV exhibits
a lifetime ≥ 100 fs. This band is refilled in an indirect and complex way, which will not
be discussed in detail. Lifetimes τ were determined by an exponential fit to the decay
at long pump-probe delays. The single time-resolved spectra are given in Figure A.10,
the resulting decay rates are plotted as a function of energy in Figure 6.9 (c). The decay
rate ~/τ within the conduction band rises linearly in energy over a wide range with a
slope of 0.014. The linear increase is characteristic for layered materials and was also
found in graphite (Xu 1996), whereas a quadratic relation is expected in three-dimensional
systems (Petek 1997).

In contrast, the transitions in the high-energy region above 5.8 eV are coherently op-
tically excited. In the lifetime map in Figure 6.9, both IR-pumped and UV-pumped
processes are observed, as also indicated by angle-resolved data shown in Figure A.9. The
data were modeled by fitting a sum of the two different contributions. As fit function
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Figure 6.9.: Energy-dependent time-resolved bichromatic 2PPE measurements ("lifetime map")
of Bi2Te2Se (a). The signal from the band in the low-energy region shows a lifetime ≥100 fs (c).
In the high-energy region, several features overlap. The inset of (a) shows the 2PPE intensities
of the UV-pumped (blue symbols) and IR-pumped (red symbols) transitions as extracted from
a fit to the data. The two IR-pumped components, which also appear in polarization-dependent
measurements, are found by the fits. In (b) the corresponding lifetimes are given, spot sizes reflect
the fit amplitudes. The weighted average results in a lifetime of the topological surface state
(image-potential state) of 22 fs (25 fs).
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6.3 Electron dynamics of SnSb2Te4, an intrinsic p-type topological insulator

serves an approximation to the optical Bloch equations including a single decay channel
dominating each of the processes (Boger 2004). The resulting fit function is given in
Appendix A.3.1 and the fitting curves are depicted together with the single time-resolved
spectra in Figure A.10. In the inset of the lifetime map, the resulting amplitudes are given
as a function of final-state energy, where blue (red) filled circles indicate UV- (IR-)pumped
contributions. The maximum of 2PPE intensity arising from UV-pumped processes at
5.96 eV found by this procedure coincides well with the one from preceding polarization-
dependent measurements. Moreover, the amplitudes of the IR-pumped transitions exhibit a
double peak structure with maxima at 6.03 eV and 6.13 eV in agreement with polarization
dependent experiments. In conclusion, they can be attributed to the same origin: the
IPS or interlayer state 4.4 eV above the Fermi level EF , the topological surface state
(E − EF= 1.4 eV) and the minimum of the conduction band above E − EF= 1.5 eV.

The lifetimes obtained from the fits are given in Figure 6.9 (b). Blue (red) circles
denote UV- (IR-)pumped processes. The size of the symbols depict the amplitude of the
corresponding signal. In order to extract the lifetimes at the energetic positions of the
bands, lifetimes were averaged with a weighting given by their intensities as found from
the fit to the peak amplitudes shown in the inset of the lifetime map. This procedure results
in a value of 25 fs for the IPS, 22 fs for the topological surface state and 13 fs for the
conduction band above it.

6.3. Electron dynamics of SnSb2Te4, an intrinsic
p-type topological insulator

Antimony- and tellurium-based alloys were amongst the first systems which where pro-
posed (Zhang 2009a) to exhibit a topological surface state. The electronic structure of
quintuple-layered Sb2Te3 was probed by ARPES and a surface state was found in good
agreement with calculations (Hsieh 2009b). However, the material is intrinsically p-doped
and therefore the Dirac point cannot be accessed by this method. Alkali adatoms induce
counter doping, but the spectra are significantly broadened (Seibel 2012) and complete
counter doping is hard to be achieved.

Recent calculations predict the presence of a TSS on the closely-related septuble-layered
SbSn2Te4 (Menshchikova 2012), which will be the subject of the present section. From
photoemission experiments (Chulkov 2012) the material is known to be hole-doped. Two-
photon photoemission can therefore not only serve as an ideal method to detect the
unoccupied topological surface state, but also the electron dynamics within this state
becomes accessible. For this purpose time-resolved bichromatic 2PPE was applied. As the
2PPE signal from the conventional Dirac cone should not overlap with background arising
from image-potential states, a straightforward interpretation of the resulting data becomes
possible.

Figure 6.10 (a, b) shows the results of an angle-resolved 2PPE measurement at photon
energies of 1.63 eV and 4.89 eV with both laser beams p-polarized. In Figure 6.10 (c) the
calculated band structure (Menshchikova 2012) is shown for comparison. In the survey
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Figure 6.10.: Angle-resolved bichromatic 2PPE (photon energies: 1.63 eV, 4.89 eV) of SnSb2Te4
reveal two conduction bands 0.42 eV and 0.78 eV above the Fermi level (b) as well as a linearly
dispersive feature. These findings are in agreement with calculations (c) (Chulkov 2012). The
latter do not cover the highest-energy band, the UV-pumped image-potential state (Hermann
2012). High-resolution measurements (a) on the linearly dispersive state 0.31 eV above the Fermi
level give a group velocity of 3.4 eV Å. The feature is attributed to the topological surface state
expected from the calculation with a similar dispersion (Menshchikova 2012). The overall energy
shift between experiment and theory stems from intrinsic hole doping and was also found in UV
photoemission (Chulkov 2012).

spectrum in Figure 6.10 (b) four bands are found at the Γ-point. Concluding from time-
resolved measurements (not shown) the state observed at the highest final-state energy
stems from an UV-pumped intermediate state 4.25 eV above the Fermi level or 0.78 eV
below the vacuum level respectively. This feature is attributed to an image-potential
state with a lifetime of 15 fs (Hermann 2012). Analogous, the bands at lower energy are
identified as bulk conduction bands 0.42 eV and 0.78 eV above the Fermi level in agreement
with Reference Hermann (2012). In addition, a linearly dispersive feature is found at a
slightly lower final-state energy. Figure 6.10 (a) shows a high-resolution measurement of
the corresponding energy region. The group velocity of the band amounts to 3.4 eV Å.
From time-resolved measurements, which will be discussed later, it is attributed to an
intermediate state 0.31 eV above the Fermi level.

