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Abstract

In this thesis, I present a model system for carbohydrate interactions with single-

crystalline Ru surfaces. Geometric and electronic properties of copper phthalocyanine

(CuPc) on top of graphene on hexagonal Ru(0001), rectangular Ru(101̄0) and vicinal

Ru(1,1,2̄,10) surfaces have been studied. First, the Fermi surfaces and band structures of

the three Ru surfaces were investigated by high-resolution angle-resolved photoemission

spectroscopy. The experimental data and theoretical calculations allow to derive detailed

information about the momentum-resolved electronic structure. The results can be used

as a reference to understand the chemical and catalytic properties of Ru surfaces. Sec-

ond, graphene layers were prepared on the three different Ru surfaces. Using low-energy

electron diffraction and scanning tunneling microscopy, it was found that graphene can

be grown in well-ordered structures on all three surfaces, hexagonal Ru(0001), rectangu-

lar Ru(101̄0) and vicinal Ru(1,1,2̄,10), although they have different surface symmetries.

Evidence for a strong interaction between graphene and Ru surfaces is a 1.3–1.7 eV

increase in the graphene π-bands binding energy with respect to free-standing graphene

sheets. This energy variation is due to the hybridization between the graphene π bands

and the Ru 4d electrons, while the lattice mismatch does not play an important role

in the bonding between graphene and Ru surfaces. Finally, the geometric and elec-

tronic structures of CuPc on Ru(101̄0), graphene/Ru(101̄0), and graphene/Ru(0001)

have been studied in detail. CuPc molecules can be grown well-ordered on Ru(101̄0)

but not on Ru(0001). The growth of CuPc on graphene/Ru(101̄0) and Ru(0001) is

dominated by the Moiré pattern of graphene. CuPc molecules form well-ordered struc-

tures with rectangular unit cells on graphene/Ru(101̄0) and Ru(0001). The distance

of adjacent CuPc molecules is 15 ± 0.5 Å and 13 ± 0.5 Å on graphene/Ru(0001) and

15.4 ± 0.5 Å and 13.7 ± 0.5 Å on graphene/Ru(101̄0). This indicates that the molecule-

substrate interaction dominates over the intermolecular interaction for CuPc molecules

on graphene/Ru(101̄0) and graphene/Ru(0001).
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Zusammenfassung

In dieser Arbeit stelle ich ein Modellsystem für die Wechselwirkungen von Kohlenwasser-

stoffen mit ein kristallinen Rutheniumoberflächen vor. Die geometrischen und elektronis-

chen Eigenschaften von Kupfer-Phthalocyanin (CuPc) als Deckschicht über Graphen auf

hexagonalen Ru(0001)-, rechteckigen Ru(101̄0)- und vicinalen Ru(1,1,2̄,10)-Oberflächen

wurden untersucht. Zunächst wurden die Fermioberflächen und Bandstrukturen der

drei Rutheniumoberflächen mittels hochauflösender winkelaufgelöster Photoemissions-

spektroskopie ermittelt. Die experimentellen Daten und theoretischen Berechnungen

erlauben es, detaillierte Informationen zur impulsaufgelösten elektronischen Struktur

abzuleiten. Die Ergebnisse können als Referenz für ein besseres Verständnis der chemi-

schen und katalytischen Eigenschaften von Rutheniumoberflächen dienen. Als nächstes

wurden Graphenschichten auf den drei verschiedenen Rutheniumoberflächen hergestellt.

Bei Messungen der Beugung niederenergetischer Elektronen an den Oberflächen sowie

mittels Rastertunnelmikroskopie stellte sich heraus, dass Graphen hoch geordnete Struk-

turen auf allen drei Oberflächen, hexagonalem Ru(0001), rechteckigem Ru(101̄0) und

vicinalem Ru(1,1,2̄,10), bildet, obwohl diese unterschiedliche Symmetrien aufweisen.

Ein Hinweis auf eine starke Wechselwirkung zwischen Graphen und den Ruthenium-

oberflächen ist der Anstieg der Bindungsenergie der Graphen-π-Bänder um 1.3–1.7 eV

im Vergleich zu freistehenden Graphenschichten. Diese Änderung der Energie beruht

auf der Hybridisierung zwischen den Graphen-π-Bändern und den 4d-Elektronen des

Rutheniums, wohingegen der Gitterversatz keine große Rolle bei der Bindung zwischen

Graphen und Rutheniumoberflächen spielt. Abschließend wurden die geometrischen und

elektronischen Strukturen von CuPc auf Ru(101̄0), Graphen/Ru(101̄0) und Graphen-

/Ru(0001) im Detail untersucht. CuPc-Moleküle konnten mit hoher Ordnung auf-

Ru(101̄0) abgelagert werden, nicht jedoch auf Ru(0001). Das Wachstum von CuPc auf

Graphen/Ru(101̄0) und Ru(0001) wird durch die Moiréstruktur des Graphens bestimmt.

CuPc-Moleküle bilden hoch geordnete Strukturen mit rechteckigen Elementarzellen auf

Graphen/Ru(101̄0) und Ru(0001). Der Abstand benachbarter CuPc-Moleküle beträgt

15± 0.5 Å und 13± 0.5 Å auf Graphen/Ru(0001) sowie 15.4± 0.5 Å und 13.7± 0.5 Å auf

Graphen/Ru(101̄0). Dies weist darauf hin, dass die Molekül-Substrat-Wechselwirkung

bei CuPc-Molekülen auf Graphen/Ru(101̄0) und Graphen/Ru(0001) stärker ist als die

intermolekulare Wechselwirkung zwischen den CuPc-Molekülen.
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Chapter 1

Introduction

The rare transition metal, Ruthenium, has attracted a lot of attention due to a wide

range of possible applications, among which is the use in extreme ultraviolet lithogra-

phy (EUVL), a leading candidate for next-generation lithography methods [1]. Current

lithographic techniques employ wavelengths of 248 nm or 193 nm, using deep-ultraviolet

light sources. EUVL uses 13.5 nm (92.5 eV) wavelength radiation and is able to produce

features as small as 20 nm [2].

Since all materials absorb extreme-ultraviolet radiation it is required to use reflective

optics (multilayer Mo/Si mirrors) in EUVL. The exposure tool and the associated com-

ponents also must be kept under vacuum. Surface contamination by water and hydrocar-

bons together with the extreme-ultraviolet radiation drastically reduces the reflectivity

of the mirror used in EUVL over time, thus hampering its application [3]. Ru is an ex-

cellent candidate as a capping layer for multilayer Mo/Si mirrors, because it has a high

transmission coefficient at 13.5 nm (98.4% for a 1 nm layer), high chemical resistance

in many corrosive environments, and is able to form flat and dense layers (1–2 nm) [4].

Moreover, Ru(0001) has been found to be a substrate for growing graphene, a two-

dimensional one-atom thick sheet of sp2-bonded carbon atoms arranged in a honeycomb

lattice with unique and fascinating properties [5–7]. It has been shown that large single-

layer or bilayer epitaxial graphene sheets with a width of 500 µm can be produced on

Ru(0001) [8, 9]. Graphene is air-stable, has a very high conductivity, and only adsorbs

2.3 % of the light intensity of infrared to visible light [10]. Therefore, graphene might

also be used as a capping for mirrors in EUVL [11] and for transparent conductive

electrodes for engineering flexible-panel displays [12].

In spite of the great potential for applications in industry, there is limited experimental

insight into the detailed electronic properties of single-crystalline Ru surfaces and the
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Chapter 1. Introduction 10

interactions of single-crystalline Ru surfaces with hydrocarbon contaminations. There-

fore, it is very important to investigate in detail the electronic structure of clean Ru and

hydrocarbons on Ru surfaces for a deeper understanding of the fundamental properties

of the interactions of hydrocarbons with Ru surfaces.

This work focused on ideal, i.e. single-crystal, surfaces of Ru as a model system for hydro-

carbon contaminations on relevant surfaces. Three differently orientated single-crystal

Ru surfaces were studied: hexagonal-surface Ru(0001), rectangular-surface Ru(101̄0),

and stepped-surface or defect-surface Ru(1,1,2̄,10). Several groups have measured the

band structure of Ru by angle-resolved photoemission spectroscopy (ARPES) [13–15], fo-

cusing only on Ru(0001) with limited resolution but not on Ru(101̄0) or on Ru(1,1,2̄,10)

which are similar to real surfaces for applications [16].

For hydrocarbons, graphene and copper phthalocyanine (CuPc) molecules were used.

The detailed interaction mechanisms of graphene with metal surfaces was still unclear

[17]. For example, an interesting question related to the interaction mechanisms of

graphene with metal surfaces is the effect of the lattice mismatch on the bonding of

graphene to transition metal surfaces. Copper phthalocyanine is a common organic

semiconductor [18] which is investigated frequently due to a wide range of possible ap-

plications in solar cells [19], molecular optoelectronics [20, 21], and transparent-electrode

applications [22, 23]. A fundamental understanding of organic semiconductors/graphene

interfaces is crucial for these applications. Moreover, the interaction of Metal phthalo-

cyanine (MePc) molecules with metal-supported graphene was also still controversial

[24]. For instance, an effect of the metal atom in the MePc was not found on graphene-

/Ru(0001) [25] but was found on graphene/Ni(111) [24]. In addition, depending on the

metal substrate used, graphene can feature rather different geometric structures and it

will be interesting to see if this affects the arrangement of adsorbed MePc molecules.

The thesis is organized as follows:

– Chapters 2 and 3 present the background theory and the experimental techniques.

– In chapters 4, 5 and 6 the main results of the thesis are given. Chapter 4 shows the

detailed electronic properties of clean Ru(0001) and, for the first time, Ru(101̄0) and

Ru(1,1,2̄,10). These results play an important role not only in this thesis but can also be

used as a reference to facilitate subsequent studies of Ru surfaces in multilayer mirrors

for application in EUVL and in the catalysis of organic molecules on ruthenium.

– In chapter 5 the interactions of graphene with three different Ru surfaces are described.

It is interesting to know that graphene can be grown well-ordered not only on Ru(0001)

surfaces but also on the other two surfaces, Ru(101̄0) and Ru(1,1,2̄,10).
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– Geometric and electronic properties of CuPc on Ru surfaces and graphene/Ru surfaces

are presented in chapter 6. These will lead to a better understanding of the fundamental

properties of the interaction of molecules with graphene.

– Chapter 7 presents the main discussion.

– Finally, chapter 8 gives the conclusion of my thesis and a short outlook on further

topics of investigation.





Chapter 2

Background theory

2.1 Elemental and molecular properties

In this section, some basic properties of ruthenium, graphene and CuPc molecules are

presented. The following description can be used as a reference for subsequent studies.

2.1.1 Hexagonal surface: Ru(0001)

Figure 2.1: Ru(0001) crystal structure in real and reciprocal spaces: (a) the Ru(0001)
surface in real space, (b) the reciprocal lattice of hexagonal-lattice Ru, and (c) its

Brillouin zone with the critical points Γ̄, K̄ and M̄ labeled [16].

13



Chapter 2. Background theory 14

The surface structure of Ru(0001) is hexagonally closed packed (hcp) which has the

highest density of surface atoms [26]. The basic properties are:

Atomic number 44

Electronic configuration [Kr]4d75s1

Lattice constant
aRu = 2.706 Å

cRu = 4.282 Å

Melting point 2607 K

Work function Ru(0001) 5.52 eV [27]

Shown in Fig. 2.1 is the Ru(0001) crystal structure in real and reciprocal spaces and its

Brillouin zone with the critical points Γ̄, K̄ and M̄ labeled. The primitive vectors of the

reciprocal lattice are:

b1 =
4π√
3a

x, b2 =
2π√
3a

x +
2π

a
y, b3 =

2π

c
y (2.1)

and the distances between the critical points are: ΓA= 0.73 Å, ΓM= 1.34 Å, ΓK= 1.55 Å

and MK = 0.77 Å.

2.1.2 Rectangular surface: Ru(101̄0)

Figure 2.2: Atomic structures of ideal, planar hcp Ru(0001) and Ru(101̄0) as viewed
from above (adapted from Ref. 4). (a) Ru(0001) in real space, (b) and (c) Ru(101̄0) in
real space. Due to the ABAB. . . stacking sequence in the hcp structure, Ru(101̄0) has

two different atomic arrangements which coexist.

Fig. 2.2 shows the ideal atomic structures of Ru(0001) and Ru(101̄0) surfaces. There

are two different atomic arrangements at Ru(101̄0) surfaces which coexist and have the

same unit-cell size due to the ABAB. . . stacking sequence in the hcp structure, as shown

in Fig. 2.2(b) and (c) [4].
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2.1.3 Vicinal surface: Ru(1,1,2̄,10)

Figure 2.3: Atomic structures of ideal Ru(1,1,2̄,10) as viewed from above (a) and
side (b). The Ru(1,1,2̄,10) surface has (0001) terraces which are five atoms wide and
separated by (112̄0) steps. The angle between the vicinal and terrace surfaces is 17.6◦.

Vicinal or stepped surfaces with regular step arrays have attracted much interest due

to their tailored electronic properties and potential applications in electronic nanoscale

devices [28]. Vicinal surfaces have an additional periodicity in one dimension, meaning

that the electrons are periodically perturbed which may affect the electronic properties

[29–31]. Such surfaces can be used as model systems in heterogeneous catalysis and as

functional substrates for growing low-dimensional nanostructures [32, 33]. The vicinal

or stepped surface Ru(1,1,2̄,10) is slightly tilted relative to the low-index single-crystal

surface Ru(0001). Fig. 2.3 shows atomic structures of ideal Ru(1,1,2̄,10) as viewed from

the top (a) and side (b). The Ru(1,1,2̄,10) surface has (0001) terraces which are five

atoms wide and separated by (112̄0) steps.
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2.1.4 Graphene

Figure 2.4: (a) The σ and π bonds in graphene. (b) Perspective view of a hexagonal
lattice. Armchair and zigzag directions are denoted. (c) Construction of the lattice in
real space. (d) The reciprocal lattice with the corresponding lattice vectors. The inner
hexagon is the first Brillouin zone. The yellow parallelogram highlights a unit cell [34].

Graphene is a sheet of carbon atoms arranged in hexagonal cells only a single atom

thick. Although graphene is the thinnest known material, it is stronger than diamond

[34]. The basic properties are:

Atomic number 6

Electronic configuration 1s22s22p2

Lattice constant a = 2.464 Å

Interlayer distance cgraphite
2 = 3.355 Å

C–C distance ao =
√

3
3 a = 1.422 Å
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Carbon has four valence electrons, three of which form the σ-bonds in graphene with

an angle of 120◦ between then and defining the plane of the molecule. A schema of this

hybridization is presented in Fig. 2.4(a). The two main directions in the two-dimensional

lattice are called zigzag and armchair and are marked with arrows in Fig. 2.4(b). The

lattice in real space is shown in Fig. 2.4(c) with the basis vectors:

a1 = a(1, 0), a2 = a(
−1

2
,

√
3

2
) (2.2)

In Fig. 2.4(d) the corresponding reciprocal lattice with the first Brillouin zone, the

reciprocal unit cell (highlighted in yellow) and the reciprocal basis vectors is depicted.

2.1.5 Copper phthalocyanine

Figure 2.5: (a) A schematic representation of the metal-free phthalocyanine molecule
and (b) the molecular structure of copper phthalocyanine (adapted from Ref. 35).

Metal phthalocyanines are common organic semiconductors which have high thermal

stability, high molecular symmetry, and form crystalline solids [19]. A schematic diagram

of the metal-free phthalocyanine molecule (H2Pc) is shown in Fig. 2.5(a). A metal

phthalocyanine molecule is obtained by replacing the central H atoms by a suitable

metal e.g. Cu, Zn, Co, etc [36]. Copper phthalocyanine (CuPc molecular formula:

C32H16N8Cu) is a complex of copper with phthalocyanine as shown in Fig. 2.5(b) [35].

2.2 Low-energy electron diffraction

A detailed discussion of the theory can be found elsewhere [37–40]. Here, I only sum-

marize the main points of the discussion as presented in the book of Yip-wah Chung
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[37] to provide a basis for understanding the fundamental phenomena and theories of

the investigations in the next chapters.

