
BESSY G.m.b.H. und Institut für Physik, Universität Potsdam
Arbeitsgruppe Prof. Dr. W. Gudat

Quantum-size effects in the electronic structure
of novel self-organized systems with reduced

dimensionality

Dissertation
zur Erlangung des akademischen Grades

”doctor rerum naturalium” (Dr. rer. nat.)
in der Wissenschaftsdisziplin Experimentalphysik

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultät

der Universität Potsdam

von
Andrei Varykhalov

Universität Potsdam, 16 Juni, 2005



Gutachter

Prof. Dr. Wolfgang Gudat, BESSY (Berlin) und Universität Potsdam (Potsdam)
Prof. Dr. Ullrich Pietsch, Universität Potsdam (Potsdam)
Prof. Dr. Karsten Horn, FHI der MPG (Berlin)

Datum der Disputation: 16 Juni 2005



Abbreviations

ARPES angle-resolved photoelectron spectroscopy
BZ Brillouin zone
b.c.c. bulk centered cubic (crystal structure)
DOS density of states
f.c.c. face centered cubic (crystal structure)
HOMO highest occupied molecular orbital
KKR Korringa-Kohn-Rostoker approach
LCGO linear combination of Gaussian orbitals
LDOS local density of states
LDA local density approximation
LUMO lowest unoccupied molecular orbital
LEED low-energy electron diffraction
ML monolayer
PES photoelectron spectroscopy
QWS quantum-well state
RAPW relativistic augmented plane-wave
STM scanning tunneling microscopy
UHV ultra-high vacuum
XPS x-ray photoelectron spectroscopy



Symbols, units, definitions

Å Ångström = 10−10 m, length unit
nm nanometer = 10−9 m, length unit
nA nanoampere = 10−9 A, current unit
eV electron-volt ∼ 1.6· 10−19 J, energy unit
a (or a0) [Å] lattice constant of a cubic crystal
k wave vector of the electron in the crystal
k‖, k⊥ components of k relative to the crystal surface
k, k‖, k⊥ [Å−1] scalar (absolute) values of wave-vectors
me ∼ 9.1·10−31 kg, mass of the free electron
m∗ effective mass of the electron is the lattice
m∗

‖ in-plane effective mass of the electron

E(k) energy-momentum dispersion, band structure
Ekin [eV] kinetic energy of the electron
Ei [eV] electron energy in the initial state of photoemission
Ef [eV] electron energy in the final state of photoemission
EF Fermi level, Fermi energy
Vt [V] bias voltage in STM
It [nA] tunneling current in STM
λ [nm] wave-length
hν (~ω) [eV] energy of photon
Φ [eV] work function of a solid surface
ρ(E) density of states (DOS)
ψ wave function of an electron
Mν,µ matrix element of electron transition
T(E) transition tunneling coefficient
f(E) = 1

e
E−EF

kT +1
Fermi-Dirac distribution
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Chapter 1

Introduction

1.1 Motivation

When single atoms of one or more chemical elements assemble to form a solid,
the electrons of outer shells become delocalized and may propagate over the whole
lattice of the crystal. A very important characteristics is their energy-momentum
dispersion E(k) [1, 2], which defines fundamental electrical, mechanical and optical
properties of a solid [3]. The typical situation in solids is that the valence band
electrons form Bloch waves of sp- and d-type. In metals they are weakly bound
to the lattice and can be well described in terms of the nearly free electron [1]
approximation, where the function E(k) possesses the form of a simple parabola
at high-symmetry points of the Brillouin zone (Fig. 1.2(b)). The coefficient of
parabolic dispersion is inversely proportional to the effective mass of the electron
m∗, which reflects a moderate perturbation introduced into the Hamiltonian of
the free electron by the periodic potential of the lattice. The crystal potential
is also responsible for diffraction of propagating electron waves, which leads to
the appearance of forbidden energy regions which separate the electron bands [4].
What makes the band structure of real solids appear considerably more compli-
cated than Fig. 1.2(b) is the three-dimensional crystal lattice (in reciprocal space)
and the non-degenerate orbitals of p- and d-electrons which contribute individual
bands. This hold also for each constituent of a compound. The description of lo-
calized states requires computational approaches like the tight-binding formalism
or density functional methods. Additional atomic and molecular phenomena, like
spin-orbit splitting [5] as well as effects of hybridization [6] can lead to the lifting
of degeneracies and in this way affect the electronic structure of the real solid.

So far the electronic properties of infinitely extended crystals are well un-
derstood experimentally and also theoretically [7], and another effect related to
ultra-small crystals attracted the attention of the scientific community about three
decades ago [9]. Most generally this phenomenon can be described as quantiza-
tion of the spectrum of trapped electrons into discrete energy levels, when the
dimensions of the potential well are comparable with the wave-length of the elec-
tron. Concerning the novelty of the effects, one has to admit that the theoretical
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background has already been developed at the early ages of quantum physics. For
instance, the classical solution of the particle-in-a-box problem can be found in
any textbook on wave mechanics. A sketch is shown in Fig. 1.1. If an electron is
placed into a one-dimensional potential box with infinitely high walls, boundary
conditions define the allowed wave vectors as k = nπ

d
, where n and d are the quan-

tum number and the width of the well, respectively, the solution of the stationary
Schrödinger equation gives the wave-functions as ψ ∼ sin(πnz

d
), while allowed en-

ergy levels are Ek = ~
2k2

2m
= ~

2

2m
(πn

d
)2. Such states are known as quantum well states

(QWS). There is a certain analogy with electronic states of the inner atomic shells,
since the electrons are confined there in the three-dimensional Coulomb well of the
nucleus. However, we use the term QWS only for confinement and quantization of
free electrons and weakly bound valence band electrons. The first theoretical work
on QWS’s in thin metal films was published in 1983 [10], while the experimental
observation of QWS with photoemission was reported in 1985 for the first time
[11].
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Figure 1.1: Solution of particle-in-a-box problem in one-dimensional potential box
with infinitely high walls. Allowed electron energies (dashed lines, axis to the right)
and the probability density | ψm |2 (solid lines, axis to the left) are shown. ψm is
the electron’s wave-function.

In the last couple of years, physics of QWS’s received renewed attention. The
general tendency to miniaturization and acceleration of the speed of integrated cir-
cuits has pushed the design of microelectronic devices into the nm-range [14, 15, 16].
Such advance makes the consideration of quantum-size effect in the electronic com-
ponents unavoidable. For instance, if one forms an ultra-thin film of nm-thickness
(as shown in Fig. 1.2(a)) restricting the crystal in one coordinate, a standing
electron wave can appear in the film leading to energy-momentum quantization
in the electronic structure (Fig. 1.2(c)). The conductivity of such film should
be strongly affected by the reduced dimension and will exhibit oscillatory behav-
ior in the voltage-current characteristics [9]. Further restrictions of size lead to
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nanostructures of even lower dimensionality, like nanowires or quantum dots (Fig.
1.2(a)). Since the electron in such structures will be confined by several coordi-
nates, there appear additional boundary conditions for the Schrödinger equation
and quantization effects become obviously more complicated.
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Figure 1.2: (a) nanostructures of different dimensionality; (b) energy-momentum
dispersion E(k) in nearly free electron solid (energy gaps are not shown for simplic-
ity); (c) size restrictions lead to quantization of E(k) which appears as a discrete
set of allowed momentum-energy points.

One must admit that in experiments the ideal nanostructures shown in Fig.
1.2(a) can hardly be produced and investigated. Whichever it is, thin films,
nanowires or quantum clusters, they are typically prepared and measured on a
substrate. In turn, the substrate may significantly influence the electronic prop-
erties of nanostructures. One extremely important factor for quantization is the
presence of appropriate energy gaps in the substrate. If no gap is provided the elec-
tron can extend more deeply through the interface into the solid with the result
that reflection and confinement are weak or absent, as the space-energy diagram
in Fig. 1.3(a) shows . That means that QWS’s should particularly appear in the
energy range covered by the substrate gap. In many studies wide gap semiconduc-
tors were considered as ideal templates for QWS systems [11]. The situation with
metallic substrates is less obvious since in metals conductance and valence bands
are overlapping. The impression that quantization in metal-on-metal systems is
not possible is, however, wrong. Metallic substrates can exhibit so called relative

gaps [77], which can appear in the band structure projected on a particular crys-
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tallographic surface, as illustrated in Fig. 1.3(b). Such relative gaps may even
derive face-specific surface states. A particular case is the hybridization gap [78]:
if two bands of the substrate have the same energy and symmetry, they hybridize
causing the development of an additional energy gap. In these gaps the interfacial
electron reflectivity can increase which can lead to electron confinement as shown
in Fig. 1.3(a).
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Figure 1.3: (a) The space-energy diagram illustrates the formation of quantum
well states in thin film; (b) projection of the bulk band structure on the surface
yields relative energy gaps. Dispersions of surface states SS are also shown. From
Ref. [94]

Generally, the substrate is crucially important not only for supplying quanti-
zation conditions, but for the formation of nanostructures itself. It can serve as
a template for preparation of regular arrays of nanowires, nanostripes or quan-
tum dots employing effects of self-organization. In solid state physics the term
”self-organization” can be defined as formation of atomic systems with periodic
structural and electronic properties under the influence of thermodynamic factors
and interatomic interactions. For example, vicinal to low-Miller-index face sur-
faces (stepped surfaces) has been used as templates for preparation of nanostripes
with tailored electronic [129, 130] and magnetic [139] properties. Also surface re-
constructions can be applied to control the formation of nanoclusters or quantum
wires [17, 18, 19]. Since self-organization can provide periodic and almost infinite
(the overall area is only limited by the dimensions of the sample) nanostructure,
application of methods which measure a spatially averaged signal (as photoelectron
spectroscopy does) becomes possible.