As illustrated in Figure 6.10 (c), the experimentally determined band structure is in
agreement with calculations when taking into account the doping level of the sample. From
calculations the Dirac cone is expected at the Fermi level. However, ARPES data suggest
p-type doping leading to an energy shift of several hundreds of meV (Chulkov 2012). This
finding is supported also by the present data. The calculation reproduces the experimental
data in the energy range covered when p-type doping is accounted for by a rigid shift
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6.3 Electron dynamics of SnSb2Te4

of the energy scale of the calculation by 0.31 eV. Based on this agreement, the linearly
dispersive band in experiment is attributed to the topological surface state found in the
calculation (Menshchikova 2012).

In Figure 6.11 the results of time-resolved experiments on the topological surface state
and the conduction band above it are illustrated. Time-resolved spectra were recorded
at the energetic positions indicated by circles in Figure 6.11 (b) and are given together
with fits based on a rate equation model in Figure 6.11 (a). The topmost, green curve
shows the transient occupation of the conduction band minimum (CBM). It exhibits a
large width (FWHM) of 750 fs and a plateau-like maximum that is reached only after a
time delay of 210 fs which is significantly longer than the pulse duration. The population
decays exponentially at long pump-probe delays with a time constant of 220 fs. This shape
cannot be reproduced by optical Bloch equations taking into account only a few (≤4) decay
channels and points to a complex refilling of the CBM from higher-excited states with a
variety of decay channels involved. Similar CBM dynamics were also found for p-doped
Bi2Se3 (Sobota 2012). 2PPE probes the transient occupation of the conduction band near
(2...3 nm (Hajlaoui 2012)) the surface, which is the result of a combination of scattering
events taking place at the surface, in the bulk and diffusion between the surface and the
bulk (Driel 1987; Rowe 1993; Ichibayashi 2011). Unfolding the individual contributions
is beyond the scope of this work. Nevertheless, note that the time constant of diffusion
depends on the excitation density as well as the penetration depth of the laser beam, e. g.
the excitation wavelength. This fact may partly explain the rise of the 2PPE intensity at
about zero time delay in the present experiment, whereas it is delayed by several hundred
femtoseconds in experiments on Bi2Se3 (Sobota 2012). The conduction band of SnSb2Te4
is at least partially populated directly by optical pumping, whereas indirect refilling is
dominant in case of Bi2Se3.

The lower five time-resolved spectra in Figure 6.11 (a) were measured at different
energetic positions along the topological surface state. The line shapes coarsely resemble
the one of the CBM, indicating that the TSS is populated partially by electrons from this
band. Nevertheless, the details of the individual spectra differ. Especially, distinct rise
times occur and the width of the plateau-like maximum changes, which may be explained
by varying contributions from direct optical pumping. The dynamics of the TSS was
modeled by rate equations accounting for direct optical excitation as well as refilling from
the CBM as sketched in Figure 6.11 (c). Both population pathways are incorporated as
source terms into the rate equations. The resulting fit function is given in Appendix A.3.2.
In order to reproduce the spectra at higher energies, UV-pumped processes overlapping
with the TSS were included in the fit by adding the function given in Appendix A.3.1.
However, neglecting the latter does not significantly affect the results of the fits.

The resulting fit curves consistently describe the experimental data as depicted by
the gray lines in Figure 6.11 (a). No additional refilling mechanisms, such as intraband
scattering within the surface state, have to be introduced. In conclusion, intraband scattering
occurs on a significantly longer timescale than scattering from the CBM. The rate of
refilling from the CBM can not be extracted, as the photoelectron transition probabilities
of the CBM and the TSS are not known absolutely. Nevertheless, the lifetime of the TSS
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Figure 6.11.: Time-resolved 2PPE spectra (a) from the conduction band minimum (green) of
SnSb2Te4 and several positions on the topological surface state which are marked in (b). In addition
to direct optical excitation, the line shape indicates refilling of the TSS from the CBM observed
similarly on Bi2Se3 (Sobota 2012). Fits to the data were conducted based on a simple rate-equation
model as sketched in (c). Corresponding fit curves are given as gray lines in (a), the resulting
lifetime of the TSS is depicted in (d).

can be determined from the model and is given in Figure 6.11 (d) as a function of energy.
Considering exclusively scattering within the spin-polarized TSS, much longer lifetimes
than ≈ 40 fs, which occur in the proximity of the Dirac point, might be expected. However,
the comparison between theory and experiment in Figure 6.10 (b, c) demonstrates, that
the bulk valence band of SnSb2Te4 is partially depleted at the present doping level. The
emerging partially filled valence band can provide final states for electronic decay as well
as for electron-hole pair creation. Thus it supports efficient relaxation of excited carriers in
the topological surface state.
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6.4 Discussion

6.4. Discussion
A high-lying topological surface state of Bi2Se3 and Bi2Te2Se in a projected bulk band
gap ≈1.1...1.5 eV above the Fermi level was identified by combination of angle-resolved
two-photon photoemission, density functional theory calculations and utilization of circular
dichroism. To date, this is the first observation of circular dichroism by 2PPE on non-
magnetic systems. It demonstrates, that selective optical excitation of electrons of one
preferential spin orientation to the unoccupied Dirac cone is possible. This fact may help to
complete the description of photocurrents in Bi2Se3 which are sensitive to the direction of
rotation of circularly polarized light (McIver 2012). Variation of the excitation energy may
allow to pump electrons resonantly from the conventional Dirac cone to the new-found
surface state giving rise to more strict selection rules in circular dichroism experiments.
The occupied and the unoccupied Dirac cone are separated in energy by ≈ 1.5 eV and may
be matched energetically to the valence band maximum and the conduction band minimum
of a conventional semiconductor in a heterojunction, thereby allowing for efficient spin
injection. In this case, coupling between both materials has to be strong enough to
overcome the decay of excited electrons within the topological insulator, which results in a
lifetime τ = 22 fs in case of Bi2Se3. The resulting mean-free path 1

~
dE
dk
· τ ≈ 8 nm limits

the use of the higher-lying TSS in applications which require charge transport. In addition,
the first image-potential state was found on all TIs under investigation with lifetimes of
≈20 fs. Notably, the screening of an electron in the IPS in front of the surface of a TI is
expected to give rise to a magnetic monopole at the surface (Qi 2009).