Low-energy electron diffraction has been used to investigate the periodic structure of

solid surfaces [41]. According to de Broglie, the wavelength λ of an electron beam of

energy E = eU is given by:

λ =
h√

2mE
(2.3)

where U is the accelerating voltage, h is Planck’s constant, and m is the electron mass.

For voltages between 20 and 600 V the wavelength is in the range of 3 to 0.5 Å which is

in the order of atomic distances. Therefore, we can use low-energy electrons to obtain

the two-dimensional surface structure of a sample.

Figure 2.6: Diffraction at a stepped surface with the electron beam at normal inci-
dence. The stepped surface has the lattice spacing a, the step height d, the horizontal

step displacement g, and the number of atomic rows on the terrace M + 1

Fig. 2.6 shows the diffraction at a stepped surface with the electron beam at normal

incidence. The stepped surface has the lattice spacing a, the step height d, the hori-

zontal step displacement g, and the number of atomic rows on the terrace M + 1. The

interference function J(ϕ) at the angle ϕ is as follows:

J =
sin2

[
M+1

2 (ka sinϕ)
]

sin2
(

1
2(ka sinϕ)

) ×
∑
∞
δ

[
1

2
k(Ma+ g) sinϕ+

1

2
kd(1 + cosϕ)−mπ

]
(2.4)

J = Jo × Js (2.5)

Jo is the interference function of atoms in a terrace. Js gives rise to a splitting of the

diffraction spot because it has δ functions which are zero excepting their arguments

are equal to zero. The terrace width of stepped surfaces can be directly estimated by

measuring the splitting. The quantitative evaluation is given by the equation:

∆K

K10
=
ao
D

(2.6)
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where ∆K is a distance in the pattern measured in K-space, K10 is the distance of two

normal spots in the diffraction pattern, ao is the lattice constant of the substrate giving

rise to the normal spot distance K10. D is the terrace width, which correlates with the

width or distance ∆K.

2.3 Scanning tunneling microscopy

Figure 2.7: Principle of operation of the STM. The tunneling current IT is kept
constant while the tip is moved by three piezo drives. The appropriate voltage UT
between the tip and the sample is applied by the control unit, CU (adapted from Ref.

42).

In this section, the concepts of scanning tunneling microscopy (STM) are presented.

The STM was invented in 1982 by Heinrich Rohrer and Gerd Binnig of IBM’ Research

Laboratory in Zürich, Switzerland [44, 45]. The principle of operation of the STM is

shown in Fig. 2.7. A bias voltage is applied between the tip and the sample. A metal

tip scans across a conducting surface. Due to the quantum mechanical tunneling effect

a tunneling current occurs between the tip and the sample if the tip-sample surface

separation is in within a few Ångström. Fig. 2.8 shows the energy level diagram of a

tunneling junction. Even though the bias voltage is smaller than the energy barrier

between the two metals, there is still a tunneling current. This tunneling current [42] is

defined by:

IT = VT exp(AΦ1/2s) (2.7)
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Figure 2.8: Energy level diagram of a tunneling junction (adapted from Ref. 43).
The separation between two metals or between the tip and sample is denoted by s, VT
is the applied voltage. As a result, the Fermi levels EF are shifted against each other

by an energy eVT .

where VT is the bias voltage, s is the separation between the tip and sample, and A is a

constant given by A = 2((2m2)1/2)/h. There are two modes in STM measurement, the

constant current mode and the constant height mode [46].

• The constant current mode can be used for large and rough samples without de-

stroying the tip. In this mode, the current and the voltage are kept constant by

adjusting the tip-surface separation. So it needs time to enable the feedback sys-

tem to respond to this change and, therefore, the scan rates are comparatively

low.

• With the constant height mode, the current is changed to keep the vertical po-

sition of the tip constant. The scan rates can be comparatively high which is

advantageous for eliminating thermal drift but large scan sizes should be avoided

to protect the tip.
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2.4 Photoelectron spectroscopy

Photoelectron spectroscopy is the most important technique to measure the electronic

structure of materials [47]. There is a large number of review books and papers available

about photoelectron spectroscopy [47–51]. Here the basic description of photoemission

is presented.

The photoelectron spectroscopy is a technique based on the photoelectric effect [48]

which was first observed by Hertz in 1887 [52]. In 1905, Einstein [53] explained it as

a manifestation of the quantum nature of light. Fig. 2.9 shows the energetics of the

photoemission process in an ARPES experiment. As shown in Fig. 2.10, The kinetic

energy and the emission angle of the electrons are collected by the detector. Using the

total energy and the laws of momentum conservation, the kinetic energy of the ejected

electrons escaping from the sample into the vacuum can be determined:

Figure 2.9: Energetics of the photoemission process (adapted from ref. 48). The
energy of the incident photon is hν and EB is the binding energy of the electrons which
is referred to the Fermi level in solids and to the vacuum level in free atoms or molecules.
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Figure 2.10: The geometry of an ARPES experiment in which the emission direction
of the photoelectron is specified by the polar (ϑ) and azimuthal (ϕ) angles (adapted

from Ref. 54).

Ekin = hν − φ− |EB| (2.8)

p|| = ~k|| =
√

2mEkin · sinϑ (2.9)

The photon momentum can be neglected due to being low in ARPES experiments. In

the equations, hν is the energy of the incident photon, EB is the binding energy which is

referred to the Fermi level in solids and to the vacuum level in free atoms or molecules,

~k|| is the parallel electron crystal momentum in the extended zone scheme, φ is the work

function of the material, ϑ is the polar emission angle which is shown in Fig. 2.10. From

the ARPES measurement the perpendicular electron crystal momentum, k⊥, cannot be

determined directly. If the emitted electrons are assumed to be in a free-electron final

state, the perpendicular momentum [55] is given by:

k⊥ =

√
2m

~
√

2mEkin cos2 ϑ+ V0 (2.10)

Once the value of k⊥ is known it is possible to determine the value of the inner potential

V0.



Chapter 3

Experimental

This work was done in three different UHV chambers with a basis pressure as low as

1 ·10−10 mbar which were denoted as chamber A, B, and C. Most of the data presented

in chapter 4 was measured in chamber A which has a high-resolution photoelectron

analyzer (Scienta R4000) using a monochromatized helium lamp for He Iα and He IIα
radiation (hν=21.2 eV and 40.8 eV, respectively) and a monochromatized X-ray gun.

The lowest measurement temperature is about 5 K. The angle-resolved mode of the

analyzer covers a parallel detection range of about ± 15◦ with an angular resolution

of 0.5◦. Additional rotation of the sample was used to allow two-dimensional k-space

mapping. The total energy resolution was ∆E=6 meV, measured from the Fermi level

of a polycrystalline tantalum foil in thermal and electrical contact with the sample.

UHV chamber B features a photoelectron analyzer (Scienta SES 200). It is equipped

with a home-made Knudsen cell for evaporating CuPc molecules, a LEED apparatus

(ErLEED) and a rotatable manipulator with liquid Helium cooling attaining a lowest

measurement temperature of about 50 K. The surface structures and electronic proper-

ties of graphene and CuPc on Ru surfaces presented in chapters 5 and 6 were mostly

measured in chamber B at room temperature. The angle-resolved mode of the analyzer

covers a parallel detection range of about ±10◦ with an angular resolution of 0.5◦. The

sample was rotated in steps of 2◦ from −10◦ to 60◦ to map the band structure. The

UV radiation source used in chamber B was He Iα radiation from a monochromatized

helium lamp. The surface structures of the graphene and CuPc on Ru surfaces were

measured with scanning tunneling microscopy (STM) in chamber C.

23
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3.1 Clean single-crystal Ru surfaces

Clean, well-ordered ruthenium crystals (MaTeck GmbH, purity 99.99%) cut along the

(0001), (101̄0) and (1,1,2̄,10) planes were prepared in UHV. The cleaning procedure con-

sisted of sputtering with Ar ions of 1 keV energy at an angle of ± 45◦ incidence on the

surface with an ion current of about 5 µA for 60 minutes to remove carbon. If samples

still contained carbon contaminations, oxygen dosing for 5 min at a pressure of 5 · 10−7

mbar with the sample kept at a temperature of 1000 K was applied. The residual oxygen

on the surface was desorbed at 1300 K. For annealing or heating samples to a high tem-

perature the electron bombardment method was used with a high voltage (700–1000 V)

applied between the sample and the preheated filament. The filament current was about

2–4 A. The emission current was about 50 mA. The cleanness and long-range order of

the surface were verified by means of X-ray photoelectron spectroscopy (XPS), low-

energy electron diffraction (LEED) and ultraviolet photoelectron spectroscopy (UPS),

as described in chapter 4.

3.2 Preparation of Graphene

Graphene can be prepared on Ru surfaces by heating the sample within 90 s to around

1400 K and then slowly reducing the temperature within 10 min. Carbons from the Ru

bulk segregate on the surfaces and form graphene [56]. The thickness of the graphene is

checked by XPS (see chapter 4).

3.3 Preparation of CuPc

The CuPc monolayers were prepared by using organic-molecular beam deposition (OMBD).

The CuPc molecules were evaporated from a Knudsen cell evaporator in UHV. The tem-

perature used to evaporate the CuPc was 668 K. After depositing the film was annealed

at 500 K to get well-defined CuPc organic films.



Chapter 4

Single-crystalline Ru surfaces∗

4.1 Introduction

In order to understand the nature of the surface orbitals of clean Ru surfaces as well

as their spatial orientation, it is very important to investigate in detail the electronic

structure. Therefore, in this chapter experimental and theoretical investigations of the

Fermi surface and the band structure of bare Ru surfaces will be reported. This work

should prove useful as a reference for subsequent studies of organic molecules deposited

on top of graphene on Ru surfaces.

In the literature, the band structure of Ru has been studied theoretically by several

groups, such as Jepsen et al. [57] and Moruzzi et al. [58] using the linear muffin-tin-

orbital model, Feibelman et al. [59] using self-consistent linear combinations of atomic

orbitals (LCAO), Holzwarth et al. [60] and Chelikowsky et al. [61] using local-orbital ab-

initio pseudopotentials, and Pelzer et al. [15] using relativistic Korringa-Kohn-Rostoker

(KKR) methods. Overall, the calculated band structures are consistent among them-

selves. Feibelman et al. [59] showed that there is a well-defined surface state of Ru

in the s-d gap at 5.3 eV below the Fermi energy at the Γ point. The existence of this

surface state is also confirmed by Holzwarth et al. [60]. Beside that there are two other

surface states, one at 1.5 eV below the Fermi energy near the Γ point, which would be

difficult to detect experimentally due to small band gaps, and the other at the K point,

at about 2 eV below the Fermi energy, which is expected to be more easily accessible

[60]. Jepsen et al. [57] indicated that the spin-orbit coupling leads to a small splitting

of the bands.
∗Parts of this chapter were published in:

N. Nguyen, M. Mulazzi, F. Reinert, ”Electronic structure and Fermi surface of Ru(0001) and Ru(101̄0)
measured with high resolution angle-resolved photoemission spectroscopy”, Journal of Electron Spec-
troscopy and Related Phenomena, 27(7):191, 2013.
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The band structure of Ru surfaces has been measured experimentally by several groups

using angle-resolved photoemission spectroscopy (ARPES) [13–15]. But they focused on

Ru(0001) with only limited resolution; the best resolution reported was about 350 meV

[15]. There are some basic features of the electronic structure of Ru(0001) that have

been detected, such as a peak within 0.5 eV below the Fermi energy representing the

uppermost d band and a set of unresolved peaks at about 2.5 eV below the Fermi

energy comprising the lower d and the upper sp bands [13]. Pelzer et al. [15] found

that in measurements of the band structure of Ru with He Iα radiation an intense

peak at 4.5 eV below the Fermi level is actually an Auger peak of 16.5 eV kinetic

energy. It was not possible to observe all of the bands predicted by the theoretical

calculations because of the limited energy resolution. Furthermore, so far the Fermi

surface of Ruthenium has been measured only once with the ARPES method on the

(0001) face [15] and once with the bulk-sensitive de Haas-van Alphen technique [57,

62]. The experimental and theoretical investigations of the Fermi surface and the band

structure of Ru(0001) and, for the first time, Ru(101̄0) and Ru(1,1,2̄,10) will be presented

here. It was possible to observe the fine details of the Fermi surface due to the improved

resolution and, thus, a quantitative comparison between the experimental and theoretical

band structures was feasible. When the excitation energies were established, the band

structure and Fermi surfaces were calculated for different orientations and for different

values of the k⊥ component of the photoelectron momentum. After detailed comparison,

the experimental data and theoretical calculations were found to be in good agreement

for a particular value of k⊥.

4.2 Geometric properties of Ru surfaces

We can use LEED to determine the orientation and cleanness of samples. The LEED

patterns presented in Fig. 4.1, of clean (a) Ru(101̄0), (b) Ru(0001) and (c) Ru(1,1,2̄,10)

were measured at room temperature with electron beam energies of 50 eV, 57 eV and

84 eV, respectively. We can see very sharp spots in the LEED patterns of the three Ru

surfaces, indicating no contamination and high smooth surface crystallinity. Given the

experimental setup, the orientation of the sample in-plane crystallographic axis is very

important for the quality of the ARPES data. Therefore, I took special care to align the

samples and to check them using the LEED patterns. From Fig. 4.1, the orientation of

the crystal axis with respect to the detector acceptance window of the electron analyzer

can be determined to be in the ΓA, ΓK and ΓK direction for (a) Ru(101̄0), (b) Ru(0001)

and (c) Ru(1,1,2̄,10), respectively. The misalignment of the crystal axis with respect to

the detector acceptance window in Fig. 4.1(b) is about 4◦. When the samples are
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Figure 4.1: LEED patterns of Ru surfaces: (a) Ru(101̄0) recorded with electron beam
energy E0 = 60 eV, (b) Ru(0001) with E0 = 57 eV, (c) Ru(1,1,2̄,10) with E0 = 84 eV, in-
cidence normal to the terrace surface in all cases. LEED patterns show very sharp spots,
indicating no contamination and high surface crystallinity of the three Ru surfaces. In
(c), spot splitting due to regular arrays of steps can be observed. The orientation of
the crystal axis with respect to the detector acceptance window of the electron analyzer
is the ΓA, ΓK and ΓK direction for (a) Ru(101̄0), (b) Ru(0001) and (c) Ru(1,1,2̄,10),

respectively.

Figure 4.2: Diffraction profiles and atom positions for: (a) a single terrace, (b) a
regular array of identical scatterers, and (c) a combination of (a) and (b) (adapted
from Ref. 63). Depending on the different phases of the two diffraction functions,
the spot splitting in the LEED patterns might be observable. If the two diffraction
functions are in phase (the 00 beam), only single spots are present. If they are out of

phase (the 10 beam), a splitting of the spots can be seen.
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Figure 4.3: Ewald’s construction of the LEED pattern for (a) a flat surface and (b)
a vicinal surface (adapted from Ref. 63), where k0 is the wave vector of the incident
beam and k00, k01 and k1̄0 are the wave vectors of the diffracted beams. The three-digit

numbers are the three-dimensional reciprocal lattice points. See text for details.

rotated, the band structure of the Ru surface in the ΓK, ΓM and ΓM direction for (a)

Ru(101̄0), (b) Ru(0001) and (c)Ru(1,1,2̄,10), respectively, can be measured.

In Fig. 4.1(c), the spot splitting can be observed. This indicates that Ru(1,1,2̄,10) has a

very high surface crystallinity with large areas of regular arrays of steps. The diffraction

pattern of the stepped-surface Ru(1,1,2̄,10) is a combination of two diffraction functions,

from a single terrace Fig. 4.2(a) and from a regular array of identical scatterers Fig. 4.2(b)

[63]. Depending on the different phases of the two diffraction functions, the spot splitting

in the LEED patterns might be observable. If the two diffraction functions are in phase

(the 00 beam), only single spots are present. If they are out of phase (the 10 beam), a

splitting of the spots can be seen. Fig. 4.3 presents Ewald’s construction of the LEED

pattern for (a) a flat surface and (b) a stepped surface (Ref. 63). Where k0 is the

wave vector of the incident beam and k00, k01 and k1̄0 are the wave vectors of the

diffracted beams. The three-digit numbers are the three-dimensional reciprocal lattice

points. The reciprocal lattice points, in the reciprocal space, for a flat surface form

continuous lines in the directions parallel to the surface. Therefore, the scattered beams
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Figure 4.4: LEED patterns of Ru(1,1,2̄,10) with different electron beam energy:
50 eV, 100 eV, 150 eV and 200 eV, respectively. (a) Normal incidence on the macro-
surface and (b) normal incidence on the microsurface (terrace). The spot splitting is
clearly visible. This indicates that the surface features very large areas of regular arrays
of steps. Using the spot splitting in the LEED pattern, the terrace width and the step

height of the vicinal surface can be determined.

in that direction can be observed at all voltages. In the case of the stepped surface, the

reciprocal lattice consists of local sharp rods normal to the macrosurface and located at

the three-dimensional reciprocal lattice points due to the structure of the flat terraces. If

the Ewald construction intersects the reciprocal lattice spot, all atoms scatter in phase.