The present Thesis focuses on quantum size-effects in metallic nanostructures.
All aforementioned aspects, including quantum-well states in thin films, self- or-
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ganization and one-dimensional quantization at stepped surfaces and large-scale
reconstructions are the topics covered by this work.

The Thesis has the following structure: after experimental aspects and me-
thodical background (Chapter 1) QWS’s in ultra-thin films of Ag on Ni(111) are
reported (Chapter 2). Ag/Ni(111) is a complex case where electron confinement is
achieved both due to a relative gap and because of the increased reflectivity due
to reduced interfacial hybridization between the bands of Ag and Ni. It will also
be demonstrated how the electronic structure of the substrate can be probed by
quantum well states.

Chapter 3 is fully devoted to stepped W surfaces. Firstly, specific effects in the
final state of photoemission are reported. Important implications for understand-
ing self-organized nanostructures and their electronic properties are discussed. In
the second part of Chapter 3 a report on novel effects of self-organization on the
steps of vicinal W is presented. The described method produces nanostructures
which involve Au-W surface alloying and demonstrate unique effects of lateral
quantization in the valence band.

The last chapter, Chapter 4, deals with the large-scale carbon reconstruction
R(15×3) on W(110) [224]. This template itself exhibits quantum-size effects in
the surface electronic structure and also controls self-organization phenomena, like
self-assembly of Au nanowires with distinct lateral quantum well states. In the last
section it is shown that W(110)/C-R(15×3) can also support the arrangement of
molecules, and the discovery of self-assembly of fullerene nanoclusters with magic
numbers is reported.

The methods of choice in this work are photoelectron spectroscopy (PES) and
scanning tunneling microscopy (STM). PES [20, 21] is a powerful and widely ap-
plied technique for studies of the electronic structure of solids. The photoemission
process involves the excitation of an electron followed by its escape into vacuum
and it becomes possible to study the electronic structure of solids by analyzing
the energy distribution of photoemitted electrons. The application of synchrotron
radiation, where the photon energy hν can be continuously varied extends the
method significantly. The combination of hν-dependent with angle resolved pho-
toemission measurements makes it possible to achieve a complete characterization
of the electronic structure and obtain energy band dispersions E(k).

One shall keep in mind that electronic properties of crystals are related to their
atomic structure. In particular, if one deals with low-dimensional systems, precise
information on their geometry can be crucially important for understanding elec-
tronic effects. STM is perfectly suited for the investigation of the atomic geometry
of surfaces. It is a local probe method, which achieves unprecedented spatial reso-
lution down to one Å. All systems of reduced dimensionality studied in this work
were verified with STM.

Since design, building, tuning and commissioning of the STM set-up used in
the experiments required a considerable amount of time, experimental aspects of
STM measurements will be described to greater detail.

The chapters of this Thesis are organized and written in such a way that they are
self-contained to large extent. It is thus possible to read every individual Chapter
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without the need to access the others (with the exception of the Experimental part
which is useful for understanding technical aspects of this work). Although, a large
amount of experimental results is presented, the author wants to apologize for not
being able to present all aspects of the addressed subjects to greater detail due to
strict requirements for the length of the Thesis at Universität Potsdam.
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1.2 Methodical background

1.2.1 Technique of Photoemission

Phenomenologically, the description of the photoemission technique is rather sim-
ple. When a solid surface is irradiated by monochromatic light of energy ~ω,
photoexcitation of electrons in the crystal can occur. If the kinetic energy of ex-
cited electron is high enough, it can overcome a surface potential Φ and escape to
vacuum. Φ is called work function. It depends on material and crystallographic
face and has typically a value of several electronvolt (eV). The extended equation
of the photoeffect provides the kinetic energy of the photoelectron

(1.1) Ekin = ~ω − Φ− | EB |

and can be used to determine its binding energy EB in the solid. The photoe-
mission process is sketched in Fig. 1.4(a), where excitation of electrons from the
valence band and a core-level is shown. Binding energies of valence electrons are
typically around several eV, those for core levels range from tens to thousands. It is
evident from equation (1.1), that EB can be measured by counting the energy dis-
tribution of the electrons emitted into vacuum, since this distribution corresponds
loosely speaking to the density of occupied states in the solid [20].

Photoemission is generally considered in the framework of the so called three

step model [20]. This model defines three stages which are treated independently.
The first step i.e. the photoexcitation itself, should be considered in the framework
of quantum mechanics. In terms of the single-particle approximation [20], the
excitation of an electron is an optical transition from an occupied initial eigenstate
| ψi > to a final state | ψf >. The transition rate between the eigenstates is given
by Fermi’s golden rule:

(1.2) Pfi =
2π

~
|< ψi | H ′ | ψf >|2 δ(Ef −Ei − ~ω)

Here the δ-function is responsible for the conservation of energy while H ′ de-
notes the Hamiltonian of the interaction between electron and vector potential A
of the photon. Assuming A to be constant one gains in the dipole approximation:

(1.3) H ′ =
e

2mc
A · p

Inserting H ′ into eq. (1.2), and comparing the result with the ordinary Hamil-

tonian of the electron H = p2

2m
+ V (r) [22] one gains two forms of the matrix

element:

(1.4) < ψf | p | ψi >= imω < ψf | r | ψi >=
i

ω
< ψf | ∇V | ψi >

13
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Figure 1.4: (a) energy diagram illustrating the photoexcitations with monochrom-
atized light; (b) scheme of photoemission experiment; (c) shape of detected pho-
toelectron spectrum.

Since the second expression includes the gradient of V it comes out that pho-
toemission cannot take place when the potential V(r)=0. This is a particularly
important point, which means that a free electron cannot perform photoemission
and that the final state of photoemission is explicitly supplied by the potential of
the lattice or atoms. In terms of momentum-energy dispersions, the final state of
a photoexcited electron with low kinetic energy is defined by the band structure of
the solid [78], while for relatively high energies, E(k) can always be approximated
by a free electron parabola [20].

The second stage of the three step model is electron transport to the surface.
The probing depth of photoemission is limited by effects of inelastic electron scat-
tering. The number of excited electrons which can traverse a film of thickness d
and escape to vacuum depends exponentially on d:

(1.5) N = N0e
− d

λ

where λ is the inelastic mean free path which is given by the empirical formula
[23]:
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(1.6) λ = 0.41a3/2
√

Ekin

Here a is expressed in nm and denotes the lattice constant of the film. Ekin

should be set in eV. Evaluating expression (1.6) shows that photoemission is a
very surface sensitive technique. Even at kinetic energies of several hundred eV,
the inelastic mean free path corresponds to the first few atomic layers. The same
effect of inelastic scattering causes a huge tailed background of secondary electrons
in the photoelectron spectra (Fig. 1.4(c)). Such background makes the detection
of electrons with very low kinetic energies explicitly difficult.

The third stage in the three step model is the escape of the photoelectron
through the surface barrier. The understanding of this process is crucial for the
determination of the dispersions E(k). Since the photon has negligible momentum
in the vacuum ultraviolet energy range, the simplest view of photoemission con-
siders only direct (optical) transitions in the first stage of the three step model.
It means that the photoexcited electron acquires kinetic energy but practically
no extra momentum so that its wave vector k is conserved, as illustrated in Fig.
1.5(a) where transitions for two photon energies hν1 and hν2 are sketched in a
momentum-energy diagram. The momentum vector of the electron which propa-
gates inside the crystal can evidently be determined according to kint = kint

‖ +kint
⊥ ,

where kint
‖ denotes the projection parallel and kint

⊥ perpendicular to the surface

(Fig. 1.5(b)). When the electron traverses a potential barrier at the surface it
experiences refraction as shown in Fig. 1.5(b). Only the component kint

‖ is pre-
served, although it can be translated by a reciprocal surface lattice vector G i.e.
kext
‖ = kint

‖ +G. Such refraction means that the emitted electron will propagate in

a new direction described by the angle θ (Fig. 1.5(b)). Combining basic energy-
momentum relation Ekin = k

2

2m
and simple trigonometry | k‖ |=| k | ·sin(θ) one

gains an expression for the parallel component of the wave vector:

(1.7) | kext
‖ |=| kint

‖ |=
√

2m

~2
Ekin · sin(θ)

This is important for the concept of angle-resolved photoemission. The scheme
of the experiment is shown in Fig. 1.4(b). If one collects electrons photoemitted
in a certain direction θ and measures their kinetic energy, then the kint

‖ component

of the wave vector can easily be calculated from eq. (1.7). The electron energy
distributions measured for each polar angle θ provide the band structure E(k‖).