On SnSb2Te4 the predicted (Menshchikova 2012) topological surface state was detected
by bichromatic 2PPE. The most important tool to study TIs is probably photoemission,
and especially UV photoemission (Hsieh 2008; Chen 2009b; Hsieh 2009a; Hsieh 2009b;
Xia 2009). Since this method is not able to probe states lying above the Fermi level, the
extension to 2PPE will likely allow to identify and characterize upcoming p-type TIs.

The short lifetime of the TSS of SnSb2Te4 of 45 fs can be attributed to a high level of
doping. Since no apparent intraband scattering of the TSS was found, electrons from this
state must relax to the bulk valence band, which is partially depleted at the observed level
of doping. The strong coupling between bulk states and the surface state is consistent with
experiments (Zhang 2010) and calculations (Linder 2009) which demonstrate that the TSS
reaches several quintuple layers (around 10 nm) deep into the bulk. The short lifetime
of the TSS of SnSb2Te4 compared to e. g. Bi2Te3 (Hajlaoui 2012), in which the bulk
valence band is fully occupied, indicates non-negligible interaction with the bulk states. In
future applications, which will make use of dissipationless spin transport in TIs (Qi 2008),
the Fermi level will have to be carefully adjusted to the bulk band gap in order to avoid
scattering to bulk states, as also indicated by transport measurements (Checkelsky 2011).
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7. Summary

Two kinds of electronic states were investigated by two-photon photoelectron spectroscopy
(2PPE): Image-potential states (IPSs) of graphene on metal substrates and silicon carbide,
and unoccupied surface states of topological insulators.

For van-der-Waals bound graphene on on Ir(111), Ir(100), Pt(111), Au/Ni(111) and
SiC(0001) binding energies and lifetimes of the image-potential states were determined.
The data demonstrate, that an image-potential electron can be screened within the single
graphitic adlayer, resulting in an energetic position of the n = 1 state 3.7 eV above the
Dirac point almost independent of the substrate. Only in graphene/SiC(0001) this value is
reduced by 0.1 eV as a result of incomplete screening. These findings are supported by
the measured decay rates. The lifetime of the n = 2 state is about 70 fs in most of the
systems, but significantly reduced in graphene/SiC(0001). Individual binding energies,
lifetimes and work functions are summarized in Table 5.2 on page 53. In addition, the
work function is directly accessed in 2PPE. Changes in the work function induced by
the graphene adlayer are related to charge transfer to the substrate. The experimental
values are compared to a phenomenological capacitor model (Giovannetti 2008). The
parameters found from the experiment, which are an effective plate distance of 2.5 Å and
a chemically-induced correction of the work-function difference by 0.97 eV, are in good
agreement with density functional theory calculations. Thus, the applicability of the model
to weakly-bound graphene is demonstrated and theoretical values are supplemented by an
experimental set of parameters.

Special attention was paid to graphene on iridium substrates. Graphene is known to
grow on Ir(111) in high quality, which is reflected in the long lifetimes of image-potential
states of this system. The lifetimes of the first four IPSs do not reach the classical limit
τn ∝ E

3/2
n , but follow an τn ∝ En dependence, indicating deviations of the potential

in front of graphene from the asymptotic 1/r dependence. Insight into the underlying
scattering processes, and especially their relation to the two-dimensional band structure
of graphene, require additional theoretical efforts. Furthermore an occupied, downward-
dispersing Rashba-split surface state in a symmetry band-gap closely below the Fermi level
is found by ARPES (Niesner 2012a). The Rashba-splitting is of similar magnitude as the
one of the surface state of Au(111) (LaShell 1996). The origin of an additional, flat band
at similar binding as the n = 1 IPS remains subject of current research (Nobis 2013b).

Graphene/Ir(100) had only been studied by LEED and STM experiments before (Ferstl
2011), which find a strong atomic corrugation on parts of the surface. ARPES experiments
at BESSY II reveal the characteristic π-band structure up to the Fermi level. Graphene is
p-doped, the Dirac point is located 0.34 eV above the Fermi level. The appearance of two
surface modifications gives rise to preparation-dependent variations of the work function in
2PPE and to two parallel series of image-potential states which are pinned to the individual
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local work functions. This is the first study demonstrating the appearance of a Dirac cone
of graphene grown epitaxially on square substrate, and the arising atomic and electronic
interaction are not fully understood.

The second part of the thesis concerns the unoccupied part of the band structure of
topological insulators. Using monochromatic 2PPE the band structure of Bi2Te3−xSex,
x ∈ {0, 1, 3} up to the vacuum level was determined for the first time, and is found to be
in good agreement with calculations. In addition to the first image-potential state 0.8 eV
below the vacuum level, a linearly dispersive feature is found in a projected bulk band
gap about 1.4 eV above the Fermi level in Bi2Se3 and Bi2Te2Se. Calculations indicate
symmetry-inversion of the band gap, and evidence of the characteristic spin structure of a
topological surface state (TSS) is given in 2PPE by making use of circular dichroism. It
is the first observation of circular dichroism in 2PPE from nonmagnetic system, and the
asymmetries of 10...15% are considerably smaller than in ARPES.