In the case of e.g. the 00 beam in Fig. 4.3, we can observe sharp and single spots for

both flat and stepped surfaces. On the other hand, if the Ewald construction intersects

between the reciprocal lattice spots, e.g in the case of the 10 beam in Fig. 4.3, the

scattering of subsequent terraces is out of phase. Therefore, we can see the splitting of

the spots [63].

As shown in the previous chapter, using the spot splitting in the LEED pattern we can

determine the terrace width and the step height of the vicinal surface Ru(1,1,2̄,10). The

detailed LEED patterns of Ru(1,1,2̄,10) with different electron beam energy for normal

incidence (a) on the macrosurface and (b) on the microsurface (terrace) are shown in

Fig. 4.4. The angle, Θ, between the macrosurface and terrace is about 18◦ ± 1◦. The the

width or distance of stepped surfaces can be roughly estimated by measuring the splitting

and using the Equ. 2.6. The periodicity of the step arrangement in the Ru(1,1,2̄,10), D,

is about 14.8 ± 1.1 Å. Ideal Ru(1,1,2̄,10), therefore, has five-atom wide (0001) terraces

and one-atom high steps.
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Figure 4.5: STM images of Ru(1,1,2̄,10), measured at room temperature. Areas
depicted are: (a) 200 nm x 200 nm, measured with I = 1 nA, Vbias = 1 V, (b) 20 nm
x 20 nm, measured with I = 1 nA, Vbias = 0.6 V, and (c) 5 nm x 5 nm, measured with

I =1 nA, Vbias=50 mV. (d) Height profile along the white line in (b).

The regular arrays of steps in Ru(1,1,2̄,10) can be observed directly in the STM pictures

in Fig. 4.5 with different area sizes of (a) 200 nm x 200 nm, (b) 20 nm x 20 nm and (c)

5 nm x 5 nm. The height profile along the white line in (b) is shown in (d). This confirms

that the terraced surface Ru(1,1,2̄,10) has a repetitive structure. The periodicity of the

step, measured directly in the STM picture using the height profile in Fig. 4.5(d), is

about 10–15 Å, which is in good agreement with the value estimated from the LEED

patterns in Fig. 4.4.

4.3 Methods to determine the cleanness of Ru surfaces

The cleanness of Ru surfaces is very important because even a small amount of contam-

ination can change the electronic properties and, therefore, the reactivity of the surface.
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Normally, we use XPS to determine the cleanness of surfaces by measuring the spectra

of C 1s and O 1s. Due to the overlap of the C 1s and Ru 3d peaks it is difficult to

confirm the cleanness of Ru surfaces by the XPS method. In this work, I show an other

method which is very easy and gives accurate results for the cleanness of Ru surfaces by

using ARPES.

XPS methods: Peak ratio analysis and fit modeling

The XPS methods were used with peak ratio analysis and fit modeling to determine

the cleanness of Ru surfaces. Fig. 4.6 shows XPS spectra of (a) clean Ru(101̄0), (b)

graphene on Ru(101̄0) and (c) the comparison of the intensities of clean Ru(101̄0) and

graphene/Ru(101̄0). The background was corrected by subtracting a Tougaard function.

Shown in Fig. 4.6(a) is the XPS spectrum of clean Ru(101̄0) with the 3d5/2 and 3d3/2

doublet. The intensity ratio of the two lines as estimated by the occupation numbers

of the emitting orbitals should be (2 × 5/2 + 1)/(2 × 3/2 + 1) = 3/2. The intensity

ratio of 3d5/2 and 3d3/2 in the XPS spectrum of clean Ru(101̄0) is 61.3 ± 2.0 % and

38.7 ± 2.0 %, respectively. The XPS spectrum of graphene/Ru(101̄0) is fitted with the

parameters of the clean Ru spectrum (branching ratio, energies and widths of the Ru 3d

doublet peaks, and background kept fixed). There is an overlap of the C 1s and 3d3/2

peaks in the XPS spectrum. The binding energy of 3d5/2, 3d3/2 and C 1s is 280.25 eV,

284.42 eV and 284.90 eV, respectively. The intensity ratio of 3d5/2 and 3d3/2 and C 1s in

the XPS spectrum of graphene/Ru(101̄0) is 60.8 ± 2.0 %, 38.0 ± 2.0 %, and 1.2 ± 2.0 %,

respectively. Even though we chose a sample with a monolayer of carbon (3.3 Å) for

analyzing, the amount of atomic carbon in the XPS spectrum is still smaller than the

analysis error. Therefore, the peak ratio analysis and fit modeling cannot be used for

very small quantities of carbon. The attenuation of photoelectrons originating from the

Ru substrate by contaminating carbon films can still be used to determine the cleanness

of Ru surfaces, as shown in Fig. 4.6(c). Assuming that the carbon film formed on the

surface of Ru is smooth, continuous and uniform, the transmitted signal, I, from the

substrate detected by the electron energy analyzer is given by the equation:

I = Io exp(− dc
λ(E) cos θ

) (4.1)

Here, Io is the signal of the clean Ru surface, θ is take-off angle of the photoelectrons,

λ(E) = 2.36 nm is the effective attenuation length (EAL) of electrons in the carbon film

[64]. The thickness of the carbon overlayer can be quantified be the equation:
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Figure 4.6: XPS spectra of (a) clean Ru(101̄0), (b) graphene on Ru(101̄0), and (c)
comparison of the intensities of clean Ru(101̄0) and graphene/Ru(101̄0). Spectrum (b)
is fitted with the parameters of the clean Ru spectrum (a) (branching ratio, energies

and widths of the Ru 3d doublet peaks, and background kept fixed).
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dc = −λ(E) cos θ ln(
I

Io
) (4.2)

The intensity was calculated from the area below the curve. Here we only use the

intensity of the 3d5/2 peak because it does not overlap with C 1s peaks. From Fig. 4.6(c),

the thickness of the carbon layer was calculated to be about 3.4 Å (1 monolayer (ML)

of carbon or graphene).

In conclusion, if the thickness of the carbon layer on the Ru surface is less than 3.4 Å (1 ML

of graphite) it is not suitable to use the XPS method for the quantification of carbon.

The XPS methods is only useful if the thickness of the carbon layer is larger than 1 ML

of graphene.

ARPES methods

Figure 4.7: (a), (c) Band dispersion of the clean and not clean Ru(101̄0) surfaces
measured at room temperature using helium IIα excitation, (b) angle-integrated valence
band of the clean and not clean Ru(101̄0) surfaces. The black line shows the data
measured on the clean surface while the red dashed line shows the Ruthenium surface
contaminated with CO and Oxygen. The spectra are intensity-normalized to a common

value at a binding energy of 13 eV.

Fig. 4.7 shows the band dispersions and the angle-integrated valence bands of clean

and not clean Ru(101̄0) surfaces measured at room temperature using He IIα excitation.

The effect of contamination is readily visible in the spectra in the high binding-energy

(for EB > 4 eV) and in the low binding-energy (for EB < 4 eV) regions. In the low
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Figure 4.8: (a), (c) Band dispersion of the clean and not clean Ru(0001) surfaces
measured at room temperature using helium IIα excitation, (b) angle-integrated valence
band of the clean and not clean Ru(0001) surfaces. The black line shows the data
measured on the clean surface while the red dashed line shows that of the Ruthenium
surface contaminated with CO and Oxygen. The spectra are intensity-normalized to a

common value at a binding energy of 13 eV.

Figure 4.9: (a), (c) Band dispersion of the clean and not clean Ru(1,1,2̄,10) surfaces
measured at room temperature using helium IIα excitation, (b) angle-integrated valence
band of the clean and not clean Ru(1,1,2̄,10) surfaces. The black line shows the data
measured on the clean surface while the red dashed line shows the Ruthenium surface
contaminated with CO and Oxygen. The spectra are intensity-normalized to a common

value at a binding energy of 13 eV.
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binding-energy region, the peaks (originating from the ruthenium 4d states) are weaker

and broader in the contaminated surface compared with the data taken from the clean

surface. Consistently, in the high binding-energy region, for the clean Ru(101̄0) surface

around binding energies of 7.5 and 10.6 eV, there are sp dispersion bands of Ru and in

the contaminated Ru surface there are two additional, dispersion-less bands which are

originate from the presence of oxygen and carbon monoxide on the surface. This is also

consistent with the angle-integrated valence bands of the clean and not clean Ru(101̄0).

In the band of not clean Ru(101̄0), there are additional peaks at binding energies of 7.5

and 10.6 eV arising from oxygen and carbon monoxide on the surface. We attribute the

peaks at 7.63 eV and 10.57 eV to carbon monoxide contamination. The studies of the

adsorption of CO and oxygen on Ru(0001) by Fuggle et al [65] also show that the CO

peaks at 7.5 and 10.6 eV can be assigned to the combined (5σ + 1π) and to the 4σ

states, respectively.

There is a notable difference between the spectra of contaminated Ru(0001), Ru(1,1,2̄,10)

and Ru(101̄0). For Ru(101̄0), there are two contamination peaks are visible, one at about

7.5 eV and the other at about 10.6 eV. For Ru(0001) there are also two contamination

peaks are visible, one at about 5.9 eV and the other at about 7.6 eV. In contrast,

for Ru(1,1,2̄,10) there are three contamination peaks are visible, one at about 7.9 eV,

another at about 9.6 eV and the third at about 11 eV. The peak at about 5.9 eV in

contaminated Ru(0001) is attributed to oxygen contamination [65]. The oxygen peak at

6.4 eV is believed to derive from the O 2p. The peak at about 9.6 eV in contaminated

Ru(1,1,2̄,10) is attributed to carbon contamination [65] and deriving from the π state of

carbon. The peaks at 7.5 eV in contaminated Ru(101̄0), 7.6 eV in contaminated Ru(0001)

and 7.9 eV in contaminated Ru(1,1,2̄,10) are assigned to the combined (5σ + 1π) of CO

[65]. Due to the differences in work function there are differences in the binding energy

of CO(5σ + 1π) on the three Ru surfaces. In gas phase CO the difference in binding

energy of CO(5σ) and CO(1π) is about 3 eV. Because CO is strongly chemisorbed on

Ru surfaces, the binding occurs via the (5σ) orbital, lowering its energy approximately

to the value of the (1π) orbital [48].

4.4 Calculated electronic structure of bulk Ruthenium

In this section, the additional calculated electronic structure of bulk Ruthenium will be

presented. These theoretical calculations were done by Dr. Mulazzi (Ref. 16) and can

be used as a reference to attain a better understanding of the experimental data. They

also might be helpful for future projects.
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Figure 4.10: The calculated total energies are plotted as a function of the in-plane
lattice parameter a (top) and as a function of the quotient of the out-of-plane lattice
parameter c and a(bottom). The calculated total energy is indicated by the black dots,

while the red dashed line is the result of a polynomial fit.

The band structure of bulk ruthenium was calculated by means of the density-functional

theory (DFT) including spin-orbit interaction using a plane-wave-pseudopotential code

[66] and a generalized-gradient approximation for the exchange and correlation func-

tional. By varying the lattice parameters of the hexagonal-close-packed unit cell, the

total energy was minimized, as shown in Fig. 4.10. The minimum total energy is located

at a = 5.15879 a.u. and c/a = 1.58376, both being within 2 % from the experimental

values [67]. In the self-consistent cycle, 252 k points of the irreducible wedge of the Bril-

louin zone were used. Using a 5s14d7 configuration, the pseudo potential was generated;

it was of the ultrasoft type. The energy cutoffs were 30 Ry and 360 Ry for the wave

functions and the charge density, respectively.

When the photoelectron traverses to the surface, the value of the perpendicular mo-

mentum, k⊥, is not conserved [47, 48]. But k⊥ can be calculated by considering a
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Figure 4.11: Calculation of the Fermi surface of bulk ruthenium in repeated Brillouin
along the high-symmetry lines indicated in the figure, (a) in ΓA and ΓM direction
and (b) in ΓA and ΓK direction. The radii of the red dashed and the blue solid lines
indicate the constant-energy final-state sphere for excitation with the He Iα and He IIα

excitation energies, respectively.
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free-electron plane wave as the final state. In such a final state a constant kinetic en-

ergy, represented by a sphere in k -space, is proportional to the square of its momentum.

The radius of this sphere is a function of the photoelectron kinetic energy, providing the

reciprocal space points that are probed by a photoemission experiment, as indicated in

Fig. 4.11 for different values of the inner potential and of the excitation energies, namely

He Iα and He IIα.

The value of k⊥ can be estimated by choosing the k⊥ which provided the best agreement

between the experimental and bulk calculations done for different values of k⊥s of Fermi

surfaces and band structures. It was then possible to determine the value of the inner

potential by using the standard formula. The Fermi surface contours are shown in

Fig. 4.12 in the ΓMK plane for different fractions of the ΓA vector which is considered

as the unit of k⊥ and which has to be compared with the ARPES data of Ru(0001).

Similarly, the bulk Fermi surfaces plotted in the ΓAK plane for different values of the

ΓM vector are shown in Fig. 4.13.

Figure 4.12: A selection of bulk Fermi surfaces calculated in the ΓMK plane for
different k⊥ which is parallel to the ΓA vector, given in fractions of the ΓA distance;

0 % corresponds to the Γ point and 100 % to the A point.
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Figure 4.13: A selection of bulk Fermi surfaces calculated in the ΓAK plane for
different k⊥ which is parallel to the ΓM vector, given in fractions of the ΓM distance;

0 % corresponds to the Γ point and 100 % to the M point.
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4.5 Fermi surface mapping of Ru surfaces

Figure 4.14: Experimental Fermi surfaces of Ru(101̄0) measured at 33 K using (a)
He Iα and (b) He IIα excitation energies, respectively. The solid black lines are the
calculated Fermi surfaces with k⊥ equal to 0 % ΓM and 40 % ΓM for He Iα and He

IIα, respectively.

The experimental technique mainly used to measure bulk Fermi surfaces is the de Haas-

van Alphen technique which was previously applied to ruthenium [57, 62]. Since it

measures quantum oscillations in high magnetic fields, this technique has the disad-

vantage that the experiments have to be done with very pure crystals that need to be

cooled to very low temperatures. In contrast, ARPES is a much more flexible technique

providing valuable information about the surface electronic structure as a function of

temperature and e.g. sample doping. Only one Fermi surface mapping experiment was

done [15] for Ru(0001). The overall energy resolution was 350 meV and so far only one

pattern with a sixfold symmetry was observed, while other features predicted by theory

[57] and observed in the experimental de Haas-van Alphen bulk Fermi surface [62] were

not be resolved. In our case, the overall energy resolution is 6 meV and the three surfaces

Ru(0001), Ru(101̄0) and Ru(1,1,2̄,10) were measured.

The solid black lines in 4.14 and Fig. 4.15 show the calculated Fermi surfaces. Fig. 4.14

presents the Fermi surface sections of Ru(101̄0) measured with He Iα and He IIα energies.