The situation with the perpendicular component of momentum is, however,
more complicated. Upon refraction this vector is reduced due to the work function
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of the sample so that kext
⊥ does not directly reflect the value of kint

⊥ . It can be
determined only approximately using the formula [12]:

(1.8) kint
⊥ =

√

(kext
⊥ )2 +

2mV0

~2

where the inner potential V0 is an empirically adjustable parameter.
To extend the description of the method, another aspect of photoelectron spec-

troscopy i.e. photon-energy dependent photoemission must be mentioned. This
technique is illustrated in Fig. 1.5(a). Variation of the photon energy hν will cause
electron excitation in different k-points of the Brillouin zone if k‖=0 is chosen. This
happens due to the different dispersions of initial- and final-state bands with k⊥,
and because of energy conservation (eq. (1.2)). If one measures hν-dependent
photoemission normal to the surface direction (and knows the dispersion of the
final-state), the dispersion E(k⊥) in the initial state can easily be obtained along
the surface normal.

It is necessary to note, that in photoemission phenomena occur which directly
show that a single-particle picture is inappropriate. These are so called correla-

tion effects which are caused by interaction between the excited electron and the
remaining electrons. They require a more general consideration and cannot be
described in the framework of the three-step model. Correlation phenomena in-
clude, in particular, plasmons and electron-hole pair excitations [24]. While the
former phenomenon originates from collective oscillations in the gas of nearly free
valence electrons, the latter is related to the finite lifetime of the photohole and
its screening by other valence electrons. Such correlation effects cause a number of
characteristic features in measured spectra (satellites, line broadening and asym-
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metry, energy shifts) and must be considered in the interpretation of experimental
data.

A possible description of the many body effects in photoemission is given in the
framework of the sudden approximation [13]. It is assumed that a photoelectron
is suddenly created and decoupled from the remaining (N-1) electrons. The (N-1)
electron state created as a result can be described as ak | ψN,0 >, where ak is
an operator which annihilates an electron with wave vector k. ak | ψN,0 > is not

an eigenstate of the Hamiltonian H
(N−1)
0 of the (N-1) remaining electrons. The

spectrum is then obtained as projection of this frozen state ak | ψN,0 > onto the
fully relaxed eigenstates | ψ(N−1),0 >.

The photoelectron spectrum can then be written in a useful form which allows
to use in Fermi’s golden rule the single particle spectral density function A(ω)
instead of the δ-function: [13]:

(1.9) pi,f =
2π

~
|Mi,f |2 ·A(ω)

where ω = Ef −~ω. The processes which are responsible for the line broadening
and the energy shifts due to coupling between the photohole and the rest of the
electron system are described in terms of the complex self-energy operator Σ(ω)
[13]. In the solid A(ω) represents the spectral function of the hole state and can
be expressed in terms of the self-energy operator:

(1.10) A(ω) =
1

π

| ImΣ(ω) |
| ω − Ei − ReΣ(ω) |2 + | ImΣ(ω) |2

This function has a maximum for ω = Ei − ReΣ(ω). If this equation has
more than one solution, the solutions are divided up into main lines and satellites.
Speaking more generally, there is no matter how complicated the physical system is;
in the framework of the described model of sudden approximation the photoelectron
spectrum can always be interpreted in terms of transitions from the initial state to
all possible final states.

In this Thesis it is particularly important to mention many body effects in
photoemission since this topic is of concern for Chapter 2, where we will discuss
the determination of the electronic structure of Ni (Ni is 3d transition metal with
a highly correlated system of d-electrons). If we leave correlation effects aside,
another advantage over the three step model is that the sudden approximation
also describes photoemission from surface states, which repeatedly appear in the
experiments performed in the present Thesis. Moreover, this model accounts for
effects of photoelectron diffraction in the final state of photoemission from surface
resonances (see Chapter 3, Chapter 4).

Experimentally, electron energy spectra are measured with electrostatic analyz-
ers [20]. A typical example of a hemispherical device is shown in Fig. 1.4(b). The
electrons emitted into vacuum pass through the entrance slit (which provides an-
gular resolution) and propagate further between two charged metallic hemispheres.
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The electric field between the spheres refracts the electrons and only those with a
particular kinetic energy pass. By changing the voltage on the spheres one can tune
this pass energy, which defines the energy resolution together with exit slits at the
end of the analyser. The electrons are counted by secondary electron amplifiers,
known also as channeltron detectors [25]. A spectrum is measured by applying a
ramp voltage to the Herzog plate (Fig. 1.4(b)) which decelerates the electrons to
the constant pass energy. As a source of monochromatic light an X-ray tube, gas
discharge lamp, laser, or synchrotron source are typically used. For hν-dependent
photoemission the synchrotron radiation [8] is very important, since it is the most
efficient source with a wide and continuous spectrum in the vacuum ultraviolet
range.
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1.2.2 Technique of STM

Let us consider two metallic electrodes which are brought sufficiently close to each
other. When the separation is around several Å, a so called tunneling current
appears. Tunneling is purely a quantum effect, related to the finite value of the
electron wave function. In the case of a small distance between metallic electrodes
an electron can overcome the potential barrier (even if its energy is not sufficient)
and jump from one electrode directly to the other without being emitted into
vacuum. When the electrodes are connected, the tunneling currents are negligible,
since Fermi energies EF are equalized and there are no empty states to which the
electrons can be transferred. However, if one applies a voltage Vt between the
electrodes, the situation changes. A bias Vt will shift EF causing predominant
tunneling from occupied states of one electrode to the empty states of the other.
There appears a minor but detectable current It, which is typically in the nA range.
The direction of the tunneling depends obviously on the polarity of the applied bias
voltage. This effect is illustrated in Fig. 1.6(a), where the band structure of both
electrodes is sketched for Vt=0 and for Vt > 0 as well.

The simplest theoretical description of tunneling phenomena is given in the
framework of a model with one-dimensional rectangular barrier (solid lines in Fig.
1.6(a)). In this approach the electron transmission coefficient has a simple ana-

lytical form T ∼ e−
2d
~
·
√

2m(U0−E) [5], where d denotes the barrier width, and the
potential U0 its height. When a low bias voltage Vt is assumed, the tunneling
current is expressed by the formula [26]:

(1.11) It = (
e

~
)2 · Vt

d
·
√

2meΦ · e−Ad
√

Φ

Here A ∼ 4π
√

2me

~
, and Φ is the average work function of both electrodes and

has a typical value of several eV. Eq. (1.11) reveals that the tunneling current It
will be altered by three orders of magnitude when d is changed by 2.5 Å (height of
a monoatomic step). Such strong dependence of It from the width of barrier is at
the core of the STM principle.

Scanning tunneling microscopy has been invented by Binnig and Rohrer [27, 29]
in 1982 as a tool for recording the surface topography of conducting samples [30].
In the STM the first electrode is the sample and the second one a very sharp tip
with apex radius of several hundred Å. The tip scans the sample at fixed bias Vt,
while a feedback circuit holds the current It constant by adjusting the height of
the tip (i.e. barrier d).

In this regime (regime of constant current) the tip ”glides” over the surface at
almost constant distance. The scheme of the experiment is shown in Fig. 1.6(b).
The trajectory of tip apex (dashed contour) reflects the surface corrugation. As
x−, y− and z− movers, piezo-ceramic elements are used. When an electric field
is applied, polarized ceramics of high quality can provide retractions of several
tenths of Å providing unprecedented precision of tip positioning. The correction
voltage on the z-piezo (VPz in Fig. 1.6(b)) is supplied by a feedback circuit and
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Figure 1.6: STM principle: (a) tunneling phenomena in the approach of a flat
rectangular barrier (solid lines). A more realistic model should also consider mirror
image potentials (dashed line); (b) functionality and block-scheme of STM.

repeats the corrugation of the sample surface. Therefore, this voltage is recorded as
the desired topographic signal in combination with x- and y- voltages of scanning
(VPx and VPy in Fig. 1.6(b)). The STM resolution in the direction normal to
the surface depends only on the ability of the electronics to correctly measure
the tunneling current and to control the z-position of the tip. Lateral resolution,
however, depends on several other factors, like electronic structure of the sample,
electronic properties and geometry of the tip [31, 32, 33, 34, 35].