In addition, the existence of the conventional TSS of a new material, SnSb2Te4, was
proven by bichromatic 2PPE experiments. The Dirac cone is located 0.3 eV above the
Fermi level and therefore not accessible by conventional photoemission. As photoemission
provides a valuable method for the identification and characterization of topological
insulators, the extension to 2PPE will allow studies on further upcoming p-type topological
insulators. Moreover, time-resolved pump-and probe experiments allow to follow the
dynamics within the topological state. They indicate an indirect population mechanism of
the surface state of SnSb2Te4 via refilling by initially higher-excited electrons. Modeling
of the data by rate equations yields a lifetime of the TSS of about 45 fs. Refilling from the
conduction band together with the short lifetime, which can be attributed to scattering to
the partly depleted bulk valence band, demonstrates significant interaction between the
TSS and bulk states. The interaction may be attributed to a large spatial overlap between
the two, in agreement with calculations which show an extension of the TSS several
nanometers deep into the bulk (Linder 2009).
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Zusammenfassung

Zwei Arten von Oberflächenzuständen wurden mittels Zweiphotonen-Photoemission
(2PPE) untersucht: Bildpotentialzustände (BPZ) vor Graphen auf Metall- und Silizium-
karbid-Substrat sowie unbesetzte Oberflächenzustände von topologischen Isolatoren.

Zunächst wurden die Bindungsenergien und Lebensdauern von van der Waals-gebun-
denem Graphen auf Ir(111), Ir(100), Pt(111), Au/Ni(111) and SiC(0001) bestimmt. Die
gewonnenen Daten zeigen, dass eine einzelne Lage Graphen in der Lage ist, eine äußere
Ladung abzuschirmen, was sich in einer weitgehend vom Substrat unabhängigen energe-
tischen Lage des ersten Bildpotentialzustandes 3.7 eV oberhalb des Diracpunktes äußert.
Im Falle von Graphen/SiC(0001) wurde eine Abweichung um 0.1 eV festgestellt und
einer unvollständigen Ladungsabschirmung zugeschrieben. Die Interpretation wird durch
zeitaufgelöste Messungen gestützt, die eine vom Substrat unabhängige Lebensdauer des
n = 2 - Zustandes von etwa 70 fs zeigen. Nur für Graphen/SiC(0001) ist dieser Wert
deutlich geringer. Die einzelnen Messwerte sind in Tabelle 5.2 auf Seite 53 zusammenge-
fasst. Zusätzlich wurden die Austrittsabeiten der graphenbedeckten Oberflächen bestimmt.
Austrittsarbeitsänderungen gegenüber freistehendem Graphen sind auf Ladungstransfer
zum Substrat zurückzuführen. In einem phänomenologischen Modell bilden Graphen
und Substrat gegenüberliegende Platten eines Kondensators (Giovannetti 2008). Die ex-
perimentellen Daten lassen sich unter Annahme eines Plattenabstandes von 2.5 Å und
einer chemisch induzierten Korrektur der Austrittsarbeitsdifferenz um 0.97 eV beschreiben.
Die Übereinstimmung mit theoretischen Parametern (Khomyakov 2009) unterstreicht die
Anwendbarkeit des Modells, das somit um einen experimentellen Satz von Parametern
ergänzt wurde.

Einen Schwerpunkt bilden die Messungen an epitaktischem Graphen auf Iridiumsubstrat.
Graphen/Ir(111) ist intensiv untersucht und kann in hoher kristalliner Qualität synthetisiert
werden. Diese spiegelt sich in den langen Lebensdauern der BPZ wider. Die Lebensdauern
der ersten vier BPZ folgen nicht dem klassischen asymptotischen τn ∝ E

3/2
n Verhal-

ten, sondern nehmen mit τn ∝ En zu. Das Potential vor dem Graphen erreicht also
noch nicht den asymptotischen 1/r Verlauf. Einen weiteren Grund für Abweichungen
könnte die Energieabhängigkeit der Streuprozesse im Graphen bilden, da die Elektron-
Loch-Paarbildung durch die lineare Zustandsdichte im Energiebereich ±1 eV um das
Ferminiveau eingeschränkt ist. Eine quantitative Analyse erfordert jedoch eine detaillierte
theoretische Beschreibung des Systems. Zusätzlich zu den BPZ wurde mittels ARPES
ein abwärtsdispergierender besetzter Shockleyzustand in einer Symmetriebandlücke ge-
funden (Niesner 2012a), der eine ähnlich große Rashba-Aufspaltung wie der Oberflä-
chenzustand vor Au(111) (LaShell 1996) zeigt. Zudem weisen 2PPE-Messungen auf
das Vorhandensein eines weiteren unbesetzten Zustandes nahe dem ersten BPZ hin. Der
Ursprung dieses Bandes bleibt jedoch Gegenstand aktueller Forschung (Nobis 2013b).
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Im Gegensatz zu Graphen auf Ir(111) ist Graphen auf Ir(100) bisher kaum untersucht.
Elektronenbeugung und Rastertunnelmikroskopie zeigen eine starke Korrugation der Gra-
phenlage auf Teilen der Oberfläche (Ferstl 2011). Durch ARPES-Messungen am BESSY II
konnte die charakteristische π-Bandstruktur von Graphen nachgewiesen werden. Der Dirac-
punkt ist aufgrund des Ladungsübertrags zum Substrat nicht zugängig, die Messungen
weisen jedoch auf eine energetische Position 0.34 eV oberhalb des Ferminiveaus hin. Das
Auftreten unterschiedlicher Oberflächenmodifikationen macht sich in der 2PPE durch
präparationsabhängige Schwankungen in der mittleren Austrittsarbeit bemerkbar. Außer-
dem gibt es zwei Serien von BPZ, die an die jeweilige lokale Austrittsarbeit gebunden
sind.