In the Fermi surface data taken with He Iα, an ellipse is located at the Γ point and two

features of nearly rectangular shape are located between the center and the edges of

the Brillouin zone. Due to the k⊥ dispersion, these two features are also observable in

the Fermi surface pattern measured with He IIα excitation energy, only with a different

shape and size, while no ellipse around the Γ point can be found. Comparing these Fermi

surfaces with the theoretical calculations, the best-fitting values of k⊥ are 0 % and 40 %
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Figure 4.15: Experimental Fermi surfaces of Ru(0001) measured at 33 K using (a)
He Iα and (b) He IIα excitation energies, respectively. The solid black lines indicate
the calculated Fermi surfaces with k⊥ equal to 30 % ΓA and 50 % ΓA for He Iα and

He IIα, respectively. (c), (d) Symmetry images of (a) and (b), respectively.

of the ΓM reciprocal space vector, which corresponds to 2.68 ± 0.13 Å−1 and 3.21 ±
0.13 Å−1 for He Iα and He IIα, respectively. Assuming a free-electron final state, the

inner potential V0 can be determined by the equation 2.10. In our ARPES experiments,

the photoelectron kinetic energies at the Fermi level are 16.77 eV and 36.33 eV for He

Iα and He IIα excitation energies, respectively, yielding a value for the inner potential

of 7 ± 3.5 eV.

The shape of the Ru(0001) Fermi surfaces measured with He Iα and He IIα shown in

Fig. 4.15 are qualitatively similar, the main difference being a state around the M

point detected only with He IIα excitation. Owing to the high energy resolution of our

experiment, several features of the Fermi surface have been observed and labeled β,

τ , γ and α, using the notation in Ref. [57]. The feature β corresponds to the sixfold

flower-like pattern appearing in the experiment reported in [15]. The positions of the

experimental bands are in quantitative agreement with the de Haas-van Alphen data and

are, therefore, originating from bulk crystal properties. Consequently, the differences
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Figure 4.16: Experimental Fermi surfaces of Ru(1,1,2̄,10) measured at 33 K using (a)
He Iα and (b) He IIα excitation energies, respectively. The solid black lines indicate
the calculated Fermi surfaces with k⊥ equal to 30 % ΓA and 50 % ΓA for He Iα and He
IIα, respectively. The dashed red lines are additional states of Ru(1,1,2̄,10) compared

with Ru(0001).

between the data measured with He Iα and He IIα energies are assigned to the k⊥
dispersion. The k⊥ values that provide the best agreement between the theoretical and

experimental data are 30 % for He Iα and 50 % for He IIα) of the ΓA reciprocal space

vector, corresponding to k⊥(He Iα) = 2.71 ± 0.07 Å−1 and k⊥(He IIα) = 3.31 ± 0.07 Å−1,

respectively, yielding an inner potential of 8.3 ± 2.9 eV.

For both surfaces that we examined the inner potential has been determined, but with

an error bar of about 50%. The largest source of uncertainty in the values of the inner

potential are certainly caused by the choice of k⊥, which is obtained by the best fit of

the theoretical band structure to the experimental data. Despite the good agreement

between these two, there are discrepancies in the band dispersion and in the binding

energies at the high-symmetry points. These discrepancies limit the accuracy to which

k⊥ can be determined to 10% of the distance between the Γ and A points for Ru(0001)

and Γ and M points for Ru (101̄0).

Fig. 4.16 shows the Fermi surfaces of Ru(1,1,2̄,10) measured at 33 K using He Iα and

He IIα excitation energies. The solid black lines show the calculated Fermi surfaces

with k⊥ parallel to ΓA direction and equal to 30 % ΓA and 50 % ΓA for He Iα and

He IIα, respectively. It obvious that the Fermi surfaces of Ru(1,1,2̄,10) are similar to
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those of Ru(0001). All the features in the Fermi surface pattern of Ru(0001) can be

observed in the Fermi surfaces of Ru(1,1,2̄,10). In both Fermi surfaces of Ru(1,1,2̄,10)

an additional feature appeared which is denoted by β∗. The feature β∗ is only observed

in ΓM direction in which the spot splitting appears in the LEED patterns shown in

Fig. 4.4. The electronic properties of Ru(1,1,2̄,10) will be discussed in more detail in the

next section.

4.6 Electronic band structure of Ru surfaces

Figure 4.17: Band dispersion of the Ru(101̄0) surface measured at 33 K (a) using He
Iα excitation and (b) using He IIα excitation. The dotted black lines are the calculated
bands obtained for k⊥ = 0 % ΓM and 40 % ΓM for He Iα and He IIα, respectively.

The experimental band dispersion of Ru(101̄0) is shown in Fig. 4.17 measured with He

Iα and He IIα energies along with the bands calculated for k⊥ = 0 % and k⊥ = 40 %,

respectively. The dotted black lines represent the calculated bulk band structure. In the

He Iα data shown in Fig. 4.17(a) there are two electron-like bands at about EB = 1.2 eV

at the Γ point separated by about 0.2 eV and denoted by ∆9 and ∆7. The ∆9 state is

of sp-like character while the ∆7 is d-like [57]. The experimental data are in very good

agreement with our relativistic band structure calculations. The structure at 5.6 eV

denoted by ∆8 is associated with the flat d-like section of the lowest band [14].
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Figure 4.18: Band dispersion of the Ru(0001) surface measured at 33 K (a) using He
Iα excitation and (b) using He IIα excitation. The dotted black lines are the calculated
bands obtained for k⊥ = 30 % ΓA and 50 % ΓA for He Iα and He IIα, respectively.

The experimental band dispersion of Ru(0001) is displayed in Fig. 4.18 for the two

excitation energies He Iα and He IIα. The calculated bulk band structure is also shown

in Fig. 4.18 by the dotted black lines. Overall, the experimental band dispersion of

Ru(0001) is consistent with previous data [13–15] but due to the higher energy resolution

new details of the dispersion were observed. We follow the notation used in Ref. [60] to

label the bands. At the Γ point, about 0.5 eV below the Fermi energy in Fig. 4.18(a)

and about 0.7 eV in Fig. 4.18(b), there is a very pronounced set of peaks that can be

attributed to the three bands denoted by ∆7, ∆8 and ∆9 which are states of sp- and d-like

character. Having its maximum above the Fermi energy and dispersing into the occupied

states, a hole-like surface state was predicted [60]. It should also contribute to the

experimental photoemission intensity, but in our calculations it cannot be present [16].

To achieve the best agreement possible between theory and experiment, the experimental

data were compared with the theoretical band structure obtained for fractions of 30 %

and 50 % of the ΓA vector for He Iα and He IIα excitation energy, respectively. In

Fig. 4.18(a), there is evidence of a rather weak but well distinguishable peak at a binding

energy of 4.5 eV in the He Iα spectra. It clearly shows a dispersion in the experimental

data, so it cannot be an Auger transition as attributed in previous works [14]. For this

reason, the peak at 4.5 eV in the He Iα spectra is attributed to a surface state which is



Chapter 4. Single-crystalline Ru surfaces 45

Figure 4.19: Band dispersion of the Ru(1,1,2̄,10) surface measured at 33 K in the ΓK
direction, i.e. parallel to the step edge, (a) using He Iα excitation and (b) using He IIα
excitation. The dotted black lines are the calculated bands obtained for k⊥ = 30 % ΓA

and 50 % ΓA for He Iα and He IIα, respectively.

also an suggested by other theoretical works.

It can easily be seen that there is a better general agreement between theory and exper-

iments if the comparison is limited to the Fermi surfaces. Although the experimental

bands are in overall good agreement with the theoretical ones, there are inconsisten-

cies as well. For instance, in Fig. 4.18(b), the experimental bands ∆9 and ∆7 near

the Fermi energy along ΓK have a binding energy minimum at a k-vector that is not

found by theory and the ∆8 band in Fig. 4.18(a) has also a minimum with a k-vector

position too small with respect to the theoretical value. These discrepancies cannot be

attributed to a wrong choice of the lattice parameter, because the unit cell was relaxed

and the experimental and theoretical values are in very good agreement. It also cannot

be attributed to spin-orbit coupling since this is taken into account in the calculations.

The discrepancies for these particular bands measured along the ΓM direction might be

explained by a wrong choice of k⊥ but a different choice would induce disagreements

for other bands at other k-vectors. Another possible explanation is the neglect of the

surface and of surface relaxations which could induce changes in the effective masses

and, thus, in the dispersion law. However, no such effect has been reported in previous

theoretical works which were dedicated to the existence of surface states and resonances

in the bulk band gaps.
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Figure 4.20: Band dispersion of Ru(0001) and Ru(1,1,2̄,10) measured at 33 K in
the ΓM direction, i.e. perpendicular to the step edge, (a) for Ru(0001) and (b) for
Ru(1,1,2̄,10) using He Iα excitation, and (c) for Ru(0001) and (d) for Ru(1,1,2̄,10)
using He IIα excitation. The dotted black lines are the calculated bands obtained for

k⊥ = 30 % ΓA and 50 % ΓA for He Iα and He IIα, respectively
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Band dispersions of Ru(1,1,2̄,10) measured in the direction parallel to the step edge, i.e.

the ΓK direction, are presented in Fig. 4.19 (a) using He Iα excitation and (b) using He

IIα excitation. The dotted black lines show the calculated bands obtained for k⊥=30 %

ΓA and 50 % ΓA for He Iα and He IIα, respectively. The band structure of Ru(1,1,2̄,10)

in ΓK direction is similar to that of Ru(0001). It is consistent with previous studies

of the electronic properties of stepped surfaces [29, 30, 68–72]. Due to an additional

periodicity in one dimension, the step array on vicinal surfaces induces an anisotropy of

the electronic properties [29]. The wave functions in the direction parallel to the step

edge show no influence of the step array while in the direction perpendicular to the step

edge the wave functions represent a different electronic structure [70]. The band dis-

persion of Ru(0001) and Ru(1,1,2̄,10) measured at 33 K in the direction perpendicular

to the step edge, i.e. the ΓM direction, is shown in Fig. 4.20 (a) for Ru(0001) and (b)

for Ru(1,1,2̄,10) using He Iα excitation, and (c) for Ru(0001) and (d) for Ru(1,1,2̄,10)

using He IIα excitation. The dotted black lines show the calculated bands obtained for

k⊥=30 % ΓA and 50 % ΓA for He Iα and He IIα, respectively. Comparing the band

structure of Ru(0001) and Ru(1,1,2̄,10) in the ΓM direction, we can see clearly that for

Ru(1,1,2̄,10) in both the He Iα excitation and the He IIα excitation an additional feature

appears which is denoted by ∆8α. It is a repeated ∆8 band in Ru(0001). The distance,

G, between the two bands ∆8α and ∆8 is about 0.4 Å−1 or G=2π/D., where D is the

periodicity of the step arrangement in Ru(1,1,2̄,10) and G indicates a reciprocal super-

lattice vector. The new feature in the band structure of Ru(1,1,2̄,10) is in agreement

with the Fermi surface in Fig. 4.16 and the LEED patterns in Fig. 4.4. It is also con-

sistent with previous band structure measurements of stepped surfaces in the direction

perpendicular to the step edge [29, 68, 69]. Depending on the terrace width, there are

different types of dispersion for surface states in the direction perpendicular to the step

edge. For wider terraces or small miscuts, the electron wave functions in the terraces

can be considered as independent and interacting incoherently [68]. The surface state is

observed as a single parabola centered around the normal of the microsurface [29] or the

quantum-well states with no dispersion [70, 73]. For narrow terraces or large miscuts,

the electron wave functions in the terraces can interact coherently, leading to a repeated

band dispersion related to the step periodicity [69] or a single parabola arranged relative

to the macrosurface [29, 68]. The repeated band dispersion of the ∆8 in Ru(1,1,2̄,10)

is expected for a lateral surface superlattice by Umklapp processes due to a periodic

modulation of the surface potential by the steps [69].
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4.7 Summary

The details of the electronic structures of three ruthenium surfaces, Ru(0001), Ru (101̄0)

and Ru(1,1,2̄,10), were investigated. I have shown an other method which is very easy

and gives accurate results for the cleanness of Ru surfaces by using ARPES. Ru(1,1,2̄,10)

was estimated to have, as expected, five-atom wide (0001) terraces and one-atom high

steps. In the band structure of Ru(1,1,2̄,10), a repeated band is observed.



Chapter 5

Graphene on Ru surfaces

5.1 Introduction

The interaction of graphene with metal surfaces has been studied for about 50 years

[74]. The extraordinary fundamental properties of a two-dimensional atomic sheet of

sp2-bonded carbon atoms arranged in a honeycomb lattice have been fully understood

only after a single-layer free-standing sheets had been successfully prepared [5–7]. From

the application point of view, metal surfaces can be used as growth templates for large

mono- and bilayer sheets [22, 75] before transferring graphene onto an insulating or

polymeric support. Graphene on metal surfaces also can be used as a transparent con-

ductive electrode for the production of flexible-panel displays [12, 76] or as a capping

layer material for mirror protection in extreme-ultraviolet lithography [27]. From the

fundamental point of view, the interaction of graphene with metal surfaces is still not

understood. The bonding of graphene with transition metal surfaces can be classified

as either ”strong” or ”weak” [56]. ”Strong” bonding metals, like Co(0001) [77], Ni(111)

[78, 79], Ru(0001) [8], Rh(111) [80] and Re(0001) [81] show a modification of the elec-

tronic structure of the graphene due to charge transfer from the metal to the graphene

sheet. As a result, the π-band of the graphene is shifted by about 2 eV to higher bind-

ing energy compared to free-standing graphene and the distance between graphene and

metal surface is about 0.21 nm. In contrast, the ”weak” bonding Ir(111) [82, 83], Pt(111)

[83, 84], Pd(111) [85], Cu(111) [86, 87], Ag(111) [86, 88], Au(111) [86, 89] and Fe(111)

[90], leave the electronic structure intact, i.e the graphene shows no significant binding

energy shifts and its distance from the metal surface is larger than 0.30 nm.

Previous studies of graphene mostly focused on the metal surfaces with hexagonal closed

packed (0001) or face-centered cubic (111) structures which provide a suitable symmetry

match to the graphene lattice. Only a few groups investigated graphene on surfaces of

49
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different symmetry, such as graphene on polycrystalline Cu [91–95], graphene on poly-

crystalline Ni [96, 97], and graphene on polycrystalline Ru [98]. However, they also

only concentrated on the geometric structure of graphene on polycrystalline surfaces.

Graphene on Ru(0001) has been studied in detail [9, 17, 98–109] because of the high-

quality samples that can be obtained. It was shown that when annealing Ru(0001)

at high temperatures (about 1400 K), the carbon atoms from the bulk segregate to

the Ru(0001) surface and form graphene sheets [9, 100]. Sutter et al. [98] found that

graphene can be grown continuously over many Ru grains with varying interfacial struc-

ture. Here I will show that graphene can be grown in a well-ordered structure on

Ru(101̄0) which has a rectangular surface unit cell of different symmetry compared to

Ru(0001) and all other surfaces previously studied. Graphene on Ru(0001) and on

Ru(101̄0) has a different lattice mismatch and, therefore, studying the interaction of

graphene with Ru(0001) and with Ru(101̄0) may give some clues about the effect of the

lattice mismatch on the bonding of graphene with transition metals. Moreover, we also

find that graphene can be grown in a well-ordered structure on Ru(1,1,2̄,10).

5.2 Geometric properties of graphene on Ru surfaces

Fig. 5.1 shows the LEED patterns of (a) clean Ru(0001) with electron beam energy

Eo=100 eV, and (b), (c), (d) graphene on Ru(0001) with Eo=15 eV, 100 eV and

150 eV, respectively. Clearly visible are the hexagonal pattern and the superstructure

satellites around the substrate spots. The well-defined superstructure spots correspond

to a Moiré pattern with an approximate periodicity of 12 graphene hexagons overlaid on

11 Ru atoms, which is a signature of the lattice mismatch between the graphene lattice

constant (2.46 Å for bulk graphite) and that of Ru(0001) (2.71 Å). Fig. 5.2 presents

atomic-resolution STM images of graphene on Ru(0001) measured at room tempera-

ture depicted on different lateral scales. The ordered hexagonal pattern in Fig. 5.2 has

a lattice constant of about 30 Åwhich approximately corresponds to 12 carbon atoms

(12 x 2.46 (Å)= 29.5 Å) overlaid on 11 Ru(0001) atoms (11 x 2.71 (Å)= 28.8 Å), consis-

tent with the LEED patterns. Previous studies of graphene on Ru(0001) have found that

there are two Moiré periodicities, one being a (10 x 10) Ru structure [99] with a com-

pressive strain of 0.05% and the other a (11 x 11) Ru structure [9] with a tensile strain

of about 0.78%. Recent LEED I(V) and SXRD studies indicated a (23 x 23) superstruc-

ture with (25 x 25) graphene unit cells lying on top of (23 x 23) Ru surface unit cells

[100, 104]. This structure consists of four almost identical subunits, each of which has

a (12.5 x 12.5) C / (11.5 x 11.5) Ru structure, therefore being defined as quasi-periodic

[100, 104]. From theoretical calculations, two Moiré periodicities, one a (10 x 10) and the
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Figure 5.1: LEED patterns of (a) clean Ru(0001) measured at 100 eV and (b), (c), (d)
graphene on Ru(0001) measured at 15 eV, 100 eV and 150 eV, respectively. The diffrac-
tion patterns in (b), (c) and (d) are caused by a Moiré structure with an approximate

periodicity of 12 graphene hexagons overlaid on 11 Ru(0001) atoms.

other a (11 x 11) superstructure, have been studied by several groups [103, 106, 107, 110–

114] who pointed out that due to the balance between strain and bonding the (11 x 11)

superstructure is energetically more stable than the (10 x 10) superstructure which is,

however, the one with the lower strain [110, 111].