Shortly after its invention, STM has demonstrated the ability to image surfaces
with atomic resolution [28]. As to the interpretation, such images cannot be sim-
ply assigned to the topography, due to the evident importance of local electronic
structure of sample and tip. They require a more accurate description in terms of
quantum mechanics. The STM theory which explained the origin of atomic reso-
lution was developed by Tersoff and Hamann [34, 35] with the approximation of a
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spherical tip apex, and later advanced by Chen [32]. Since for typical conditions of
tunneling the tip-surface interaction is small, perturbation theory can be applied
leading to the following expression for the current [35]:

(1.12) It =
2πe

~

∑

µ,ν

f(Eµ) · (1 − f(Eν + eVt))· |Mµ,ν |2 δ(Eµ − Eν)

where f(E) is Fermi function and Mµ,ν = ~
2

2m

∫

dS · (ψ∗
µ
~∇ψν − ψ∗

ν
~∇ψµ) is the

matrix element of the tunneling operator between eigenstates of tip | ψµ > and
surface | ψν > with energies Eµ and Eν , respectively [36]. If the electronic structure
of the tip is described using a basis of spherical functions, the bias voltage Vt is
assumed to be low and room temperature is considered (so that eq. (1.12) gains
no term for reverse tunneling) one gains [35]:

(1.13) It ∼ Vt · φ2 · ρtip(Ef ) · R2 · k−4 · e2kR
∑

ν

| ψν(r0) |2 δ(Eν −Ef )

where k =
√

2meφ
~

and r0 means the coordinate vector of the tip apex sphere.
In expression (1.13) φ denotes the work function of the sample, R - radius of the
spherical apex and ρtip(Ef) - the density of states (DOS) at the Fermi level in the
tip. As the density of states can be expressed in terms of the wave-functions as
ρ(r0, Ef) =

∑

ν | ψν(r0) |2 δ(Eν − Ef ) eq. (1.13) is transformed to:

(1.14) It ∼ Vt · R2 · ρ(r0, Ef)

This is a particularly important formula because it demonstrates that at fixed
bias voltage and fixed current the STM tip traces a contour of constant density of
states in front of the sample at the Fermi level. In other words, STM rather images
the spatial distribution of DOS than a real topography. In the case of metals they
are largely the same since electrons of the valence band are delocalized and the
local DOS is equal to full charge density [35, 37, 38, 39].

With semiconductors the situation is much more complicated because the func-
tion ρ(r0, E) has a strong dependence on energy and a more general formula must
be used [40]:

(1.15) It ∼
∫ Ef+eVt

Ef

ρ(r0, E) · T (E, Vt)dE

Here, T (E, Vt) denotes the coefficient of electron transmission through the tun-
neling barrier. In semiconducting crystals some states may even be localized on
particular atoms or bonds. In this case STM images can be very far from the real
topography. One distinct example of such system is GaAs(110) [41]. Here, the
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maxima of occupied DOS are localized on atomic sites of As, while unoccupied
states are concentrated on Ga atoms. Thus, scanning with positive polarity, where
tunneling takes place from the tip to empty states of the sample, reveals only the
sublattice of Ga. At reverse voltage STM shows accordingly only atoms of As [41].

A final remark should be made on tip preparations. The geometry is very
important and it is clear that a perfect tip is considered to have one (or few) atoms
at the apex in order to provide extreme resolution. There is a variety of preparation
techniques - they will be mentioned later in the description of experimental aspects.
For the moment, some important comments on electronic properties of the tip
should be given. Chen established theoretically the fundamental limit of STM
resolution in 1990 [32]. In particular, he predicted that lateral atomic resolution can
only be achieved if tip wave-functions which participate in tunneling are sufficiently
localized. He has shown that the resolution of a tip which is made of a metal with
large contribution of sp-states in the valence band is limited to 10-12 Å. In order
to achieve an atomically resolved image the tip material should be either a d-band
metal or certain semiconductor. The most standard tip materials used nowadays
for high-resolution STM imaging are W and Pt.
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1.2.3 LEED

LEED (low energy electron diffraction) is another powerful method of surface char-
acterization. If a monoenergetic electron plane wave undergoes scattering at a pe-
riodic atomic structure (Fig. 1.7(a)), the conditions for constructive interference
are given by the Bragg equation [42]:

(1.16) ∆λ = a · sin(θ) = n · λ

As the wave length of the electron λ is in the LEED energy range of the same
order of magnitude as typical lattice constants a, diffraction maxima of elastically
scattered electrons will be resolved easily because of significant angular separation
(θ). Since LEED is a diffraction technique (an opposed to STM), it provides the
surface geometry in reciprocal space and therefore is perfectly suited for verification
of ordered periodic atomic structures.
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Figure 1.7: (a) low energy electron diffraction from atomic structures in Bragg
formalism; (b) scheme of LEED analyzer and the LEED pattern obtained from
Cu(111) with an electron beam of 72 eV.

The scheme of a LEED analyser is shown in Fig. 1.7(b). The electron gun
irradiates the sample in normal incidence. Backscattered electrons are filtered
by hemispherical retarding grids in order to cut the inelastic background. The
elastic electrons are further accelerated towards the fluorescent screen and their
angular distribution is photographically recorded. For example, the LEED pattern
obtained from the Cu(111) surface is shown in the inset to Fig 1.7(b).
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1.3 Experimental systems

1.3.1 Photoemission set-up

A scheme of the experimental set-up, where the PES measurements have been
performed is presented in Fig. 1.8. This is an ultra-high vacuum (UHV) chamber
equipped with a hemispherical electron analyzer VG ESCALab, the ultimate angle
and energy resolutions of which are 1◦ and 10 meV, respectively. Typical base
pressure in this chamber during experiments is 2×10−10 mbar, which is enough to
keep even reactive sample surfaces clean for several hours. BESSY [44] synchrotron
radiations from different beamlines was used as a source of monochromatic linearly
polarized light with variable photon energy.

e-
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Figure 1.8: Scheme of photoemission chamber ”HiRes” at BESSY.

The chamber is equipped with a LEED analyser which is used to prove surface
cleanliness and its geometry. Since STM measurements are performed in a separate
chamber, LEED patterns are also used as ”fingerprints” which guarantee compli-
ance between the samples measured by PES and by STM. The PES chamber is
additionally equipped with an ion gun which can be used for sample sputtering for
surface cleaning and a precision leak valve which allows the controlled inlet of no-
ble sputter gases into the chamber. This set-up has also a number of evaporators,
which are used for preparation of epitaxial metal overlayers. Materials were either
evaporated form a melted drop on a tungsten filament or from a wire heated by
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electron bombardment.
The sample is mounted on a rotatable manipulator which allows to change the

angle of photoemission seen by the analyzer. There is also a heating device on a
manipulator, which allows to heat the sample to highest temperature by electron
bombardment. Measurements of photoelectron spectra were performed at room
temperature.

1.3.2 STM set-up

An important part of this work was an implementation of the STM technique,
which provided valuable information on the geometry of the nanostructures studied
with PES. The scanning tunneling microscope used in the experiments was an
Omicron VT SPM [46]. The work reported in this Thesis includes design and
construction of the UHV chamber. A scheme of the developed set-up is presented
in Fig. 1.9. The installation consists of two chambers (for sample preparation
and for measurements, see photo in Fig. 1.10(a)). The preparation chamber can
either be equipped with LEED for preliminary control of the surface geometry or
with a cylindrical mirror analyzer which allows the analysis of surface chemistry
with Auger spectroscopy. It has also a system of evaporators, including one which
can be exchanged without breaking of vacuum conditions. In addition, there are
a sputter gun which is used for the cleaning of samples and STM tips, and a high
temperature heater stage for flashing them. In contrast to the PES installation,
in the STM set-up the sample has always to be transferred between preparation
devices and two chambers, therefore an efficient system of transfer is required. So
called wobble-sticks or mechanical hands [47] adapted for Omicron sample holders
were used. When in situ preparation is completed the sample is transferred into the
measuring chamber through a rotatable carousel mounted between the chambers
and accessible by both manipulators (Fig. 1.9).

Since the tip-surface separation in STM is only a few Å, a proper vibration
isolation [43] is required for successful experiments. Although the Omicron VT
SPM has an efficient internal eddy current damping stage (which is a ring of copper
brackets in the field of permanent magnets) with a resonance frequency of about
2 Hz, an extra vibration control has been implemented. In particular, the whole
set-up was installed on pneumatic dampers [48] (Fig. 1.10(b)). Coefficients of
vertical and horizontal transmissibility [48] are presented in Fig. 1.10(c) and (d),
respectively. As one can see, both resonance frequencies are less than 1 Hz, which
provides reliable isolation from typical floor vibrations originated from surrounding
pumps and industrial machines (4-20 Hz). In order to avoid internal vibrations a
specific pumping system had to be implemented. Since typical turbo pumps vibrate
at frequencies of about hundreds Hz and with an amplitude no less than 1 µm,
no mechanical pumps should be running during the measurements. Therefore, the
vacuum system of STM was developed in such a way that turbo pumps could be
powered down and the chamber pumped only with ion-pump and cryogenic trap
as shown in Fig. 1.9. The achieved working pressure of the STM chamber is below
1×10−10 mbar.
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Figure 1.9: Vacuum scheme of STM set-up at BESSY.