Der zweite Teil der Arbeit behandelt den unbesetzten Teil der Bandstruktur topo-
logischer Isolatoren. Mittels monochromatischer Zweiphotonen-Photoemission wurde
die Bandstruktur von Bi2Te3−xSex, x ∈ {0, 1, 3} zwischen dem Ferminiveau und dem
Vakuumniveau vermessen. Die Ergebnisse decken sich mit Rechnungen. Neben dem ersten
Bildpotentialzustand 0.8 eV unterhalb des Vakuumniveaus findet sich auf Bi2Se3 und
Bi2Te2Se ein Oberflächenzustand mit linearer Dispersion in einer projizierten Volumen-
bandlücke etwa 1.4 eV oberhalb des Ferminiveaus. Rechnungen zeigen, dass die Bandlücke
die Folge einer Bandinversion durch Spin-Bahn-Kopplung ist und dass der Oberflächen-
zustand die Spinstruktur eines topologischen Zustandes aufweist. Ein experimenteller
Hinweis auf Letztere lässt sich aus Messungen des Zirkulardichroismus in der 2PPE
herleiten. Die gemessene Asymmetrie zwischen den unter rechts- und linkszirkularer Pola-
risation gemessenen Intensitäten ist mit 10...15% zwar geringer als in der konventionellen
Photoemission, die beobachtete Winkelverteilung ist jedoch mit der erwarteten helischen
Struktur des Dirac-Konus konsistent.

Zuletzt wurde mittels bichromatischer 2PPE der topologische Oberflächenzustand eines
neuen Materials, SnSb2Te4, experimentell nachgewiesen. Da der Diracpunkt in diesem
System 0.3 eV oberhalb des Ferminiveaus liegt, ist ein Nachweis durch konventionelle
Photoemission nicht möglich. Da die Methode der Photoemission in den bisherigen Unter-
suchungen an topologischen Isolatoren eine zentrale Rolle einnimmt, ist damit zu rechnen,
dass die Zweiphotonen-Photoemission auch in Zukunft dazu beitragen wird, intrinsisch
p-dotierte topologische Zustände zu charakterisiren. Zusätzlich eröffnet sich die Möglich-
keit zeitaugelöster Experimente. Durch zeitaufgelöste Messungen an SnSb2Te4 wurde
gezeigt, dass der topologische Zustand größtenteils indirekt durch Elektronen bevölkert
wird, die durch den Pumppuls ursprünglich höher angeregt wurden. Nach Relaxation zum
Leitungsbandminimum streuen sie von dort in den Oberflächenzustand. Die zeitaufgelös-
ten Spektren wurden durch Ratengleichungen modelliert, wodurch die Lebensdauer des
Oberflächenzustandes zu 45 fs ermittelt wurde. Sowohl die kurze Lebensdauer, die sich
durch Streuung in das teilweise entleerte Volumen-Valenzband erklären lässt, als auch
das Nachfüllen aus dem Leitungsband weisen auf eine nennenswerte Wechselwirkung
zwischen dem topologischem Oberflächenzustand und den Volumenbändern hin. Diese ist
das Resultat einer großen Eindringtiefe des Oberflächenzustandes in das Volumen, wie sie
auch durch Rechnungen bestätigt wird (Linder 2009).
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A. Appendix

A.1. Graphene

A.1.1. Characterization of graphene on iridium by Raman
spectroscopy

Raman spectroscopy is a widely-used technique to study layer thickness (Ferrari 2006;
Röhrl 2008), strain (Hanfland 1989; Röhrl 2008; Huang 2009), doping (Casiraghi 2007;
Das 2008) and defect concentration (Tuinstra 1970; Ferrari 2000; Cançado 2011) of
graphene and other graphitic materials. Usually their Raman spectrum is dominated by
the only Raman-active optical Γ-point phonon (G) with a frequency of 1575 cm−1 in
graphite (Tuinstra 1970) as depicted in Figure A.3. Higher-order processes result in the
defect-induced mode (D) at 1350 cm−1 and its overtone (2D), the line shape of which is
used to identify single layers in the fabrication of graphene by michromechanical cleav-
ing (Ferrari 2006). A description of the Raman process is given e. g. in References Kittel
(1987) and Cardona (1982), while the scattering events occurring in graphene are discussed
in detail in References Reich (2004), Malard (2009) and Dresselhaus (2005).

In Raman spectra of graphene on metal substrates, the otherwise prominent features
are strongly suppressed and observed only after growth of a second layer or transfer to
insulating substrates (Sutter 2008; Reina 2009; Li 2009; Nie 2011). In case of MLG/Ir(111)
the occurrence of the D- and G-modes was also reported on 30◦ rotated domains (Starodub
2011), and graphene/Pt(111) exhibits these peaks when grown on thin films (Kang 2009)
or in case of highly defective material (Imamura 2011).

Raman spectra of graphene/Ir(111), graphene/Ir(100) and bare iridium substrate were
recorded under ambient conditions using a Jobin Yvon Horiba T64000 spectrometer and
an excitation wavelength of 532 nm (Spectra Physics Millenia XS). The resolution was
reduced to 1.5 cm−1. A linear function was subtracted from the spectrum of Ir(111) in
Figure A.2, accounting for a broad background reaching from 1200 cm−1 to 3500 cm−1.

Raw data over a wide frequency range can be found in Figure A.1. In the survey
spectrum of MLG/Ir(111) a Raman band is observed around 2430 cm−1 with a maxi-
mum at 2433 cm−1 which is attributed to combinations of the in-plane transverse op-
tical phonon and the longitudinal acoustic phonon at the K-point of graphene (Araujo
2012). A weak feature at 2687 cm−1 resembles the position of the 2D mode of graphite
at 2691 cm−1 (Vidano 1981). The additional peak at 481 cm−1 corresponds neither to a
known Raman mode of graphene, nor to commonly adsorbed species unless taking into
account sulfur- or iodine-containing compounds. It might originate from an umklapp of
acoustic phonons in the presence of the moiré superstructure from 2g to Γ, where g denotes
the lattice vector of the supercell. An alternative explanation is a lifting of the k restrictions
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Figure A.1.: As recorded Raman survey spectra of graphene on Ir(100) and Ir(111) as well as the
bare substrate. Bold vertical lines indicate prominent features, while thin lines indicate less intense
peaks. As the curves are merged from four single spectra, changes in the noise level occur e. g. at
2000 cm−1 and 2500 cm−1.

of free-standing graphene by the substrate, resulting in the occurrence of the singularity of
the phonon density of states at this frequency which arises from flat branches around the
M-point (Mohr 2007). A distinction between the two possibilities based on the present
data is not possible. All features in the survey spectrum of MLG/Ir(100) are related to the
bare iridium substrate.