Fig. 5.3 shows the LEED patterns of clean Ru(101̄0) and Ru(101̄0) covered with

graphene obtained by heating the sample to 1400 K in 90 s, i.e. with the same procedure

as used for the Ru(0001). Contrary to the Ru(0001) results, the superstructure diffrac-

tion spots are aligned in only one direction, as can be seen in Fig. 5.3(b), (c) and (d).

Like in the Ru(0001) case, the distance between the (1 x 1) spots and the reconstruction-

related ones which we measured corresponds to a periodicity of approximately 11 Ru

lattice constants. Fig. 5.4 shows atomic-resolution STM images of Ru(101̄0) measured

at room temperature. It is visible that there are two main components on two very dif-

ferent, characteristic scales: one on the atomic scale and being ascribable to the carbon
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Figure 5.2: STM images of graphene on Ru(0001) measured at room temperature.
The lattice constant is about 30 Å. Represented areas are (a) 200 nmx 200 nm, and (b)
50 nmx 50 nm with I =1 nA, Vbias = −0.6 V, and (d) 6 nmx 10 nm with I =1 nA,

Vbias=0.2 V. (c) Height profile along the white line in (b).
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Figure 5.3: LEED patterns of (a) clean Ru(101̄0) measured at 100 eV and (b), (c),
(d) graphene on Ru(101̄0) measured at 15 eV, 100 eV and 150 eV, respectively. The
satellite spots in one direction are caused by a Moiré structure with an approximate

periodicity of 12 graphenes overlaid on 11 Ru(101̄0) atoms.

atoms of graphene and the other one having a periodicity of about 30 Å and modulating

the STM signal in only one direction. The direct imaging obtained by STM is in very

good agreement with the LEED patterns shown in Fig. 5.3, also indicating the homo-

geneity of the films over lateral dimensions on the order of the electron beam width,

i.e. a few millimeters. The periodicity of the large-scale modulation is the same as

that of the ordered graphene on Ru(0001) despite being no longer six-fold symmetric.

This is further evidence that the heating treatment produces, independent of the sur-

face orientation, large graphene layers forming superlattices having the same periodicity.

The remarkable difference is that the substrate lattice symmetry of Ru(101̄0) induces

one-dimensional modulation of the long-range order.

A simple geometrical model of the structure of graphene on Ru(101̄0) is presented in

Fig. 5.5, in which the lattice parameters for both materials are indicated. We assumed

that the carbon atoms are adsorbed on top of the Ruthenium atoms. Thus, the lattice
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Figure 5.4: STM images of graphene on a Ru(101̄0) surface measured at room tem-
perature. Represented areas are (a) 250 nmx 500 nm with I =0.2 nA, Vbias=100 mV,
(b) and (c) 15 nm x 15 nm with I = 0.3 nA, Vbias = −500 mV, and (e) 10 nmx 10 nm
with I = 0.5 nA, Vbias = −50 mV. (d) Height profile along the white line in (b). The

lattice constant is about 30 Å.
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.

Figure 5.5: Atomic structure of graphene on Ru(101̄0) viewed from above. In the
[0001] direction, the lattice mismatch between carbon and Ru is only f[0001] =0.2%.
In the [1̄21̄0] direction, the lattice mismatch is f[1̄21̄0] =9.2%. Therefore, the Moiré

structure is present only along the [1̄21̄0] direction.

mismatch between the graphene and the Ru surface is f= 100%|(aRu−aC)|/aRu. Along
the [0001]-direction, the lattice mismatch is only 0.2% and carbon is on top of Ru at

every lattice site given the negligible difference in the interatomic distances along this

direction. Along the [1̄21̄0] direction the carbon lattice is mismatched by about 9.2%

with respect to the Ruthenium one. For this reason, the Moiré structure is present only

along one direction for graphene on Ru(101̄0).

Fig. 5.6 presents the LEED patterns of clean Ru(1,1,2̄,10) (left) measured with different

electron beam energies from 50 eV to 200 eV and Ru(1,1,2̄,10) covered with graphene

(right) obtained by heating the sample to 1400 K in 90 s, i.e. with the same procedure

as used for Ru(0001) and Ru(101̄0). The spot splitting in the y-direction in the LEED

patterns of clean Ru(1,1,2̄,10) (left) is due to regular arrays of steps as discussed in

detail in Chapter. 4. The satellite spots in the x-direction in the right patterns are

caused by a Moiré structure with an approximate periodicity of 12 graphenes overlaid

on 11 Ru atoms which is similar to the cases of Ru(0001) and Ru(101̄0). There is also

an additional splitting of satellite spots visible in the LEED patterns of graphene on
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Figure 5.6: LEED patterns of clean Ru(1,1,2̄,10) measured at 50 eV, 75 eV, 100 eV
and 200 eV (left) and Graphene on Ru(1,1,2̄,10) measured at 50 eV, 75 eV, 100 eV and
200 eV (right). The spot splitting in the left patterns in the y-direction is due to the
regular arrays of steps. The satellite spots in the right patterns in the x-direction are
caused by a Moiré structure with an approximate periodicity of 12 graphenes overlaid

on 11 Ru atoms.
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Ru(1,1,2̄,10) which indicates that long-range well-ordered graphene nanoribbons were

formed on the terraces of Ru(1,1,2̄,10).

5.3 The bonding of graphene on Ru surfaces

Fig. 5.7 presents ARPES data measured at room temperature using He Iα excitation in

the ΓM direction of (a) clean Ru(0001) and (b) graphene on Ru(0001) and in the ΓK

direction of (a) clean Ru(0001) and (b) graphene on Ru(0001). For better visualization,

the mapped ARPES data were divided into two areas with different color scales: one at

low binding energy (EB < 6 eV, where the Ru 4d bands are located) and one at high

binding energy (EB > 6 eV, where the Ru sp and the graphene π-bands are located).

The detailed electronic structure of Ru(0001) can be found in chapter 4. In Fig. 5.7(a)

and (c) we can see two new features near the M and the K point which are denoted by

s1 and s2 for the band in ΓM and in ΓK direction, respectively, which are not visible

in Fig. 4.18 in chapter 4. The s1 and s2 bands can be attributed to the surface states

predicted by Holzwarth et. al. [60]. At low binding energy (EB < 6 eV), the main peaks

are the Ru 4d bands [16] which can be observed in both the mapped ARPES data of

clean Ru(0001) and graphene on Ru(0001). In Fig. 5.7(b) we can see that some bands

are more pronounced than those in Fig. 5.7(a), like the Ru sp band at about 5 eV. This

is maybe because of the aspect ratio of color scale in both the mapped ARPES data

of clean Ru(0001) and graphene on Ru(0001). Keep in mind that the bands of clean

Ru(0001) and graphene on Ru(0001) are mapped by ARPES which means we measured

the bands at different angles and then combined them to get the ARPES data. It took a

long time to measure these bands, so possibly during the measurement a contamination

occurred which was absorbed onto Ru(0001) but not onto the graphene on Ru(0001)

(graphene is stable in air [56]). The result would be that some bands of Ru(0001) are

less pronounced than that of graphene on Ru(0001). This would mean that a graphene

layers is a very good candidate to protect surfaces or can be used as a capping layer to

protect mirrors in EUVL. The graphene π-band is observed as a dispersing band of weak

intensity with a binding energy of about 10 eV at the Γ point in Fig. 5.7(b) and (d).

The theoretical graphene π-band had to be shifted by 1.7 eV to higher binding energy

compared to free-standing graphene in order to be superimposed on the experimental

band. The dashed black line is the π-band of graphene on Ru(0001). The effective mass

of the π-band of graphene on Ru(0001) in a parabolic approximation around Γ is about

1.4 me which is larger than that of free-standing graphene (1.3 me [116]). The shift

of the π-band of graphene on Ru(0001) indicates that there is strong bonding between

graphene and Ru surfaces. It is consistent with previous electronic and surface structure

measurements [100, 117–119] which shows that there is a transfer of charges between
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Figure 5.7: ARPES data measured at room temperature using He Iα excitation of
(a) clean Ru(0001) and (b) graphene on Ru(0001) in the ΓM direction, and (c) clean
Ru(0001) and (d) graphene on Ru(0001) in the ΓK direction. For better visualization
the mapped ARPES data were divided into two areas with different color scales: one
at low binding energy (EB < 6 eV, where the Ru 4d bands are located) and one at high
binding energy (EB > 6 eV, where the Ru sp and the graphene π-bands are located).
The dotted red lines are the theoretical bands of Ru(0001) [16]. The solid black line is
the theoretical band of free-standing graphene [115], the π-band is shifted by 1.7 eV to
higher binding energy. The dashed black line is the π-band of graphene on Ru(0001).
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Figure 5.8: ARPES data measured at room temperature using He Iα excitation of
(a) clean Ru(101̄0) and (b) graphene on Ru(101̄0) in the ΓK direction, and (c) clean
Ru(101̄0) and (d) graphene on Ru(101̄0) in the ΓA direction. For better visualization
the mapped ARPES data were divided into two areas with different color scales. The
dotted red lines are the theoretical bands of Ru(0001) [16]. The solid black line is the
theoretical band of free-standing graphene [115], the π-band is shifted by 1.3 eV to
higher binding energy. The dashed black line is the π-band of graphene on Ru(101̄0).
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Figure 5.9: ARPES data measured at room temperature using He Iα excitation of (a)
clean Ru(1,1,2̄,10) and (b) graphene on Ru(1,1,2̄,10) in the direction parallel to the step
edge, i.e. the ΓK direction, and (c) clean Ru(1,1,2̄,10) and (d) graphene on Ru(1,1,2̄,10)
in the direction perpendicular to the step edge, i.e. the ΓM direction. The dotted red
lines are the theoretical bands of Ru(0001) [16]. The solid black line is the theoretical
band of free-standing graphene [115], the π-band is shifted by 1.7 eV to higher binding

energy. The dashed black line is the π-band of graphene on Ru(1,1,2̄,10).
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graphene and Ru(0001) leading to a strong hybridization between the graphene π orbital

and the Ru 4d orbitals.

In the experimental ARPES data of graphene on Ru(101̄0) shown in Fig. 5.8 there is

evidence of additional bands with respect to clean Ru(101̄0). For better visualization

the mapped ARPES data also were divided into two areas with different color scales.

The additional band of graphene is very similar to the π-bands of graphene on Ru(0001)

but an energy shift of 1.3 eV is necessary to achieve a match with the theoretical data

of free-standing graphene. The effective mass of the π-band of graphene on Ru(101̄0)

in a parabolic approximation around Γ is also about 1.4 me. From the ARPES data

we conclude that the bonding of graphene to Ru(0001) and to Ru(101̄0) is very similar.

Both systems belong to the strongly bonding regime in which the graphene π-band is

shifted by 1.3–1.7 eV.

Fig. 5.9 presents ARPES data measured at room temperature using He Iα excitation

of (a) clean Ru(1,1,2̄,10) and (b) graphene on Ru(1,1,2̄,10) in the direction parallel to

the step edge, i.e. the ΓK direction, and (c) clean Ru(1,1,2̄,10) and (d) graphene on

Ru(1,1,2̄,10) in the direction perpendicular to the step edge, i.e. the ΓM direction.

Similar to the case of graphene on Ru(0001) and Ru(101̄0) we observe that the π-bands

of graphene on Ru(1,1,2̄,10) are shifted by about 1.7 eV to higher binding energies with

respect to free-standing graphene. However, there are differences between the π-bands

of graphene in the ΓK direction and the ΓM direction due to the additional periodicity

of the step array in one dimension. The band structure of graphene on Ru(1,1,2̄,10)

in the direction parallel to the step edge is similar to that of graphene on Ru(0001).

In the direction perpendicular to the step edge, the minimum position of the π-bands

of graphene is shifted not only to higher binding energy by about 1.7 eV but also to

a higher wave vector about 0.75 Å−1 which is about 2G = 4π/D where G indicates a

reciprocal superlattice vector. The shift is due to Umklapp scattering while the wave

vector transfer G is characteristic of the superlattice structure [71].

5.4 Summary

Well-ordered graphene can be prepared on three surfaces of different symmetry: Ru(0001),

Ru(101̄0) and Ru(1,1,2̄,10). The π-band of graphene is shifted by about 1.3–1.7 eV with

respect to free-standing graphene on all Ru surfaces. Therefore the bonding of graphene

with Ru(0001), Ru(101̄0) and Ru(1,1,2̄,10) is very similar. Graphene interacts strongly

with three Ru surfaces.





Chapter 6

CuPc on graphene/Ru surfaces

6.1 Introduction

Several groups studied MePc on highly oriented pyrolytic graphite (HOPG) [120–132]

and on graphene [24, 25, 133–141]. Graphene is a single sheet of graphite and the

outer sheet of a bilayer of graphene has essentially the same electronic structure as free-

standing monolayer graphene [142]. Therefore, the bonding and orientation of MePc on

HOPG and on graphene are presumably very similar. The influence of the graphene

substrate on MePc is expected to be very small, like it is the case for a HOPG substrate

[56]. Depending on how graphene is grown on metal substrates, the graphene will possess

different geometric structures which will affect the arrangement of the MePc molecules.

Graphene on metal surfaces can be divided in two categories: lattice-matched, such as

graphene on Ni(111) [56], and lattice-mismatched, such as graphene on Ru(0001) [16].

A lattice mismatch leads to a Moiré structure of graphene on Ru(0001) [16]. If the

periodicity of the Moiré structure coincides with the lattice parameters of an adsorbate

layer, the Moiré structure can aid in the alignment and induce preferred adsorption sites

and, consequently, particular adsorption patterns may be obtained [56]. Until now the

interaction of MePc molecules with the metal-supported graphene is still controversial.

As reported by Gao et al. [25], FePc, NiPc and H2Pc molecules on graphene/Ru(0001)

have similar special Kagome structures which adapt to the lattice of the Moiré pattern

of graphene. An effect of the metal atom in the MePc has not been found by comparing

FePc, NiPc and H2Pc. However, CoPc and FePc molecules on the Moiré pattern of

Graphene/Ir(111) form well-ordered domains with nearly square unit cells [133, 137, 138].

Dou et al. [24] studied several different MePc on graphene/Ni(111) and found that

depending on the metal the bonding of the molecules with graphene is different. For

63



Chapter 6. CuPc on graphene/Ru surfaces 64

Me=Ni, Cu, Zn, the bonding of MePc with graphene/Ni(111) is weak like a π-π bonding

between molecules, while for Me=Fe and Co, the bonding is stronger.

In this chapter I present a detailed study of CuPc on Ru surfaces and on graphene/Ru

surfaces. The results show that ordered structures are formed when CuPc is deposited

on Ru(101̄0) but they are not formed when it is deposited on Ru(0001). The study

is focused on clarifying how the Moiré structures of the graphene on Ru(101̄0) and on

Ru(0001) affect the adsorption of CuPc molecules.

6.2 CuPc on Ru(101̄0)

6.2.1 Geometric properties of CuPc on Ru(101̄0)

Fig. 6.1 shows the LEED patterns of CuPc on Ru(101̄0) with different thicknesses from

1.0 ML to 6.7 ML as labeled in the figure measured with an electron beam energy (Eo)

of 15 eV. On the left-hand side are the measured LEED patterns and on the right-hand

side are the measured LEED patterns with red circles representing the LEED patterns

fitted by using the Spot-Plotter software [143]. Obviously the CuPc molecules can be

grown with a very well-ordered structure on Ru(101̄0) from monolayer to multilayers.