Special attention has to be paid to the methods of tip preparation. Although
general techniques are known [232], in every particular case it remains a challenging
point to produce a high-resolution sharp tip with a stable signal. A multiple
stage preparation procedure has been developed. Initially, W (99.995 %) wire was
electrochemically etched in a 20% solution of NaOH. Since the wire diameter is
only about 0.4 mm, surface tension drives the etching so that the end of a tip
gains a pronounced V-shape (Fig. 1.11(a)). Although such tip is sharp (the apex
diameter is about 100 Å) it is covered by a ∼ 50Å thick layer of oxide and alkali
residuals [232]. The successive stage of cleaning takes place in situ in the vacuum
chamber. The tip is sputtered with high energy (4 keV) Ar+ ions with a focusing
negative voltage -800 V applied to the apex. Then it is shortly flashed up to 1600
◦C by electron bombardment in order to remove residual oxygen and, afterwards,
sharpened by autoemission at 3500 V.

The drastic improvement in the tip quality is confirmed by results presented in
Fig. 1.11 where STM imaging of graphite with ”as etched” (b) and in situ treated
(c) tips is reported. Less noise and increased lateral resolution are evident in the
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Figure 1.10: (a) photo of the STM installation developed at BESSY; (b) photo
of pneumatic column Newport I-2000; (c) vertical and (d) horizontal transmission
coefficients of I-2000 vibration dampers [48].

second case.

An important part of the STM chamber is the so called fast load-lock system
(Fig. 1.9), which allows to introduce new samples into the chamber in less than
2 hours. This option is particularly significant with respect to STM functionality.
Since preparation of a good tip is not always reproducible and tip crashes are
quite common, an STM installation must have the possibility of fast tip exchange
without venting the chamber.

Another interesting technical feature of the set-up is the ”flash” heating de-
vice. From the very beginning of chamber design, it was considered to conduct
experiments with W crystals. There is a number of experimental difficulties re-
lated to tungsten. The main point is that a W sample must be heated to 2000◦C
and above in order to achieve an atomically clean surface. This is hardly compat-
ible with STM, where the sample should always be fixed on a transferable sample
holder. Also, the mounting must be reliable in order to avoid mechanical insta-
bilities. Reliable mounting, in turn, means proper thermal contact. So, if flashing
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Figure 1.11: (a) tip prepared by electrochemical etching in alkali solution (the
photo was made through an optical microscope); (b) STM commissioning: 25Å ×
25Å atomically resolved image of graphite (HOPG), recorded with ”as etched” W
tip without in situ treatment; (c) STM image of graphite obtained with a sputtered
and annealed tip.

is performed in the slot of any standard design, the vacuum conditions will be
strongly affected at high temperatures because of a thermal desorption. With
respect to this a new concept was introduced, which is illustrated in Fig. 1.12(a).
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Figure 1.12: (a) technical design of ”flash” heating device; (b) temperature-power
calibration; (c) photo of heater stage; (d) heater stage in vacuum chamber used in
the experiment.

It was decided to flash the sample together with the sample holder which is
made of Mo or W. In order to minimize transmission of heat to surrounding parts,
the sample plate is placed on three Mo needles (while another two [not shown] pass
through the plate and insure it from accidental loss). The plate and the sample
are maintained at high positive voltage (up to 1.2 kV) and heated by electron
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bombardment from filaments underneath. The sample plate can easily be placed
on such heater with standard wobble-stick manipulators. A temperature-power
calibration of this device is given in Fig. 1.12(b), while photos of it are shown
in Fig. 1.12(c) and (d). The heater has demonstrated excellent characteristics
keeping the base pressure during the flash below 2×10−9 mbar. This device allows
preparation of perfectly clean W surfaces and to study them with STM.

Finally, one more technical outcome of the present work can be mentioned.
From the very beginning it was necessary to achieve compatibility between PES
and STM experiments. Thus, when the STM chamber was under construction, the
whole system of sample transfer and manipulation in the photoemission chamber
”HiRes” was redesigned and one compatible with STM implemented. This work
has supplied the possibility to transfer prepared samples between both chambers
under UHV conditions using a permanently pumped ”suitcase”.
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Chapter 2

Quantum-Well States in
Ultra-Thin Metallic Films

Electron confinement by a potential well in low-dimensional structures has been a
hot topic of research for the last twenty years. The following Chapter is devoted
to the investigation of quantum-well states in two-dimensional films. In particular,
the observation of energy levels of electrons confined in Ag overlayers prepared on
Ni(111) are reported. Properties of this quantum-well system will be extensively
studied as a function of thickness of the epitaxial film, while its band dispersions are
investigated by angle-dependent photoemission. The phase accumulation model,
which is an advanced tool for analysis of quantum-size effects, will be applied for
description. It will also be shown how a careful analysis of the quantum-well elec-
tronic structure can reveal the ground state electronic properties of the substrate,
which in this case were an intriguing point for many decades due to strong corre-
lation effects in the valence electron system of Ni. Results of such indirect probing
will be compared to the electronic structure of Ni obtained theoretically using LDA
methods as well to the one measured directly in photoemission experiments. Con-
clusions lend credit to the simplest view of photoemission from Ni, assigning some
early observed contradictions between theory and experiments to many electron
effects in the final state of photoemission.
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2.1 Ground state of a correlated electron system

probed by quantum well states: Ag/Ni(111)

2.1.1 Introduction

As it was already mentioned, E(k) band dispersions are very important for the
understanding of many fundamental properties of crystals. The application of
density functional theory and the local density approximation (LDA) has con-
tributed numerous calculations of band dispersions for solids, surfaces, and thin
films. Experimentally, the dispersion relations of occupied electronic states have
been measured by angle-resolved photoelectron spectroscopy [20, 21]. One of the
first metals where a systematic comparison was undertaken between theory and
experiment is Cu. The comparison revealed quantitative agreement between the
predictions for the ground state and the dispersions obtained from the excitation
spectra in the experiment [49, 50]. For other metals, the comparison resulted in at
least fair agreement but Ni represents an exception to the rule in several respects.
It shows features which are not described by LDA calculations, like photoemis-
sion satellites in core-level spectra [51] and in the valence band [52, 53]. Also, the
experimentally measured width of the occupied d-band was found to be signifi-
cantly smaller than predicted by theory [54, 55, 56, 57]. Meanwhile, theory has
concentrated on incorporating correlation effects and reproduced the experimental
findings including the satellite and the band narrowing [58, 59, 60, 61, 62]. Up
to the present, the effects of electron correlation on photoemission spectra of Ni
metal have remained an intriguing point and challenging subject for experiment
[53, 63, 64, 65, 66, 67, 68] and theory [69, 60, 70, 71, 61, 62, 72]. However, it
has never been attempted to determine the occupied Ni electronic structure in
the ground state by experiment. It is indeed possible to probe the Ni electronic
structure and not excite the Ni electrons if electrons scattered off a Ni crystal are
analyzed. In this way, unoccupied states of Ni up to 30 eV above the Fermi level
were determined in a low-energy electron reflection experiment [73].

In the following, a method for indirect experimental determination of the Ni(111)
electronic structure in its ground state is reported. The problem is solved by anal-
ysis of quantum-well states in epitaxial overlayers on top of Ni. In order to be
sensitive to electron correlation in occupied Ni d-states, two provisions have to be
made: (i) Ni scattering conditions are probed in the coherent scattering regime. To
this end, Ni forms the boundary of a metallic quantum-well where coherent scatter-
ing at the surface and the metal-metal interface leads to the formation of standing
electron waves. The electronic structure of Ni determines then the phase shift of
the electrons scattered at the interface, and the energy dependence of the phase
shift determines, in turn, the quantum-well energies; (ii) the electrons occupying
quantum-well states are probed by angle-resolved photoemission. The feasibility
of this method has already been demonstrated for sp electrons in Ag and Al films
probing the interfaces Ag/Cu(111) [74] and, in particular, Al/Si(111) [75], and
Ag/Si(100) [76] for which the strong modification of the dispersions of quantum

32



well states with k‖ was demonstrated.
The quantum-well states of ultra-thin Ag layers on Ni(111) with thicknesses

from 0 to 15 monoatomic layers (ML) are reported below. The electronic structure
of Ag is perfectly suited for the formation of quantum-well states [77, 78] since it
has only a simple Bloch-type sp-band dispersing along [111] from 0.3 eV down to 4
eV binding energy below which in addition Ag d-states contribute. This range fully
covers the predicted Ni band gap along [111], the upper border of which is defined
by the bottom (minimum energy Λmin

1 ) of the d band with Λ1 symmetry. The
dispersion of this band is precisely known from several independent photoemission
experiments and LDA calculations. Λ1 originates at Γ

′

25 for which energies as
different as ∼2.15 eV or ∼1.2 eV were given (the average of majority and minority
spin values is used here). The former value was obtained by Moruzzi et al. using
the Korringa-Kohn-Rostoker approach (KKR)[7] and by Wang et al. using the
method of linear combination of Gaussian orbitals (LCGO) [79]. The latter energy
is measured experimentally by angle-resolved photoemission [57, 55]. For Λmin

1 the
corresponding values are 2.69 eV from theory and 1.7 eV from experiment. The
deviation by 1 eV is typical of the strongly correlated electronic structure of Ni [80]
and allows for a clear statement to be expected from the present experiment: Is the
ground state of Ni appropriately described by conventional LDA theory and the
shift by 1 eV fully due to the final state of photoemission or needs strong electron
correlation to be incorporated to describe the ground state?