Figure A.2 shows a close-up of the frequency range surrounding the energy of the
optical phonon of graphene. The prominent feature at 1555 cm−1 is a results of adsorbed
molecular oxygen as also found on MLG/Pt(111) (Imamura 2011). Oxygen was shown
to intercalate between graphene and Ir(111) (Larciprete 2012). Additional peaks are
observed at 1562 cm−1 on MLG/Ir(100) and at 1460 cm−1, 1523 cm−1 and 1565 cm−1 on
MLG/Ir(111). Three possible derivations of the nature of these modes will be discussed.

First, they may originate from adsorbates. The mode at 1562 cm−1 (1565 cm−1) might be
a split-off of the oxygen peak at 1555 cm−1, while the feature at 1460 cm−1 could be related
to a C-H deformation mode like observed in highly-defective graphene (Mathew 2011).
However, a defect concentration as high as in Reference Mathew (2011) is not expected
for MLG/Ir(111). Moreover, a distinct adsorption behavior of MLG/Ir(111) compared to
MLG/Ir(100) and Ir(111) is not expected at first sight and the peak at 1523 cm−1 is not
easily explained.
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Figure A.2.: Besides the iridium or oxygen peak at 1555 cm−1, Raman spectra of the G peak
region show a single mode for MLG/Ir(100) (blue) and three features in case of MLG/Ir(111) (red).
Although all peaks are of low intensity, they are reproducible present on the graphene-covered
surfaces.

Second, combinations of acoustic K-point modes might be observed. Referring to
Figure A.3 (taken from Reference Mohr (2007)), the combination of the K5 or K2 mode
with the K6 LA and ZO modes - which are non-degenerate in high-resolution electron
energy loss spectroscopy on Pt(111) (Aizawa 1992; Politano 2012) - results in simi-
lar total energies. However, to the best of the author’s knowledge, corresponding fea-
tures have not been reported before and only the combination K5+K6 is expected to be
Raman-active (Dresselhaus 2005). Furthermore, in order to explain the difference between
MLG/Ir(100) and MLG/(111), different electron-phonon scattering channels have to be
dominant in the two systems. The latter require significant electronic or vibronic coupling
between graphene and the substrate which is not expected.

Third, the peak at 1562 cm−1 (1565 cm−1) can be attributed to the optical phonon of
graphene. A softening of the G-mode by ≈20 cm−1 (≈80 cm−1) with respect to value of
1575 cm−1 of graphite (Tuinstra 1970; Röhrl 2008) is observed on MLG/Pt(111) (Aizawa
1992; Politano 2012) (MLG/Ni(111) (Aizawa 1990)) due to interaction with the substrate.
The frequency of 1565 cm−1 of MLG/Ir(111) is close to the one of graphene/Pt(111) and
differs clearly from 1598 cm−1 reported for 30◦ rotated domains (Starodub 2011). It is
therefore assigned to aligned graphene. The peaks at 1523 cm−1 and 1460 cm−1 arise
from umklapp processes of the TO phonon, which is Raman-active along the T direction
in double resonant scattering (Malard 2009), at the moiré supercell zone boundary as
illustrated in Figure A.3.

Note, that the three discussed mechanisms do not exclude each other. Hence they may
partly be present side by side. Nevertheless, the latter gives a consistent explanation for all
observed Raman features and is therefore preferred by the author. The umklapp processes
may be a result of resonant electron-phonon scattering between the Dirac mini cones of
graphene/Ir(111) (Pletikosić 2009).
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A.1.2. Energy distribution curves of graphene on Ir(111) and
graphene on SiC(0001)
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Figure A.4.: Two-photon photoemission energy-distribution curves recorded on graphene/Ir(111).
The fundamental excitation wavelength is 780 nm and the time delay is close to zero. Increasing
asymmetry of the n = 1 image-potential state at around 3.9 eV is observed at angles above 15◦.
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Figure A.5.: 2PPE energy-distribution curve of graphene/SiC(0001) recorded at normal emission.
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A.2. Topological insulators

A.2.1. Survey spectra of the unoccupied part of the band structure of
bismuth chalcogenides
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Figure A.6.: Cuts along the high-symmetry directions through 2PPE monochromatic spectra
recorded on Bi2Se3 using the display-type analyzer (a). The plane of light incidence coincides with
the ΓM mirror plane. The calculated intermediate states (b) and initial states (c) for the applied
photon energy of 4.65 eV are shown for comparison (Chulkov 2012).
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Figure A.7.: Survey spectra at the same experimental parameters like in Figure A.6 for Bi2Te2Se.
Calculations from Chulkov (2012).
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A.2.2. Circular dichroism patterns of bismuth chalcogenides

1.0

1.2

1.8

1.4

1.2

1.4

1.6

2.0

1.6

1.0

1.2

1.4

2.0

1.8

1.6

1.4

1.2

0.0-0.1 0.1

0.10.0-0.1

0 1 2

0 1 2
-1

k  (Å )|| Azimuth angle (π)

Azimuth angle (π)

-1
k  (Å )||

0.10.0-0.1
-1

k  (Å )||

E
 -

 E
(e

V
)