The LEED patterns are almost the same for all CuPc thicknesses. The differences in the

LEED patterns cannot be distinguished due to the distortion of the patterns when low-

energy electrons were used. The LEED patterns fitted by using the Spot-Plotter software

[143] show two adsorbate domains of CuPc on Ru(101̄0) represented in Fig. 6.2(a). The

red and blue circles indicate the two adsorbate domains and the adsorbate reciprocal-

lattice unit cells are shown by solid lines. The best real structure of CuPc overlayer on

Ru(101̄0) proposed is shown in Fig. 6.2(b). The superstructure matrix is M=

[
5 1

2 −3

]
with respect to Ru(101̄0). There are two equivalent domains in which the distance

between adjacent CuPc molecules is a=14.2 Å and b=13.9 Å. Both structures are drawn

with respect to the ideal surface. The CuPc molecules form well-ordered domains with

almost square unit cells which is in good agreement with MePcs on HOPG [120, 122]

and also on the Moiré pattern of graphene on Ir(111) [133, 137, 138]. These results

indicate that the interaction of CuPc with the Ru(101̄0) substrate is sufficiently weak

to enable lateral diffusion of CuPc leading to ordered structures on Ru(101̄0).

6.2.2 The bonding of CuPc on Ru(101̄0)

Shown in Fig. 6.3 are the XPS-spectroscopic data of CuPc molecules on Ru(101̄0) at

different thicknesses from 1.0 ML to 6.7 ML. Using the QUASES software, all data were
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Figure 6.1: LEED patterns of CuPc on Ru(101̄0) with different thicknesses from
1.0 to 6.7 ML recorded with electron beam energy Eo = 15 eV. On the left-hand
side are the measured LEED patterns and on the right-hand side are the measured
LEED patterns with red circles representing the LEED patterns fitted by using the
Spot-Plotter software [143]. CuPc molecules can be grown with a very well-ordered

structure on Ru(101̄0) from monolayer to multilayers.
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Figure 6.2: (a) Schematic LEED pattern withthe two adsorbate domains of CuPc
on Ru(101̄0). Red and blue circles indicate the two adsorbate domains. Adsorbate
reciprocal-lattice unit cells are shown by solid lines. (b) The proposed structure of
CuPc on Ru(101̄0). There are two equivalent domains of CuPc on Ru(101̄0) in which

the distance between adjacent CuPc molecules is a=14.2 Å and b=13.9 Å.
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Figure 6.3: XPS spectroscopy of CuPc molecules on Ru(101̄0) with different cover-
ages: (a) Cu 2p PES signal, all data were background-corrected and normalized using
the QUASES software as described by Tougaard’s method [144], (b) Normalized inten-
sity the of Cu 2p PES signal plotted against the CuPc thickness. The solid red line is
fitted to the data using an exponential function. The estimated effective attenuation

length of electrons is λ(E) = 6.1 ML at a kinetic energy of 1069 eV.
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background-corrected and normalized as described by Tougaard’s method [144]. The

solid red line in Fig. 6.3(b) was fitted to the data using an exponential function. The

simplest description of the dependence of the normalized intensities of CuPc on the

thickness of the layer is an exponential law:

I = Io exp(1− dc
λ(E) cos θ

) (6.1)

where Io is the intensity of an infinitely thick layer of CuPc, θ is the emergent angle

of the photoelectrons (θ = 0◦), λ(E) is the effective attenuation length of electrons in

the CuPc film. The exponential function given in equation (6.1) is fitted to the data.

The estimated effective attenuation length of electrons is λ(E) = 6.1 ML at a kinetic

energy of 1069 eV. The result is in good agreement with previous studies of CuPc and

PTCDA [145]. There are no significant differences in the binding energies of Cu 2p at

different coverages. The binding energies of Cu 2p in a monolayer and in multilayers

of CuPc are similar. This means that there is no charge transfer from Ru(101̄0) to the

CuPc molecules and that the interaction between CuPc and Ru(101̄0) is weak. This is

consistent with the LEED pattern of CuPc on Ru(101̄0).

From the LEED patterns, the morphology of the CuPc molecules on Ru(101̄0) cannot

be determined. The LEED patterns of CuPc films of different thicknesses are almost

the same, so the CuPc molecules probably only form islands. The LEED patterns of

CuPc multilayers just come from the first layer. The study of H2Pc films on single-

crystal surfaces of Ag(111) and of Ni3Al(111) by Kera et al. [147] shows that the H2Pc-

Ag(111) films form islands and the H2Pc-Ni3Al(111) films form several wetting layers

and the molecules are tilted by about 0–60◦ depending on the deposition temperature.

For a thorough understanding of the morphology of CuPc molecules on Ru(101̄0), the

samples were studied in detail with angle-resolved X-ray photoelectron spectroscopy

(ARXPS) measurement. First, we need to know the growth mechanisms of organic thin

films, which can be subdivided into three different types [146]. Fig. 6.5 shows the three

growth modes of molecules on a substrate with different coverages tCuPc in ML: (a)

Volmer-Weber or island growth, (b) Stranski-Krastanov or layer-plus-island growth, (c)

Frank-van der Merwe or layer-by-layer growth. The growth models of the molecules

will be determined by the strength of the attraction between the atoms of molecules

themselves and between the atoms and the substrate. If the attraction between the

atoms of molecules is stronger than that between the atoms and the substrate, the

Volmer-Weber or island growth occurs. In the opposite case, the interaction between the

atoms and the substrate is stronger than that between atoms themselves, the Frank-van

der Merwe or layer-by-layer growth results. In an intermediate case, the growth mode is

the Stranski-Krastanov or layer-plus-island. Fig. 6.4 shows the XPS spectroscopic data
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Figure 6.4: XPS spectroscopy of CuPc molecules on Ru(101̄0) measured at different
angles from θ = 0◦ to 60◦. (a) Ru 3p PES signal, all data were background-corrected
and normalized using the QUASES software as described by Tougaard’s method [144].

(b) Normalized intensity of the Ru 3d PES signal plotted against the angle.
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Figure 6.5: Three growth modes of molecules on a substrate with different coverages
tCuPc in ML: (a) Volmer-Weber or island growth, (b) Stranski-Krastanov or layer-plus-
island growth, (c) Frank-van der Merwe or layer-by-layer growth (adapted from Ref.

[146]).

of 6.7 ML of CuPc molecules on Ru(101̄0) measured at different angles from θ = 0◦ to

60◦. When the measuring angles are larger than 40◦, there is no signal from Ru 3d.

The thickness of the CuPc layers is very small compared with the diameter of the Ru

substrate, so the effect of shadow in ARPES can be neglected. The result indicates

that the CuPc cannot be grown according to a Volmer-Weber or island model. If the

CuPc molecules grow on Ru(101̄0) according to a Frank-van der Merwe or layer-by-

layer model, the dependence of the normalized intensities of Ru 3d on the angle would

be described by an exponential law:

I = Io exp(
dc

λ(E) cos θ
) (6.2)

Fig. 6.4(b) shows the dependence of the intensities of Ru 3d on 1/ cos(θ). The depen-

dence does not follow an exponential law. This means that the CuPc molecules do not

grow layer by layer on Ru(101̄0). Therefore, the CuPc molecules grow according to the

Stranski-Krastanov or layer-plus-island model on Ru(101̄0). To get more information

about the morphology of CuPc on Ru(101̄0), the QUASES software with the univer-

sal loss function as described by Tougaard’s method [144] is used. For a meaningful

analysis of the peak intensities, we have to assume that the samples are homogeneous

[148]. From the LEED patterns in Fig. 6.1 we know that CuPc molecules grow with

a well-ordered structure on Ru(101̄0). If we do not know the surface morphology, a
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Figure 6.6: XPS spectroscopic data of CuPc molecules on Ru(101̄0) measured at
different angles from θ = 0◦ to 60◦. (a), (b), (c) and (d) Ru 3p PES signal measured
at θ = 0◦, 15◦, 30◦ and 35◦, respectively. The morphology of CuPc was established by
using the QUASES software [144] with the universal loss function to get the peak share

or the background fitting the measured data best.

quantification based on peak intensities might cause enormous errors [148]. By analyz-

ing the peak shape of Ru 3d, we can get more information about the CuPc morphology

on Ru(101̄0). Depending on the surface morphology of CuPc, electrons move with a

different path length and, thus, change the peak shape of Ru 3d [149, 150]. Fig. 6.6

shows the XPS spectroscopic data of CuPc molecules on Ru(101̄0) measured at different

angles from θ = 0◦ to 60◦. (a), (b), (c) and (d) show the Ru 3p PES signal measured at

θ = 0◦, 15◦, 30◦ and 35◦, respectively. The morphology of CuPc is established to get the

peak share or the background fitting the measured data best. The morphology of CuPc

can roughly be estimated, which leads to the conclusion that CuPc grows according to

a Stranski-Krastanov or layer-plus-island model with 60 ± 10 % of the surface being

2.6 ± 0.1 nm thick and the rest of the surface being 1.8 ± 0.1 nm thick.

Expanded C 1s spectra of 6.7 ML of CuPc molecules on Ru(101̄0) measured at θ = 60◦

are presented in Fig. 6.7. The data were background-corrected and normalized using
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Figure 6.7: Expanded C 1s spectra of CuPc molecules on Ru(101̄0) measured at
θ = 60◦. The data were background-corrected and normalized using the QUASES soft-
ware as described by Tougaard’s method [144].The inset illustration shows the schematic
structure of CuPc with differently denoted carbons corresponding to the peaks in the

spectra.

the QUASES software as described by Tougaard’s method [144]. The inset illustration

shows the schematic structure of CuPc with differently denoted carbons corresponding

to the peaks in spectra. The black curve represents the measured data, the other curves

represent data fitted by using pseudo-Voigt functions. It can be seen that there are

four different main peaks related to different carbons with binding energy 284.7 eV,

286.1 eV, 286.8 eV and 287.8 eV, respectively. These features are similar to that of the

phthalocyanine on other substrates [137, 151–153]. The peak at 284.7 eV binding energy

is assigned to the atoms of benzene rings (Cβ, Cγ and Cτ ). Photoemission from Cα of

the pyrrole ring occurs at a higher ionization energy (286.1 eV) compared to that of

atoms of the benzene rings [153]. The peaks at 286.8 eV and 287.8 eV binding energy

are satellites resulting from a HOMO-LUMO transition [137].

As shown in previous chapters, in the region of the valence band of a Ru surface it is

difficult to distinguish the CuPc molecular features when CuPc molecules were prepared

on Ru surfaces because there are a lot of features of Ru. Therefore, the valence band

of CuPc with different thicknesses was measured at different angles, i.e. θ = 0◦, 15◦,

30◦, 45◦ and 60◦, as illustrated in Fig. 6.9. The main features of CuPc molecules are
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Figure 6.8: He 1α UPS spectra of CuPc films on Ru(101̄0) with different thicknesses
from 1.0 ML to 6.7 ML as labeled in the figure and measured with different angles,
θ = 0◦, 15◦, 30◦, 45◦ and 60◦. The main features of CuPc molecules are denoted by

A-D.
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Figure 6.9: He 1α UPS spectra of CuPc films on Ru(101̄0) with different thicknesses
from 1.0 ML to 6.7 ML. The spectra were measured at an angle of θ = 60◦. On the
right-hand side is the expanded spectrum at low binding energy, close to the Fermi

level. The main features of CuPc molecules are denoted by A - D.

Figure 6.10: Expanded spectra of the HOMO region of He 1α UPS spectra of CuPc
films on Ru(101̄0) with different thicknesses from 1.0 ML to 6.7 ML. The spectra were
measured at an angle of θ = 60◦. HOMO+ and HOMO− which are denoted in the
spectra of thick layers of CuPc arise from the splitting of the HOMO in a ML of CuPc.
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denoted by A–D. The binding energies of states A, B, C and D are 1.6 eV, 3.3 eV, 6.4 eV

and 9.0 eV, respectively. There are no significant differences of the valence bands of

CuPc at various measured angles. The only difference is feature C in which the state

is dispersive. But this state is a superposition of states of CuPc and the sp band of

Ru(101̄0). There is also no significant difference between the valence bands of CuPc

films of different thickness, as shown in Fig. 6.9 in which the spectra were measured at

an angle of θ = 60◦. The main features of CuPc molecules denoted by A–D are observed

in all CuPc molecular films. These features of CuPc films are similar to that of PbPc

on HOPG [123, 127, 154]. Peak A at binding energy 1.6 eV is assigned to the HOMO

which is related to the porphine-like ring. Feature B at binding energy 3.3 eV is arising

from the outer four benzene rings and features C and D are related to many π and σ

states [123].

For a thorough understanding of the bonding between CuPc and Ru(101̄0), the expanded

spectra at low binding energy, close to the Fermi level of the HOMO region of CuPc

films with different thicknesses from 1.0 ML to 6.7 ML are shown in Fig. 6.10. It can

be seen that in a monolayer of CuPc there is a state at binding energy 1.53 eV which is

denoted as the HOMO of CuPc. When we increase the thickness of CuPc, there are two

states which appear in the HOMO region. The HOMO peak is split into HOMO+ and

HOMO− with an energy separation of 0.35 eV. This splitting does not come from the

two domains of CuPc on Ru(101̄0) because in the XPS spectra of CuPc molecules there

is no splitting of the Cu 2p peaks. This phenomenon is also observed in other systems,

such as PbPc on HOPG [123, 127], SnPc on Ag(111) [155], and SnPc on PTCDA on

Ag(111) [156]. Kera et al. [127] explained the splitting of the HOMO peak as due to

weak inter-orbital interactions (the π-π interaction) which leads to a hybridization of the

respective HOMOs and forms bonding and anti-bonding orbitals in the dimer structure

of the bilayer. This only happens when the thickness of the phthalocyanine molecules

is larger than a monolayer. Then they form stacked molecules within very well-ordered

films.

6.3 CuPc on graphene/Ru(101̄0)

6.3.1 Geometric properties of CuPc on graphene/Ru(101̄0)

Deposition of CuPc on graphene/Ru(101̄0) is expected to be very similar to deposition

on Ru(101̄0). In both Ru(101̄0) and graphene/Ru(101̄0), the influence of the substrate

on CuPc is very small. Nevertheless, the Moiré-structure of graphene on Ru(101̄0) will

affect the arrangements of CuPc molecules. In Fig. 6.11 it is obvious that CuPc molecules
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Figure 6.11: LEED patterns of CuPc on graphene/Ru(101̄0) with different thicknesses
from 0.8 ML to 7.4 ML as labeled in the figure recorded with an electron beam energy
(Eo) of 15 eV. On the left-hand side are measured LEED patterns and on the right-
hand side are measured LEED patterns with red circles representing the LEED patterns
fitted by using the Spot-Plotter software [143]. CuPc molecules can be grown with a
very well-ordered structure on graphene/Ru(101̄0) from monolayer to multilayers.
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Figure 6.12: The proposed structure of CuPc on graphene/Ru(101̄0). There are two
equivalent domains of CuPc on Ru(101̄0) in which the distance between adjacent CuPc
molecules is a=15.4 Å and b=13.7 Å. The center of a CuPc molecule is either located
at the bottom of the Moiré pattern (”hollow site”, labeled ”H”), on top (”top site”, ”T ”),
between two hollows (”hollow bridge”, ”HB”), or between two tops (”top bridge”, ”TB”).

are also grown very well-ordered on graphene/Ru(101̄0) from monolayer to multilayers.

On the left-hand side are the measured LEED patterns of films with different thicknesses

recorded with anelectron beam energy (Eo) of 15 eV and on the right-hand side are the

measured LEED patterns with red circles representing the LEED patterns fitted by using

the Spot-Plotter software [143]. The LEED patterns are almost the same for all CuPc

thicknesses. From the fit of the LEED patterns using the Spot-Plotter software [143],

there are also two adsorbate domains of CuPc on graphene/Ru(101̄0) which is similar

to the case of CuPc on Ru(101̄). But for CuPc on graphene/Ru(101̄0), the distance

between adjacent CuPc molecules is a=15.4 Å and b=13.7 Å. The proposed structure

of CuPc on graphene/Ru(101̄0) is shown in Fig. 6.12. The center of a CuPc molecule

is either located at the bottom of the Moiré pattern (”hollow site”, labeled ”H”), on

top (”top site”, ”T ”), between two hollows (”hollow bridge”, ”HB”), or between two tops

(”top bridge”, ”TB”). The superstructure matrix of CuPc on graphene is: N =

[
7 2

1 6

]
with respect to Ru(101̄0). The differences between the superstructure matrixes of CuPc

on Ru(101̄0) and of CuPc on graphene/Ru(101̄0) indicate that the growth of CuPc on

graphene/Ru(101̄0) is dominated by the Moiré pattern of graphene.