2.1.2 Experimental details

Experiments were done at the VUV-beamline at Elettra [45], and the Russian-
German beamline at BESSY [85, 84]. The geometry used in the angle resolved
photoemission experiment was such that the light had mixed s- and p-polarization.
Measurements at the VUV-beamline have been performed with an Omicron elec-
tron analyser with combined 50 meV energy and 1◦ angle resolutions. At BESSY
the hemispherical analyzer VG ESCALab was used at similar parameters. The
Ni(111) surface was prepared in a standard way by multiple cycles of sputtering
with 1.2 keV Ar+ followed by annealing at 550◦C. The good structural quality
of the surface has been controlled by the presence of a sharp p(1×1) pattern in
the low energy electron diffraction (LEED) (Fig. 2.1(a)). Photoemission from the
Ni valence band had also been used to verify the surface cleanliness (note the Ni
satellite instead of O2p at 6 eV in Fig. 2.2(b)). Base pressure in the experiments
was below 2×10−10 mbar.

Ag has been evaporated either from a ceramic crucible or from a drop, melted
on a resistively heated tungsten filament. Ag used to be deposited on Ni(111) at
80K as well as at room temperature. It was found that well-ordered overlayers
with pronounced confined electron states can be prepared either by deposition
at 80K and successive annealing at 600K, or by deposition at 300K but at very
low deposition rate (∼0.05ML/min). One has to note that preparation of the
monocrystalline epitaxial overlayers of Ag on Ni(111) is a rather complicated task.
Ag has an f.c.c. (face centered cubic) crystal structure (the same as Ni) and
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grows on Ni(111) also with the (111)-face. The LEED pattern in the monolayer
range shows a reconstruction, because of the stress induced by the large mismatch
(∼16%) between the lattice constants of Ni (a = 3.517 Å) and Ag (a = 4.078 Å).

The LEED pattern of 14ML Ag grown on Ni(111) at room temperature (Fig.
2.1(b)) proves the high structural quality of the epitaxial film. In order to obtain
the detailed thickness-dependent electronic structure of silver film, photoemission
spectra of Ag/Ni(111) were taken continuously every 2 minutes during 5 hours of
deposition.

Ni(111) 14ML Ag/Ni(111)

(a) (b)

Figure 2.1: (a) LEED pattern of Ni(111) taken at an energy of the incident electron
beam of 78 eV; (b) LEED pattern of 14ML Ag(111)/Ni(111) measured at 125 eV.

2.1.3 Results

Thickness-dependent electronic structure

In order to probe how the phase shifts of Ag electrons backscattered at the film-
to-substrate interface affect the sequence of the QWS energy levels, thickness-
dependent measurements have been performed. Wide-range PES spectra of the
clean Ni(111) and of 14ML Ag on top, which were taken before and after the de-
position series are given in Fig. 2.2(b). The intermediate spectra recorded during
deposition are presented in Fig. 2.2(a). The curves are scaled in such a way as
to pronounce the peaks of confined electronic states. Characteristic peaks of the
QWS’s are marked by thin solid lines. In Fig. 2.2(a) one can clearly see the devel-
opment of the QWS electronic structure of the Ag sp(Λ6)-band upon increasing the
thickness of the overlayer (details of the band structure of Ag and Ni can be found
in Fig. 2.5(b,c) where the bulk dispersions along the [111] (ΓL) direction of bulk
Brillouin zone (BZ) are shown). A first, although not strongly pronounced QWS
peak appears at a binding energy of ∼3.5 eV and corresponds to the completion
of the first monolayer of Ag. Further, upon development of the second monolayer,
the intensity of this peak vanishes with a QWS peak evolving at ∼2.7eV. Careful
analysis of the peak intensity allows us to distinguish discrete levels of confined
electron states up to 10 ML. This calibration can easily be extrapolated to higher
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coverages providing an absolute scale for the thickness. An exact presentation of
the data is given on the diagram in Fig. 2.3, where experimentally measured bind-
ing energies of quantum well states are plotted versus thickness of the Ag overlayer.
Open circles denote experimental data; their diameters reflect the peak intensity.
As one can see in Fig. 2.2(a), the first QWS peak evolves with increasing thickness
towards the Fermi level developing a continuous branch marked as sp1. At 14 ML it
gains ∼0.5 eV binding energy almost reaching the top of the Ag sp-band. At 4 ML
of Ag there appears a new QWS branch (sp2) again at 3.5 eV which corresponds
to a standing electron wave with the half wave length of sp1. Upon expansion of
the adlayer thickness this branch repeats the behavior of sp1 shifting towards the
Fermi level. All in all, it is possible to resolve the development of four similar QWS
branches sp1−4. Note that QWS’s appear in a wide region of binding energies up to
the very top of the Ag sp-band, and outside of the Ni(111)-surface-projected (rel-
ative) gap. Such behavior suggest that the electron reflectivity outside of the gap
is substantial due to weak interfacial hybridization between the electronic states of
Ag and Ni in a wide energy range [77].
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Figure 2.2: (a ) development of sp- and d-QWS’s in a Ag overlayer on Ni(111)
measured by photoemission upon increasing the thickness of the Ag film up to 14
monolayers; (b) wide range reference photoelectron spectra of clean Ni(111) and
of the 14ML-thick Ag film grown on top.
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It is necessary to note the appearance of quantum well peaks at 4.0 – 5.0 eV,
the binding energy of which does not change with the film thickness. They are
detectable at low thickness (Figs. 2.2 and 2.3) and above 4ML are replaced by the
bulk electronic structure of Ag (so that they are not observed any more). They
are distinct QWS’s of d-type and originate from the Λ4+5 bulk band of Ag.

Angle-dependent photoemission

In several works it was shown that electron reflection in the energy range of a
relative gap of the substrate can lead to changes of the backscattered phase different
from those for reflection outside the gap. In this case, QWS energy dispersions E(k)
may show jumps at values of the k-vector which correspond to the gap edges. Such
gap-related phase shifts have indeed been observed. For example, the jumps were
detected in the dispersions of QWS in Ag and Al on semiconductor substrates
at certain k‖ [75, 76, 90]. In order to test the band structure E(k‖) of Ag on
Ni(111) the angle-dependent photoemission from QWS in a Ag overlayer of different
thickness has been probed. Results for an 11 ML film measured in the ΓM direction
of the surface BZ (Fig. 2.4(d)) are reported in Fig. 2.4(a). A pronounced peak of
the Ag L-gap centered surface state (SS) at Γ at ∼ 90 meV binding energy manifests
the uniformity of the overlayer and a high quality of the surface. Extracted QWS
dispersions are plotted in Fig. 2.4(b).

2.1.4 Discussion

The KKR calculated surface-projected gap [79] is shown as gray area in Fig. 2.4(b).
Since the experimentally measured gap is situated at 1 eV lower binding energy
it comes out that even a most careful analysis does not reveal any shifts of in the
measured dispersions as a function of the k‖-vector. In order to clarify this point,
an additional evaluation of the effective mass of electrons in quantum well states
was made. Dispersions E(k‖) of sp-states are well described by a free-electron

parabolic function E(k‖)=E0+
h2k2

‖

8π2m∗
‖

for relatively small values of the in-plane

wave vector k‖. Here E0 is the QWS energy detected in normal emission and
m∗

‖ is the in-plane effective mass of the electron. A simple least-square fit for

relatively small values of the wave-vector (-0.2Å−1 < | k‖ | <+0.2Å−1) gives the
values of the effective mass which are specified for each QWS in terms of the free
electron mass me in Fig. 2.4(b). The diagram in Fig. 2.4(c) shows a plot of
the in-plane effective mass versus binding energy of the confined electron. It is
seen that the effective mass m∗

‖ decreases slightly for quantum numbers n=1 to 2,
and falls drastically for n=4 and n = 5 at binding energies higher than 2.5 eV.
Such behavior is rather untypical. For metal-on-metal systems where the confined
electron undergoes backscattering mainly in the gap region, the effective mass
naturally increases for increasing binding energy [89]. An anomalous behavior of m∗

‖
has been observed in systems with strong influence of the substrate on the electronic
structure of the metallic overlayer. In particular, a decrease of the effective mass
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Figure 2.3: (a) thickness-dependent electronic structure of QWS’s in Ag on Ni(111).
Measured binding energies are given as open circles. Signs (�) denote results from
the phase accumulation model closest to experiment i.e. for the gap 4.8 – 2.6
eV. Marks (N) represent the QWS’s calculated within the same model for the
experimentally measured gap of Ni taken from Ref. [56]. Stars (F) represent
QWS energies for a hypothetical substrate without gap.

with increasing binding energy of QWS in Ag on V(001) has been explained in
terms of hybridization between the Ag sp-band and the d-band of V [91]. An effect
of the same nature have been observed in Ag/Si(111) and Ag/Si(001) [76]. Based
on this, interfacial hybridization between the sp(Λ6)-band of Ag and d(Λ1,Λ3)-
bands of Ni can be claimed in Ag/Ni(111). Since it is known that hybridization
with substrate states tends to increase the value of m∗

‖ [82, 89] the observed kink

in Fig. 2.4(c) is considered as first indication that upper edge Λmin
1 of the substrate

gap lies between quantum well states with n=3 and n=4.