F
e
rm

i 
E

 -
 E

(e
V

)
F

e
rm

i 

-0.2 -0.1 0.0 0.1 0.2

Bi Se2 3
e

b ca

fd

Bi Te Se2 2

-1
k  (Å )||

Figure A.8.: Evolution of the circular dichroism (CD) patterns of Bi2Te2Se (top row) and Bi2Se3
(bottom row). (a, d) In both cases, two linearly-dispersive branches of opposite slope with a crossing
point at the Dirac point appear in the difference between photoemission intensities recorded with
left- and right-handed circularly polarized light σ+-σ−. (b, e) Angle-resolved monochromatic
2PPE data in show the dispersion of the unoccupied bands for comparison. (c, f) As the surface
state approaches the bulk conduction band above it and turns into a surface resonance, the CD
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A.2.3. Time-resolved bichromatic 2PPE on Bi2Te2Se
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Figure A.9.: Angle-resolved bichromatic 2PPE spectra (hν = 1.65 eV, 4.65 eV) of Bi2Te2Se
recorded at different time delays. Parts of the intensity maps were multiplied by the given factors
for better visibility.
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Figure A.10.: Series of the time-resolved bichromatic 2PPE spectra (hν = 1.65 eV, 4.65 eV)
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A.3. Fit Functions

A.3.1. Optical Bloch equations
As a fit function to the transient population of an electronic state excited by a Gaussian
laser pulse serves an approximation to the optical Bloch equations accounting for a single
decay channel (Boger 2004):

n(t) = n0 exp

(
− t
τ

+ 0.125

(
Bp

τ

)2
)(

1 + erf

(
√

2
t

Bp
− Bp(

2
√

2τ
))) (A.1)

whereBp denotes the width of the cross correlation trace and τ the lifetime of the electronic
state.

A.3.2. Rate equations
Within the rate equation model, the temporal evolution of the population ni of the state i (i
= CB: conduction band, TSS: topological surface state) is given by:

d

dt
nTSS = −1

τ
nTSS +

1

τ̃
nCB + g(t)

τ is the lifetime of the surface state, τ̃ the inverse rate of refilling from the conduction band
and g(t) the rate of optical pumping. The latter is proportional to the intensity of the laser
pulse which will be assumed to be Gaussian-shape in time.

The 2PPE intensity Ii is proportional to the transient population via the transition
probability M2

i,f :(
1

τ
+
d

dt

)
ITSS =

1

τ̃

M2
TSS,f

M2
CB,f ′

ICB +M2
TSS,f g(t) =: h(t)

The right-hand side of the equation is treated as a source term h(t), including both refilling
from the conduction band and optical pumping. As the transition probabilities are unknown,
the rate of refilling cannot be extracted from the rate equations.

The Green’s function G of the operator on the left-hand side is given by(
1

τ
+
d

dt

)
G(t) = δ(t) =

(
1

τ
+
d

dt

)
θ(t) exp

(
− t
τ

)
where δ(t) is Kronecker’s delta-function and θ(t) is Heavyside’s theta-function. The
solution of the differential equation is given by

ITSS =

∫ t

∞
exp

(
−1

τ
(t− t′)

)
h(t′) dt′ (A.2)

This expression serves as a fit function to the time-resolved data in Section 6.3.
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A.4. Correlation between photoemission matrix elements
of linearly and circularly polarized light

Inserting the vector potential of circularly polarized light A0 = (−iAx, Ay,−iAz) into the
dipole matrix element (Equation 4.3) gives

Mf,i = −i 〈ψf |Axpx|ψi〉+ 〈ψf |Aypy|ψi〉 − i 〈ψf |Azpz|ψi〉 = −iM p
f,i +M s

f,i

where M p
f,i and M s

f,i are the matrix elements of purely p and s polarized light, respectively.
M p

f,i
2 and M s

f,i
2 are observable, and have e. g. been measured for the conventional Dirac

cone of Bi2Se3 (Cao 2012) as illustrated in Figure 4.3. The photoemission intensity is
proportional to

|Mf,i|2 =
∣∣M p

f,i

∣∣2 +
∣∣M s

f,i

∣∣2 + 2 Im(M p
f,iM

s
f,i
∗) (A.3)

Switching the direction of rotation of the circularly polarized light, Ay → −Ay, changes
the sign of M s

f,i and thus of the last term in Equation A.3, which therefore gives rise to
circular dichroism. Notably, a zero inM p

f,i orM s
f,i results in a zero in the circular dichroism

signal, as was observed in case of Bi2Se3 in Reference Ishida (2011) in agreement with
the orbital structure depicted in Figure 4.3 (Cao 2012). The possible occurrence of a
similar switch in the orbital composition of the higher-lying Dirac cones of Bi2Se3 and
Bi2Te2Se, which also exhibits a complex composition of px, py and pz orbitals (Eremeev
2012), would explain the different intensities of the circular dichroism observed above and
below the Dirac cone in Figure A.8.
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Busse, C., Lazić, P., Djemour, R., Coraux, J., Gerber, T., Atodiresei, N., Caciuc, V., Brako, R.,
N’Diaye, A. T., Blügel, S., Zegenhagen, J., and Michely, T. (07/2011). “Graphene on Ir(111):
Physisorption with Chemical Modulation”. Physical Review Letters 107, 3, p. 036101 (cit. on
pp. 9, 35, 46, 47, 54, 57).

Cançado, L. G., Jorio, A., Ferreira, E. H. M., Stavale, F., Achete, C. A., Capaz, R. B., Moutinho, M.
V. O., Lombardo, A., Kulmala, T. S., and Ferrari, A. C. (2011). “Quantifying Defects in Graphene
via Raman Spectroscopy at Different Excitation Energies”. Nano Letters 11, 8, pp. 3190–3196
(cit. on p. 83).