6.3.2 The bonding of CuPc on graphene/Ru(101̄0)

Shown in Fig. 6.13 are XPS spectra of CuPc molecules on graphene/Ru(101̄0) at differ-

ent coverages. (a) shows the Cu 2p PES signal, background-corrected and normalized
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Figure 6.13: XPS spectra of CuPc molecules on Ru(101̄0) at different coverages.
(a) Cu 2p PES signal, all data were background-corrected and normalized using the
QUASES software as described by Tougaard’s method [144], (b) Normalized intensity
of the Cu 2p PES signal plotted against the CuPc thickness. The solid red line was

fitted to the data using an exponential function.
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using the QUASES software as described by Tougaard’s method [144] and (b) shows

the normalized intensity of the Cu 2p PES signal plotted against the CuPc thickness.

The solid red line in (b) was fitted to the data using an exponential function as in

equation (6.1). The fit describes the behavior sufficiently well. The estimated effective

attenuation length of photoelectrons is λ(E) = 6.1 ML at a kinetic energy of 1069 eV.

This result is in good agreement with the attenuation length of CuPc on Ru(101̄0).

There are no significant differences between the binding energies of Cu 2p at different

coverages. The binding energies of Cu 2p in monolayer and multilayers of CuPc are sim-

ilar. This means that there is no charge transfer from graphene/Ru(101̄0) to the CuPc

molecules and the interaction between CuPc and graphene/Ru(101̄0) is very weak. This

is consistent with the LEED patterns of CuPc on graphene/Ru(101̄0).

Figure 6.14: He 1α UPS spectra of CuPc films on graphene/Ru(101̄0) with different
thicknesses from 0.8 ML to 7.4 ML. The spectra were measured at an angle of θ = 60◦.

The main features of the CuPc molecules are denoted by A - D.

The interaction of CuPc with graphene/Ru(101̄0) is weak as in the case of CuPc on

Ru(101̄0). The UPS spectra of CuPc on graphene/Ru(101̄0) are expected to be very

similar to that of CuPc on Ru(101̄0). Shown in Fig. 6.14 are the valence bands of CuPc

molecules with different thicknesses, measured at an angle θ = 60◦. The main features of

the CuPc molecules on graphene/Ru(101̄0) are denoted by A–D. The binding energies of

states A, B, C and D are 1.5 eV, 3.2 eV, 6.3 eV and 8.9 eV, respectively. The results are

similar to the valence band of CuPc molecules on Ru(101̄0), so peak A at binding energy

1.5 eV is assigned to the HOMO which is related to the porphine-like ring, feature B at
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Figure 6.15: Expanded spectra of the HOMO region of He 1α UPS spectra of CuPc
films on graphene/Ru(101̄0) with different thicknesses from 0.8 ML to 7.4 ML. The
spectra were measured at an angle of θ = 60◦. HOMO+ and HOMO− which are
denoted in the spectra of thick layers of CuPc arise from a split of the HOMO in a ML

of CuPc.

binding energy 3.2 eV is arising from the outer four benzene rings and features C and D

are related to many π and σ states [123]. The expanded spectra of the HOMO region

of CuPc films with different thicknesses from 0.8 ML to 7.4 ML are shown in Fig. 6.15.

It can be seen that in a ML of CuPc there is a state at binding energy 1.53 eV which

is denoted as the HOMO of CuPc. When we increase the thickness of CuPc, there are

two states which appear in the HOMO region. The HOMO peak is split into HOMO+

and HOMO− due to weak inter-orbital interactions (the π-π interaction). The presented

results are very similar to our previous results for CuPc on Ru(101̄0).

6.4 CuPc on Ru(0001)

I have tried a number of times to prepare a well-ordered structure of CuPc on Ru(0001),

but I have never observed the superstructure of CuPc molecules on Ru(0001). This

indicates that Ru(0001) cannot provide a suitable symmetry match to the CuPc lattice.

It is not noteworthy to carry on measuring the electronic structure of CuPc on Ru(0001)

without knowing the geometric structure.
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6.5 CuPc on graphene/Ru(0001)

6.5.1 Geometric properties of CuPc on graphene/Ru(0001)

Figure 6.16: LEED patterns of (a) graphene on Ru(0001) and (b) on CuPc/graphene-
/Ru(0001) recorded with an electron beam energy Eo=13 eV. The satellite spots in
(a) are caused by a Moiré structure with an approximate periodicity of 11 Ru lattice
constants. The distribution and relative distances of the spots in (a) and (b) are similar.

Fig. 6.16 shows LEED patterns of graphene/Ru(0001) and of CuPc/graphene/Ru(0001)

recorded at Eo=13 eV. The details of the LEED pattern of graphene on Ru(0001) are

discussed in chapter 5. The Moiré pattern in the LEED picture of graphene on Ru(0001)

is still present in the LEED pictures of a monolayer of CuPc on graphene/Ru(0001). The

arrangement and relative distances of the spots are similar to that of graphene/Ru(0001).

This shows that the adsorption of CuPc in the monolayer regime does obviously not

destroy or modify the Moiré structure of graphene/Ru(0001). Moreover, it indicates

that the CuPc molecules may either grow without any lateral order, thus not leading

to additional diffraction spots, or well-ordered with an adsorption pattern imprinted

by the graphene/Ru(0001). In the latter case the CuPc-superstructure spots would

coincide with the graphene/Ru(0001) signals. Such an adsorption behavior was reported

previously for FePc on graphene/Ir(111) [137], who also found identical LEED patterns

for FePc/graphene/Ir(111) and for graphene/Ir(111). It will be interesting to see if an

ordered molecular layer is also established in case of CuPc/graphene/Ru(0001), even

though the corrugation of the graphene layer is significantly larger on Ru(0001) than on

Ir(111) [80].
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Figure 6.17: (a) 30 nm x 30 nm STM images of CuPc/graphene/Ru(0001) with
I =0.3 nA, Vbias= -400mV. (b) 2D-FFT of (a). The 2D-FFT demonstrates that the
spots of the hexagonal structure with threefold symmetry are similar to the LEED
pattern of CuPc/graphene/Ru(0001) in Fig. 6.16(d). (c) Real-space model of CuPc-
/graphene/Ru(0001) with lattice constants 15± 0.5 Å and 13± 0.5 Å. The blue lines

indicate the unit cells of the graphene layer. See text for details.

Fig. 6.17(a) shows an atomic-resolution room-temperature STM image of a monolayer

of CuPc on graphene/Ru(0001), measured with It=0.3 nA and Vsample= -0.4V. The

CuPc molecules can be clearly identified to be closely packed and arranged in a well-

ordered structure with domain sizes beyond 10 nm. Fig. 6.17(b) presents a 2D-FFT of

Fig. 6.17(a). The 2D-FFT is consistent with the LEED pattern of CuPc/graphene-

/Ru(0001) in Fig. 6.16(b) and two different patterns can be distinguished: one has

a rectangular, almost square, structure while the other one is hexagonal. Interest-

ingly, the spots in the rectangular structure coincide with the hexagonal pattern. The

STM results thus clearly show that the LEED patterns of CuPc/graphene/Ru(0001)
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(Fig. 6.16(b)) and of graphene/Ru(0001) (Fig. 6.16(a)) are very similar due to a later-

ally ordered growth of the CuPc layer with its diffraction spots coinciding with those

of the graphene/Ru(0001) substrate. From Fig. 6.17(b) a real-space structure model

is derived for CuPc/graphene/Ru(0001) which is shown in Fig. 6.17(c). The CuPc

molecules form a well-ordered overlayer on graphene/Ru(0001) with a superstructure

matrix M=

[
1/2 0

1/4 1/2

]
with respect to the graphene layer.

In this structure model four different absorption sites are observed for the CuPc molecules

on the Moiré pattern of graphene/Ru(0001). The CuPc center is either located at the

bottom of the Moiré pattern (“hollow site”, labeled “H” in Fig. 6.17(c)), on top (la-

beled “top”, “T ”), between two hollows (labeled “hollow bridge”, “HB”), or between two

tops (labeled “top bridge”, “TB”). The distance between adjacent CuPc molecules is

a=15± 0.5 Å and b=13± 0.5 Å, respectively. Note that the ordered phase of CuPc-

/graphene/Ru(0001) differs from that of FePc, NiPc and H2Pc molecules on graphene-

/Ru(0001) [25, 134] which form unique Kagome lattices. The distances of adjacent

CuPc molecules on HOPG found by STM and by theoretical calculations are 13.8-

15.5 Å [126, 157] and 14.0 Å [158], respectively. In contrast to the almost square unit

cells generally found for MePc molecules on HOPG [120, 122] and also on the Moiré

pattern of graphene/Ir(111) [133, 137, 138], the CuPc molecules in our study form well-

ordered domains with a rectangular unit cell (a=15± 0.5 Å and b=13± 0.5 Å). Even

though the graphene layer reduces the reactivity of the Ru surface [142], the Moiré pat-

tern of graphene/Ru(0001) obviously still plays a key role in the self-organization of the

CuPc adsorbates.

6.5.2 The bonding of CuPc on graphene/Ru(0001)

Shown in Fig. 6.18 are UPS valence spectra measured at different emission angles, (a) of

the band structure of graphene/Ru(0001) in EDC (energy distribution curve) and (b) the

corresponding mapping model, (c) of the band structure of CuPc/graphene/Ru(0001)

in EDC and (d) the corresponding mapping model. The spectra were measured at

room temperature using helium Iα excitation energy. The red dotted line is the UPS

spectrum of gas-phase CuPc from Ref. [153]. The spectra were intensity-normalized by

dividing by the integrated EDC. The detailed discussion of the electron-band structure

of graphene on Ru(0001) can be found in chapter 5. For further analysis, these data

have to be used as a reference for the interpretation of the valence-band spectra of CuPc-

/graphene/Ru(0001) which are presented in Fig. 6.18(c). While the graphene/Ru(0001)

features are generally damped by the CuPc adlayer, some additional weak signals appear.

However, an assignment is not straightforwardly possible. We thus use the different
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Figure 6.18: (a) Angle-dependent UPS spectra in EDC (energy distribution curve) of
graphene/Ru(0001) recorded at room temperature with He Iα excitation for emission
angles between −20◦ and 70◦ in steps of 2◦ along the Γ-K direction. The spectra were
intensity-normalized to the overall intensity of each EDC. (b) Second derivatives of the
data in (a) in a color-coded plot after smoothing. (c) and (d): Respective data recorded
for CuPc/graphene/Ru(0001) at emission angles between −10◦ and 60◦ in steps of 2◦.
For comparison, a gas-phase spectrum of CuPc is plotted as a red dotted line in Fig. (c)
(taken from Ref. [153], intensity not to scale) as well as a spectrum of a 2ML sample

of CuPc on graphene/Ru(0001) plotted as a red solid line (emission angle 45◦).
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energy-dispersion behaviors of the different signals to distinguish between CuPc and

graphene/Ru(0001) contributions. For this purpose, Figs. 6.18(b) and (d) display the

second derivatives of the respective ARUPS data recorded at emission angles from −20◦

to 70◦ and from −10◦ to 60◦, respectively. Fig. 6.18(b) demonstrates that the graphene-

/Ru(0001) bands show a significant energy dispersion. When comparing Fig. 6.18(b)

with (d), three additional signals become obvious. These are located at 0.94, 1.64 and

2.06 eV binding energy and show no signs of energy dispersion. This is expected for the

CuPc states which show only very weak lateral overlap between adjacent molecules [159,

160]. In the gas phase, CuPc shows two distinct signals in the valence regime which are

associated to the highest occupied molecular orbital (HOMO) and the HOMO-1 which

are separated by 1.1 eV [153]. The respective gas-phase spectrum (taken from Ref. [153]

and shifted in intensity) is plotted at the bottom of Fig. 6.18(c). The comparison suggests

an assignment of the signals at 0.94 eV and 2.06 eV binding energy to the CuPc HOMO

and HOMO-1, respectively. This agrees well with previous experiments of CuPc on

Au(111) [161] and Pc moleculess on HOPG [123, 125], which also show a separation

of HOMO and HOMO-1 of about 1.1 eV. The origin of the signal at 1.64 eV binding

energy is not clear. However, if we consider the spectrum of a 2ML sample of CuPc-

/graphene/Ru(0001) which is plotted at the top of Fig. 6.18(c), it catches the eye that

the HOMO signal of the 2nd-layer CuPc is in this energy regime. Taking into account

the considerable error bar in the determination of the energy position of the CuPc signals

around 2 eV due to the intense background signal from the graphene/Ru(0001) bands, the

most likely explanation for the 1.64 eV peak is a HOMO signal of some CuPc molecules

in the 2nd layer which may also be present in case of the 1ML CuPc/graphene/Ru(0001)

sample.

6.6 Summary

The details of the geometric and electronic structures of CuPc on Ru(101̄0), graphene-

/Ru(101̄0) and graphene/Ru(0001) have been studied. CuPc molecules can be grown

well-ordered on Ru(101̄0) but not on Ru(0001). The growth of CuPc on graphene-

/Ru(101̄0) and on grapheneRu(0001) is dominated by the Moiré pattern of graphene.

CuPc form well-ordered structures on graphene/Ru(101̄0) and graphene/Ru(0001) with

rectangular unit cells. Although complicated by the intense graphene/Ru(0001) back-

ground, the UPS results for CuPc/graphene/Ru(0001) indicate relative peak positions

of the CuPc HOMO and HOMO-1 signals which are very similar to the gas phase [153]

and to CuPc on weakly bonding substrates [128, 161].





Chapter 7

Discussion

7.1 Graphene on Ru surfaces

We use the vertical graphene-metal distance and the downward shift of the graphene

π band to characterize the bonding strength between graphene and metal surfaces.

The bonding of graphene to a metal surface can be either strong or weak. For the

strong-bonding system, a strong chemical bond is formed by electron exchange between

the graphene and the metal surface, resulting in a graphene-metal distance of about

0.2 nm and a shift of the graphene π band by about 1–2 eV to higher binding energies.

In the weak-bonding regime, the bond is dominated by van der Waals forces without

electron exchange, the graphene π band is not shifted in energy and the graphene-metal

separation is larger than 0.3 nm.

The bonding of graphene to both Ru surfaces is strong, the graphene π band is shifted

by about 1–2 eV to higher binding energies, and the minimum graphene-Ru distance

(0.21 nm [100, 104, 112]) is nearly equal to the sum of the covalent Ru radius (RRu =

0.146 nm) and the covalent graphene radius (Rgra = 0.07 nm) [166], R = RRu + Rgra
= 0.216 nm. So graphene on Ru surfaces should be chemisorbed. Nevertheless, the

adsorption energy of graphene on Ru(0001) is only about 0.1 eV [111] which is smaller

than typical chemisorption energies of 0.5–2 eV [167, 168] and, thus, the concepts of

chemisorption and physisorption cannot be applied to graphene on Ru surfaces. This is

consistent with a previous study of graphene on other metal surfaces which showed weak

adsorption energy in combination with strong-bonding graphene-metal surface [168].

Mittendorfer et al. [168] studied graphene on Ni(111) and showed that a charge transfer

occurs between graphene and Ni(111), leading to a strong hybridization between the

top-site C pz orbital and the Ni dz2 orbitals. Ni donates electrons from its dz2 orbitals
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Figure 7.1: (a) shows the shift of the π band of graphene on different metals (Ni
[78, 79], Co [77], Cu [86, 87], Pt [83, 84], Ir [82, 83], Au [86, 89], and Ag [86, 88]), (b)
the graphene-metal distance [56], and (c) the interaction energy, ∆εM−G, [111, 162–
164], all as functions of the lattice mismatch; (d), (e) and (f) report the same quantities

as functions of the d-band center [165].
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to the graphene π-band and graphene back-donates electrons from its σ-band to the Ni

dxz and dyz orbitals [168], thus forming a chemical bond via a donation/back-donation

mechanism [167]. The adsorption energy is dominated by van der Waals interactions

and, therefore, only amounts to 0.2 eV.