Having established the role of the interfacial hybridization, the extended phase

accumulation model will be applied to describe the electronic structure of quantum
wells and to determine the substrate gap edges more accurately. This model is a
method of choice for systems with substantial electron scattering outside of the
projected energy gap. The extended phase accumulation model originates from
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Figure 2.4: k‖-dependent electronic structure of quantum well states in 11ML of
Ag on Ni(111); (a) photoelectron spectra taken for different emission angles; (b)
dispersions E(k‖) extracted from (a). The Ni(111) surface projected gap according
to local density theory is plotted in gray; (c) behavior of the in-plane effective
mass m∗

‖ with QWS energy; (d) surface Brillouin zone of the (111)-face of the f.c.c.
crystal structure.

the conventional model [92, 77], which describes the formation of standing electron
waves in a potential well in terms of the basic phase equation [86]:

(2.1) ΦB + ΦC + 2kd = 2πn

In this formula ΦB and ΦC denote the phase shift of the electron wave function
upon its reflection at the surface barrier and at the interface. k is the wave vector of
the electron propagating in the Ag overlayer and d means the overlayer thickness.
For the term ΦB the common semi-empirical form for the surface barrier on metals
[82, 86] is taken:

(2.2) ΦB = π × [
3.4eV

EV − EB

] − π

38



Here EV denotes the vacuum level and EB is the electron binding energy. As
ΦC is responsible for reflection of the propagating electron at the interface (i.e. is
related to the relative energy gap of the substrate), it will be expressed in terms
of the gap borders EU,gap (which we denoted above as Λmin

1 ) and EL,gap (Λmax
1 )- the

top and the bottom edge, respectively (see Fig. 2.5)

(2.3) ΦC = 2 × arcsin

√

EB − EL,gap

EU,gap − EL,gap

− π

In the extended phase accumulation model which is used in the analysis, the
phase equation (2.1) undergoes modification by an extra term Φscatt which extends
the potential for interfacial reflection beyond the edges of the relative gap:

(2.4) ΦB + ΦC + 2kd+ Φscatt = 2πn

It is established that Φscatt has the same mathematical form as ΦC from Eq.
(2.3) [93]. In the case of Ag/Ni(111) Φscatt extends from Λmin

1 to the top of the
Ag sp-band at 0.3 eV (Fig. 2.5(a)). Another specific feature of the extended
phase accumulation model is the expression for the term 2kd, which denotes the
wave function of the propagating electron. Based on the recent tight-binding-
calculations for the electronic structure of the simple atomic chain [87, 88] the
term 2kd is introduced in the following form [81]

(2.5) 2kd = 2 × arccos[1 − 2EB

EU,band − EL,band
]

where EU,band and EL,band describe the edges of the Ag band involved in the
confinement.

Now one can obtain energy levels of quantum well states as the values EB

which satisfy the phase equation (2.4). Fig. 2.5(b,c) shows for reference the band
structures of Ag and Ni in the direction Γ-L of the bulk BZ. Note that the plot in
Fig. 2.5(c) displays two alternative band structures of Ni. The one which is marked
by black lines was calculated by KKR and LCGO methods [7, 79]. The other one,
shown in gray is an experimental band structure and was measured directly by
angle-resolved photoemission of Ni [56, 55]. One can clearly see the mentioned
difference of ∼1 eV in the location of the d(Λ1)-band. The experimentally measured
band is narrower, positioned at lower binding energies, and defines a substrate gap
from 1.7 to 3.6 eV. In contrast, the gap calculated using the KKR method covers
an energy region from 2.69 eV to 4.78 eV, i.e. situated significantly deeper.

In order to find out the substrate gap which provides the best description of the
experimentally observed quantum well states, a fit procedure has been developed,
where parameters of Ni bands were varied seeking the best correlation between
experimental QWS energies and those given by Eq. (2.4). For this purpose a special
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Figure 2.5: (a) phase diagram illustrating the graphical solution of the extended
phase equation (2.4); (b) and (c) - the band structures of Ag and Ni given for the ΓL
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gap for which QW energies are derived is represented by the gray bar.

software was written and the results of the numerical solution are presented in the
phase diagram in Fig. 2.5(a). Three bands of Ag (sp(Λ6) for the calculation of sp

QWS branches below 4 eV, and two d-bands (Λ6 and Λ4+5) to describe QWS’s of
d-type between 4 and 5 eV) were involved in the analysis of the confined electronic
structure. Corresponding terms 2kd of the electron wave-functions in these bands
are plotted for all 15 ML by black solid lines in Fig. 2.5(a). As scattering potential
below the lower edge of the gap (EB < EL,gap) just ΦB has been used. Inside the
gap (EL,gap < EB < EU,gap) the electron phase shift upon reflection at the surface
and the interface was determined as the sum ΦB+ΦC . Above the upper gap border
(EU,gap < EB < EU,band) the term Φscatt was implemented up to the upper edge of
Ag sp(Λ6)-band. Energy values at which the term 2kd intersects the scattering
potential are the required solutions of the phase equation (2.4) for energy levels of
QWS for a system with d ML Ag/Ni(111).

The fitting algorithm employed to vary the edges of the Ni(111) relative gap
EL,gap and EU,gap uses as minimization criterion the sum of absolute energy devia-
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tions
∑12

n=2 | EB,n −Eexp,n |2 in QWS branches (EB and Eexp, respectively, denote
calculated and measured QWS levels in the overlayer). The fitting criterion does
not include the energy of the first QWS in each branch, since effects of interband
hybridization between sp- and d-states of Ag are significant there. They affect the
electron wave function at binding energies above 3.5 eV, making the phase accu-
mulation model inappropriate for description. In fact, similar problems have been
observed earlier [83].
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Figure 2.6: Behavior of finite energy difference of quantum well states in the sp1

branch with binding energy. Experimentally measured QWS energies demonstrate
a kink at near 2.6 eV. The same is calculated in the case of a substrate gap 4.8-2.6
eV. Model calculations performed without gap reveal no kink at all.

The outcome of the variational fit analysis is reported in Fig. 2.3. Best consis-
tency with measured energies of confined electrons was found for the Ni(111) gap
extending from 2.6 eV to 4.8 eV (the solution of the phase equation for this gap
is shown in Fig. 2.5(a)). The gap itself is marked with gray. The obtained results
are compared with experimentally measured energies in Fig. 2.3, where QWS’s
calculated for the 2.6–4.8 eV gap are denoted by green symbols (�). Results of
a calculation for the Ni(111) gap measured directly by photoemission [56, 55] are
also shown (red marks (N)). As one can see, the experimental gap provides much
less correlation between calculated and measured electronic structure of quantum
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Table 2.1: Binding energies (eV) of Ni bands in the high-symmetry direction of the
bulk BZ ΓL and corresponding parameters of the Ni(111) surface projected gap
obtained by different methods.

Method Ref. Γ (Γ′
25) L (L1) EL,gap (Λmax

1 ) EU,gap (Λmin
1 ) Gap width

Exp., PES [56] -1.1 -3.6 -3.6 -1.7 1.9
Theor., KKR [79] -2.15 -4.78 -4.78 -2.69 2.09
This work, QWS - -4.8 -4.8 -2.6 2.2

wells, it even leads to some missing energy levels, especially in the sp2-branch. Dif-
ferent Ni band structures along [111] are summarized and compared in Table I. As
one can see, the gap obtained from the variational fit procedure is almost perfectly
consistent with the one determined by local density calculations in contrast to the
gap taken from the Ni band structure measured directly by photoemission. For
completeness of the analysis, a model calculation of binding energies of quantum
well states without relative gap in Ni was also performed (only Φscatt from -4.8 to
-0.3 eV is considered and the gap edge (Λmin

1 ) is skipped). The obtained binding
energies are shown in the diagram in Fig. 2.3 with magenta stars (F). They are
obviously much deeper in energy than the experimental data points.