100

http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1103/PhysRevB.71.075402
http://dx.doi.org/10.1103/PhysRevB.71.075402
http://dx.doi.org/10.1038/ncomms1131
http://dx.doi.org/10.1038/ncomms1131
http://dx.doi.org/10.1103/PhysRevLett.102.206410
http://dx.doi.org/10.1103/PhysRevB.65.075104
http://dx.doi.org/10.1103/PhysRevB.65.075104
http://dx.doi.org/10.1103/PhysRevLett.92.126803
http://dx.doi.org/10.1103/PhysRevLett.92.126803
http://dx.doi.org/10.1088/1367-2630/7/1/110
http://dx.doi.org/10.1088/1367-2630/7/1/110
http://dx.doi.org/10.1038/nphoton.2010.186
http://dx.doi.org/10.1038/nphoton.2010.186
http://dx.doi.org/10.1103/PhysRevLett.105.036804
http://dx.doi.org/10.1103/PhysRevLett.105.036804
http://dx.doi.org/10.1088/1367-2630/12/2/023028
http://dx.doi.org/10.1088/1367-2630/12/2/023028
http://dx.doi.org/10.1038/nphys477
http://dx.doi.org/10.1038/nphys477
http://dx.doi.org/10.1088/1367-2630/12/11/113016
http://dx.doi.org/10.1088/1367-2630/12/11/113016
http://dx.doi.org/10.1016/j.elspec.2005.01.022
http://dx.doi.org/10.1103/PhysRevLett.107.036101
http://dx.doi.org/10.1103/PhysRevLett.107.036101
http://dx.doi.org/10.1021/nl201432g
http://dx.doi.org/10.1021/nl201432g


Bibliography

Cao, J., Gao, Y., Miller, R. J. D., Elsayed-Ali, H. E., and Mantell, D. A. (07/1997). “Femtosecond
photoemission study of ultrafast electron dynamics on Cu(100)”. Physical Review B 56, 3,
pp. 1099–1102 (cit. on p. 30).

Cao, Y., Waugh, J. A., Zhang, X.-W., Luo, J.-W., Wang, Q., Reber, T. J., Mo, S. K., Xu, Z., Yang,
A., Schneeloch, J., Gu, G., Brahlek, M., Bansal, N., Oh, S., Zunger, A., and Dessau, D. S.
(09/2012). In-Plane Orbital Texture Switch at the Dirac Point in the Topological Insulator Bi2Se3.
arXiv:1209.1016, arXiv pre-print (cit. on pp. 25, 27, 71, 94).

Cardona, M. (1982). Light Scattering in Solids II: Basic Concepts and Instrumentation. Ed. by
G. Guntheroodt. Springer-Verlag, Berlin - Heidelberg - New York (cit. on p. 83).

Casiraghi, C., Pisana, S., Novoselov, K. S., Geim, A. K., and Ferrari, A. C. (12/2007). “Raman
fingerprint of charged impurities in graphene”. Applied Physics Letters 91, 23, p. 233108 (cit. on
p. 83).

Checkelsky, J. G., Hor, Y. S., Cava, R. J., and Ong, N. P. (05/2011). “Bulk Band Gap and Surface
State Conduction Observed in Voltage-Tuned Crystals of the Topological Insulator Bi2Se3”.
Physical Review Letters 106, 19, p. 196801 (cit. on pp. 17, 77).

Chen, J.-H., Jang, C., Adam, S., Fuhrer, M. S., Williams, E. D., and Ishigami, M. (05/2008).
“Charged-impurity scattering in graphene”. Nature Physics 4, 5, pp. 377–381 (cit. on p. 57).

Chen, J.-H., Jang, C., Ishigami, M., Xiao, S., Cullen, W., Williams, E., and Fuhrer, M. (2009a).
“Diffusive charge transport in graphene on SiO2”. Solid State Communications 149, 27 – 28.
Recent Progress in Graphene Studies, pp. 1080 –1086 (cit. on p. 57).

Chen, Y. L., Analytis, J. G., Chu, J.-H., Liu, Z. K., Mo, S.-K., Qi, X. L., Zhang, H. J., Lu, D. H., Dai,
X., Fang, Z., Zhang, S. C., Fisher, I. R., Hussain, Z., and Shen, Z.-X. (2009b). “Experimental
Realization of a Three-Dimensional Topological Insulator, Bi2Te3”. Science 325, 5937, pp. 178–
181 (cit. on pp. 3, 13, 16, 62, 64, 77).

Chiang, C.-T., Winkelmann, A., Yu, P., and Kirschner, J. (08/2009). “Magnetic Dichroism from
Optically Excited Quantum Well States”. Physical Review Letters 103, 7, p. 077601 (cit. on
pp. 31, 68).

Chiang, C.-T., Winkelmann, A., Yu, P., Kirschner, J., and Henk, J. (03/2010). “Spin-orbit coupling
in unoccupied quantum well states: Experiment and theory for Co/Cu(001)”. Physical Review B
81, 11, p. 115130 (cit. on p. 31).

Chulkov, E. V. (2012). private communication (cit. on pp. 65, 68, 73, 74, 89).
Collins, G. P. (2006). “Computing with Quantum Knots”. Scientific American 294, 4, pp. 56–63

(cit. on p. 2).
Conrad, H, Küppers, J, Nitschké, F, and Plagge, A (1977). “Oxidation of Ir(111) surfaces; a

combined LEED/UPS study”. Surface Science 69, 2, pp. 668 –676 (cit. on pp. 9, 36).
Coraux, J., N’Diaye, A. T., Engler, M., Busse, C., Wall, D., Buckanie, N., Heringdorf, F.-J. Meyer

zu, Gastel, R. van, Poelsema, B., and Michely, T. (2009). “Growth of graphene on Ir(111)”. New
Journal of Physics 11, 2, p. 023006 (cit. on pp. 9, 36, 44, 47, 58).

Crepaldi, A., Ressel, B., Cilento, F., Zacchigna, M., Grazioli, C., Berger, H., Bugnon, P., Kern, K.,
Grioni, M., and Parmigiani, F. (11/2012). “Ultrafast photodoping and effective Fermi-Dirac
distribution of the Dirac particles in Bi2Se3”. Physical Review B 86, 20, p. 205133 (cit. on pp. 20,
21, 30).
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