As shown in the previous paragraphs, even though the lattice mismatches of graphene

on Ru(0001) and on Ru(101̄0) are different, the binding-energy shifts for the two surface

orientations are very similar. Graphene interacts strongly with both Ru(0001) and

Ru(101̄0) and this is also consistent with other systems [117, 118]. Fig. 7.1(a), (b)

and (c) show the dependence of the theoretical interaction energy, ∆εM−G [111, 162–

164], i.e. the energy per carbon atom that is needed to remove the graphene from

the metal, the measured graphene-metal distance, and the downward shift of the π

band of graphene on different metals (Ni [78, 79], Co [77], Cu [86, 87], Pt [83, 84], Ir

[82, 83], Au [86, 89], and Ag [86, 88]), all as a function of the lattice mismatch [56]. The

local-density approximation (LDA) data, ∆εM−G, in Refs. [111, 162–164] were used to

explain the strong bonding trend of graphene to a large variety of metallic substrates.

The generalized gradient approximations (GGAs) and the recently developed van der

Waals density functional (vdW-DF) usually tend to underestimate the bonding in these

systems and, therefore, contrary to the experimental data, predict no binding at all.

As one can see in Fig. 7.1, the bonding strength does not depend on the lattice mis-

match as there is no obvious trend in the data. Strong bonding is observed in both

lattice-matched and lattice-mismatched systems [56], e.g. graphene on Ni(111) (lattice-

matched) and graphene on Ru(0001) (lattice-mismatched) are both strongly interacting.

Conversely, Ru(0001) (2.71 Å), Re(0001) (2.76 Å), Rh(111) (2.69 Å), Pd(111) (2.75 Å)

and Pt(111) (2.77 Å) have very similar lattice parameters but can be sorted into the two

different interaction regimes. We conclude that there is no clear dependence of the inter-

action between graphene and transition metals on the lattice mismatch and, therefore,

that the lattice mismatch does not play an important role in the bonding of graphene.

This also explains why the downward shift of the π band is similar for Ru(0001) and

Ru(101̄0).

While the lattice mismatch cannot explain the difference in the bonding strength, the

hybridization between the metal d valence band and the π bands of graphene is the

most important parameter, as suggested in Ref. 56. According to the d -band model

[165, 169, 170], the different interaction between the different metals and graphene is

due to the position of the metal d band below the Fermi level. Figs. 7.1(d), (e) and (f)

show the dependence of the π-band position, the experimental graphene-metal distance

and the interaction energy [111, 162–164] as a function of the center of the d band [165].
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The downward shifts of the π-band on Ru(0001) and Ru(101̄0) that we obtained are

also included in Fig. 7.1(d).

It it visible that depending on the position of the d -band center the metal-graphene

interaction changes in a monotonic way. If the d -band center is closer to the Fermi level

the graphene will interact stronger. Metals with their d -band center located within 2 eV

below the Fermi level are strongly interacting while those having their d -band center

more than 2 eV below are weakly interacting [56].

Our data are consistent with the d -band model: The interaction of graphene with Ru is

very strong and the Ru d -band center is less than 2 eV below the Fermi level. Although

the d -band model is very simple it can explain the strong bonding trend of graphene to

a large variety of metallic substrates. However, the d -band model cannot be used for

weak-bonding systems which are dominated by van der Waals interactions. In this case,

more detailed electronic structure calculations are required.

7.2 CuPc on graphene on Ru surfaces

There are two main factors influencing the formation of ordered structures of CuPc. One

is the lattice mismatch between CuPc and the substrate and the other is the chemical

composition of the surface region which affects the strength of the substrate-molecule

interaction [171]. CuPc molecules can be grown in well-ordered layers on Ru(101̄0) but

not on the active surface Ru(0001). One possible explanation is that Ru(0001) cannot

provide a suitable symmetry match to the CuPc lattice but Ru(101̄0) can. The present

results are in good agreement with previous experiments of CuPc on InAs(100) and on

InSb(100) [171]. The study of CuPc on InAs(100) and on InSb(100) [171] demonstrated

that ordered CuPc can be grown on InAs(100) and InSb(100) (4 x 2)/c(8 x 2) but not

on GaSb(100) and GaSb(100). The GaAs(100) bulk lattice is not of an appropriate

size for the accommodation of CuPc and GaSb(100) is an active surface leading to

strong substrate-molecule interactions resulting in disordered adsorption. In our case,

the lattice constant of Ru(101̄0) in one direction is similar to that of the InSb(100) (4 x

2)/c(8 x 2) surface (a = 0.428 nm). Therefore, Ru(101̄0) provides a suitable symmetry

match to the CuPc lattice leading to the growth of CuPc molecules in a well-ordered

structure.

There are no significant differences in the valence bands of CuPc in various thicknesses

on Ru(101̄0), graphene/Ru(101̄0) and graphene/Ru(0001). This indicates that the elec-

tronic properties of CuPc are not affected by these substrates or that the interactions

between CuPc and Ru(101̄0), graphene/Ru(101̄0) and graphene/Ru(0001) are rather
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weak. If the interaction is sufficiently weak the CuPc molecules can diffuse laterally to

form an ordered structure. This is similar to the findings for FePc, MnPc, NiPc and

H2Pc molecules on graphene/Ru(0001) [134] and CuPc on graphene/Ni(111) [24], which

also show a weak molecule-substrate interaction. These findings are also consistent with

previous studies by Raman spectroscopy and ARPES [142] on multilayers of graphene

on Ru(0001). Graphene interacts very strongly with Ru surfaces but the outer sheet of

a bilayer of graphene essentially has the electronic structure of a freestanding monolayer

of graphene [142]. Due to the strong electronic coupling of the π states of graphene with

the Ru d states graphene plays an active role as a buffer which reduces the reactivity

of Ru surfaces. Therefore, the added second layer of graphene or of another molecule

interacts weakly with graphene/Ru surfaces [142].





Chapter 8

Conclusion and Outlook

8.1 Conclusion

Using high-resolution angle-resolved photoemission spectroscopy and density-functional

theory, the details of the electronic structures of three ruthenium surfaces, Ru(0001),

Ru (101̄0) and Ru(1,1,2̄,10), were investigated. In our experiments, the Fermi surfaces

of Ru surfaces are richer in details than those reported in the literature. The results

are consistent with previous de Haas-van Alphen data and with relativistic calculations

of the bulk. The inner potential of Ru surfaces has been estimated by comparing the

experimental data with bulk calculations. The main contribution to the photoemission

signal comes from the bulk electronic structure even though surface states were measured

directly. On the basis of LEED and STM data Ru(1,1,2̄,10) can be estimated to feature,

as expected, five-atom wide (0001) terraces and one-atom high steps. In the band

structure of Ru(1,1,2̄,10), a split band is observed due to a lateral surface superlattice

by Umklapp processes. The data can be used as a reference to facilitate subsequent

studies of the catalysis of organic molecules on ruthenium.

Well-ordered graphene can be prepared on three surfaces of different symmetry: Ru(0001),

Ru(101̄0) and Ru(1,1,2̄,10). Graphene on Ru(0001) has a Moiré structure which ap-

proximately corresponds to 12 carbon atoms overlaid on 11 Ru(0001) atoms. Graphene

on Ru(101̄0) only has a Moiré structure in one direction. In the [0001]-direction, the

lattice mismatch is only 0.2% averaged while in the [1̄21̄0] direction the carbon lat-

tice is mismatched by about 9.2% with respect to the Ruthenium lattice. Interest-

ingly, the ARPES data show that the π band of graphene on Ru(0001), Ru(101̄0) and

Ru(1,1,2̄,10) is shifted by about 1.3–1.7 eV with respect to the free-standing graphene.

This means that the bonding of graphene with Ru(0001), Ru(101̄0) and Ru(1,1,2̄,10) is

very similar. Graphene interacts strongly with all three surfaces, Ru(0001), Ru(101̄0)
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and Ru(1,1,2̄,10), even though the lattice mismatch is different. The d -band model

completely explains the trend of the bonding properties of graphene on different metal

surfaces and shows that the main parameter governing the strong bonding is the position

of the metal d -band center while the lattice mismatch plays no significant role.

CuPc molecules can be grown well-ordered on Ru(101̄0) but not on Ru(0001) because

Ru(101̄0) provides a suitable symmetry match to the CuPc lattice. The growth of CuPc

on graphene/Ru(101̄0) and Ru(0001) is dominated by the Moiré pattern of graphene.

CuPc molecules form well-ordered structures with rectangular unit cells on graphene-

/Ru(101̄0) and graphene/Ru(0001). The distances of adjacent CuPc molecules are

15 ± 0.5 Å and 13 ± 0.5 Å on graphene/Ru(0001) and 15.4 ± 0.5 Å and 13.7 ± 0.5 Å on

graphene/Ru(101̄0). This indicates that the molecule-substrate interaction dominates

over the intermolecular interaction for CuPc molecules on graphene/Ru(101̄0) and gra-

phene/Ru(0001). From the ARPES data, it is shown that the interactions between CuPc

and graphene/Ru surfaces are rather weak because graphene plays an active role as a

buffer which reduces the reactivity of Ru surfaces.

8.2 Outlook

The basics of the geometric and electronic properties of CuPc molecules on graphene-

/Ru surfaces have been studied. I have shown that graphene can be prepared in long-

range well-ordered structures on different Ru surfaces and that the Moiré pattern of

graphene plays an important role in the self-organization of CuPc molecules. Therefore,

graphene on Ru surfaces can be used as a template for the preferential adsorption of

metals and organic molecules in further fundamental studies in surface science. For a

deeper understanding of the nature of the interaction of molecules with graphene on

metal surfaces it is necessary to carry out experimental and theoretical investigations of

molecules on graphene. Graphene also can be grown in well-ordered structures on the

stepped Ru surface. This means that we can use graphene on stepped Ru as a candidate

for future nanoelectronics to study the electronic properties of 1D systems which will

yield some new physical properties. Graphene nanoribbons have a band gap which is

a prerequisite to be applied in transistors [172]. Therefore, it is necessary to continue

to study the geometric and electronic properties molecules graphene on stepped metal

surfaces.



Appendix A

Calculated electronic structure of

bulk Ruthenium

In this appendix, the calculated electronic structure of bulk Ruthenium will be presented

[16]. It can be used as reference to have a better understanding of the experimental data

and it might be helpful for future projects. Fig.A.1, A.2, A.3, A.4, A.5, A.6, A.7 and

A.8 shows the calculated Fermi surface and band structure in three main directions in

which k⊥ vector is parallel to the ΓA, ΓM and ΓK direction, respectively.

95



Appendix A. Calculated electronic structure of bulk Ruthenium 96

Figure A.1: Bulk Fermi surfaces calculated in the ΓMK plane for different k⊥ which
is parallel to the ΓA vector, given in fractions of the ΓA distance; 0 % corresponds to

the Γ point and 100 % to the A point.
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Figure A.2: Bulk band structure calculated in ΓM-MK-KΓ direction for different k⊥
(from 0 % to 70 %) which is parallel to the ΓA vector, given in fractions of the ΓA

distance; 0 % corresponds to the Γ point and 100 % to the A point.
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Figure A.3: Bulk band structure calculated in ΓM-MK-KΓ direction for different k⊥
(from 80 % to 100 %) which is parallel to the ΓA vector, given in fractions of the ΓA

distance; 0 % corresponds to the Γ point and 100 % to the A point.



Appendix A. Calculated electronic structure of bulk Ruthenium 99

Figure A.4: Bulk Fermi surfaces calculated in the ΓAK plane for different k⊥ which
is parallel to the ΓM vector, given in fractions of the ΓM distance; 0 % corresponds to

the Γ point and 100 % to the M point.
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Figure A.5: Bulk band structure calculated in ΓA direction for different k⊥ which is
parallel to the ΓM vector, given in fractions of the ΓM distance; 0 % corresponds to

the Γ point and 100 % to the M point.
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Figure A.6: Bulk band structure calculated in ΓK direction for different k⊥ which is
parallel to the ΓM vector, given in fractions of the ΓM distance; 0 % corresponds to

the Γ point and 100 % to the M point.
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Figure A.7: Bulk Fermi surfaces calculated in the ΓAM plane for different k⊥ which
is parallel to the ΓKM vector, given in fractions of the ΓK distance; 0 % corresponds

to the Γ point and 100 % to the K point.
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Figure A.8: Bulk band structure calculated in ΓA direction for different k⊥ which is
parallel to the ΓKM vector, given in fractions of the ΓK distance; 0 % corresponds to

the Γ point and 100 % to the K point.
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15± 0.5 Å and 13± 0.5 Å. The blue lines indicate the unit cells of the
graphene layer. See text for details. . . . . . . . . . . . . . . . . . . . . . . 82

6.18 (a) Angle-dependent UPS spectra in EDC (energy distribution curve) of
graphene/Ru(0001) recorded at room temperature with He Iα excitation
for emission angles between −20◦ and 70◦ in steps of 2◦ along the Γ-K
direction. The spectra were intensity-normalized to the overall intensity
of each EDC. (b) Second derivatives of the data in (a) in a color-coded
plot after smoothing. (c) and (d): Respective data recorded for CuPc-
/graphene/Ru(0001) at emission angles between −10◦ and 60◦ in steps
of 2◦. For comparison, a gas-phase spectrum of CuPc is plotted as a red
dotted line in Fig. (c) (taken from Ref. [153], intensity not to scale) as well
as a spectrum of a 2ML sample of CuPc on graphene/Ru(0001) plotted
as a red solid line (emission angle 45◦). . . . . . . . . . . . . . . . . . . . . 84

7.1 (a) shows the shift of the π band of graphene on different metals (Ni
[78, 79], Co [77], Cu [86, 87], Pt [83, 84], Ir [82, 83], Au [86, 89], and
Ag [86, 88]), (b) the graphene-metal distance [56], and (c) the interaction
energy, ∆εM−G, [111, 162–164], all as functions of the lattice mismatch;
(d), (e) and (f) report the same quantities as functions of the d-band
center [165]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

A.1 Bulk Fermi surfaces calculated in the ΓMK plane for different k⊥ which
is parallel to the ΓA vector, given in fractions of the ΓA distance; 0 %
corresponds to the Γ point and 100 % to the A point. . . . . . . . . . . . 96



List of Figures 128

A.2 Bulk band structure calculated in ΓM-MK-KΓ direction for different k⊥
(from 0 % to 70 %) which is parallel to the ΓA vector, given in fractions
of the ΓA distance; 0 % corresponds to the Γ point and 100 % to the A
point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

A.3 Bulk band structure calculated in ΓM-MK-KΓ direction for different k⊥
(from 80 % to 100 %) which is parallel to the ΓA vector, given in fractions
of the ΓA distance; 0 % corresponds to the Γ point and 100 % to the A
point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

A.4 Bulk Fermi surfaces calculated in the ΓAK plane for different k⊥ which
is parallel to the ΓM vector, given in fractions of the ΓM distance; 0 %
corresponds to the Γ point and 100 % to the M point. . . . . . . . . . . . 99

A.5 Bulk band structure calculated in ΓA direction for different k⊥ which is
parallel to the ΓM vector, given in fractions of the ΓM distance; 0 %
corresponds to the Γ point and 100 % to the M point. . . . . . . . . . . . 100

A.6 Bulk band structure calculated in ΓK direction for different k⊥ which is
parallel to the ΓM vector, given in fractions of the ΓM distance; 0 %
corresponds to the Γ point and 100 % to the M point. . . . . . . . . . . . 101

A.7 Bulk Fermi surfaces calculated in the ΓAM plane for different k⊥ which
is parallel to the ΓKM vector, given in fractions of the ΓK distance; 0 %
corresponds to the Γ point and 100 % to the K point. . . . . . . . . . . . 102

A.8 Bulk band structure calculated in ΓA direction for different k⊥ which is
parallel to the ΓKM vector, given in fractions of the ΓK distance; 0 %
corresponds to the Γ point and 100 % to the K point. . . . . . . . . . . . 103



Publication
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