The position of (Λmin
1 ) can be obtained more evidently if the finite energy differ-

ence ∆E = [E(N +1)−E(N)] ·E(N) of QWS is analysed (N denotes the number
of monolayers). It is plotted against the binding energy in Fig. 2.6. While ∆E
calculated without gap (F) demonstrates a monotonously increasing behavior, it
has obvious kinks at Λmin

1 when the gap is considered (1.7 eV for N and 2.6 eV for
�). One can easily see in Fig. 2.6 that ∆E of quantum well states measured in
this work (◦) exactly repeats the behavior of ∆E calculated for a substrate gap
with Λmin

1 =2.6 eV in the formalism of the phase accumulation model.

So far, the upper edge Λmin
1 can be determined from the fit procedure and is

consistent with the behavior of the effective mass (Fig. 2.4(c)). The situation with
the bottom edge of the gap Λmax

1 is more ambiguous. An analysis of dispersions of
sp-QWS’s is not possible at binding energies above 3.5 eV due to intense photoe-
mission from Ag d-states (Fig. 2.2(b)). Moreover, a variation of the gap bottom
affects the structure of quantum well energy levels only indirectly, as opposed to
Λmin

1 which is situated much closer to EF . One possibility of a more precise analysis
is a variation of Λmax

1 in order to fit QWS’s derived from d(Λ4+5)- and d(Λ6)-bands
of Ag between 4 and 5 eV (Fig. 2.2). Their data points as well as calculated
values are shown in the bottom of Fig. 2.3. Since the experimental gap 1.7–3.6
eV (top row in Table 2.1) does not reach the upper edge of these bands (see Fig.
2.5(b,c)) the existence of QWS’s of d-type at 4.55 and 4.75 eV is not supported by
the experimental gap. Furthermore, an evaluation of their energies for the 1.7–3.6
eV gap fails to give consistency with the experiment. The gaps listed in rows 2
and 3 of Table 2.1 are more easily justified in this respect. Their bottom edge Λmax

1

is located at ∼4.8 eV i.e. inside of the d-band of Ag, which is more physical. It
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also means a good correlation to the experimentally measured energy levels (Fig.
2.3). However, due to the aforementioned interband hybridization between d- and
sp-states of Ag this result is not unambiguous.

As a final remark, it would be interesting to compare the presented results
to the data of Ref. [78, 77]. According to these works, Ag on Ni(111) forms a
diffuse interface boundary where the electron is lost due to incoherent scattering
and the discrete peaks observed are an effect of quantization only in the final state
of photoemission. While this interpretation may hold for the low photon energies
(<15 eV) as used in Ref. [78], it is not realistic for high energies like 50 eV in the
present study. Also the bulk band structures in Fig. 2.5 suggest that Ag/Ni(111)
represents the classical case of a quantum-well system with strong confinement
inside of the gap and ”leaky” behavior outside. This is supported by the present
analysis based on the phase accumulation model.

In summary, the behavior of quantum-well states in Ag/Ni(111) with k‖ and
with thickness has been analysed. Quantum-well energies derived from the phase
accumulation model were fitted to the experiment with the Ni bulk band gap as free
parameter. In this way the minimum of the Λ1 band has been determined as 2.6 eV
in good agreement with early local density calculations of Ni. From the analysis of
d-type quantum well states the bottom edge of Ni(111) substrate gap was revealed
at 4.8 eV. Agreement for other values fails, in particular for those derived from
photoemission data. This result supports the simplest view on photoemission from
Ni, stating that electron correlation in the ground state is sufficiently described by
standard local density theory and deviations are final state effects.
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2.2 Summary of conclusions

Angle-resolved photoemission measured at moderate photon energies shows that
Ag/Ni(111) is a case of a classical quantum-well system, characterized by initial

state confinement of Ag sp- and d-bands in the energy gap of the Ni(111) substrate.
The application of extended phase accumulation model for calculation of the quan-
tum well energies is physically justified and allows indirect probing of the Ni(111)
band structure through a variational fit procedure where the edges of substrate
gap are taken as free parameters.

The upper edge of Ni(111) gap (the bottom of Ni d(Λ1) band Λmin
1 ) can be

determined from the analysis of the confined electron’s effective mass. Its behavior
with binding energy demonstrates a significant lowering at the edge of the Ni gap as
a result of hybridization between Ag and Ni bands. The gap border can more pre-
cisely be determined by the jumps in monotony of QWS energy levels. The energy
difference plotted for experimentally measured quantum well states demonstrates
a kink at 2.6 eV. This kink is in agreement with model calculations performed in
the framework of the phase accumulation model for corresponding parameters of
the substrate gap. Thus, the upper gap edge Λmin

1 is determined to have a bind-
ing energy of 2.6 eV. This value is perfectly consistent with the theoretical band
structure of Ni obtained in the local-density approximation formalism.
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Chapter 3

Towards Lower Dimensionality:
Stepped Surfaces

Physics of two-dimensional epitaxial overlayers has for a long time been in the focus
of research activities, since they are very important for applications. Technology
uses multilayers in many respects - from light-emission diodes [120] to magnetic
storage and control devices [121]. Nowadays systems of lower dimensionality are
becoming even more important. Since integrated circuits tend to miniaturize and
technology goes into the nanometer scale [14, 15, 16], the consideration of quantum
size effects in the electronic structure of novel devices becomes unavoidable. This
requires some basic models, which help to understand how electron transport in
the elements of the circuit is affected by reduced dimensions.

One of the simplest cases of such model systems is the stepped (vicinal) metallic
surface, where the electrons are affected by the periodicity of the steps and may
become quantized in the potential of a single terrace [101]. This model can be
extended to the more common case of uniform quantum wires or nanostripes,
periodic arrays of which can be prepared on a vicinal template by step decoration.
The behavior of electrons in such systems is believed to be close to the one in a
real conductor of an integrated device. The following chapter deals with studies of
the electronic structure of stepped surfaces and nanostructures self-organized on
top.
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3.1 Electronic structure of vicinal W(nn1)

3.1.1 Introduction

By cutting a single-crystal in a certain orientation relative to main crystallographic
directions, one can produce a regular superlattice of atomically uniform steps or
terraces the periodicity of which will be strictly defined by the angle of miscut.
Stepped surfaces are envisaged as adequate templates for the growth of a large
number of identical nanostructures like quantum wires and quantum stripes [95].
Such nanostructures may gain unique properties like anisotropic and quantum- size
dependent electronic structure [126, 127, 128]. Whether or not these effects will
in the future be used, depends on the ability of the stepped substrate to support
quantization effects in the electronic structure. The method of choice to test this
is angle-resolved photoemission which provides the electronic structure including
band dispersions [21].

The stepped surfaces most extensively studied to date are the (111) vicinals of
f.c.c. Cu and Au, where surface state electrons in a narrow bulk band gap at the
L-point are probed [99, 100, 101, 167, 102, 105]. Shockley-type surface states prove
themselves as quasi-two-dimensional electron gas, featuring low inelastic scattering
and Fermi wave-lengths significantly larger than the interatomic lattice constant.
These points emphasize their high potential for studies of quantum-size effects in
metals. Although most of the physics of Shockley surface states can be described in
terms of elementary wave mechanics [98], there are many ambiguities and intriguing
issues. For instance, different types of surface state behavior have been observed:
the wave functions were either spread out over the ”optical” macrosurface [99,
102, 103, 105] or localized at the terrace microsurface [167], and a switch over
from two-dimensional to one-dimensional behavior was observed at a step width
of ∼ 17 Å [101] (see graphical illustration in Fig. 3.1(c) and (d)). Most recently,
intense final-state effects due to so-called umklapp scattering at the superlattice of
steps and stripes have been observed in photoemission from carbon nanostripes on
stepped Ni(771) [170]. Similar effects occur also in the electronic structure of vicinal
Au(111) [168]. In the umklapp effect the photoelectron can undergo scattering
at the surface lattice when leaving the crystal and acquire an extra reciprocal
surface lattice vector which leads to observable final-state effects, especially when
the surface periodicity differs from the one of the bulk [106, 107, 108]. Taking all
of these points together, it becomes clear why the electronic structure of stepped
surfaces is highly important for the understanding of nanostructures which can be
fabricated on top of such templates.

Since in the present work step decoration of Au with unique electronic structure
has been successfully produced on top of vicinal tungsten (see the next Section),
it was decided to clarify the presence of one- or two-dimensional behavior and
initial- or final-state effects on stepped W(110). Tungsten is in principle well
suited since theory predicts a substantial portion of the W density of states surface
localized [109] although the identification of surface states in an experiment is often
complicated and has on W been achieved only for a small number of cases [164].
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While experimental data is still outstanding, theory went ahead predicting, e. g.,
that W surface states will be important even for the own stability of the substrate
steps [145].

A strong superlattice effect fulfilling the periodicity of the step superlattice
will be reported in the following. By angle- and energy-dependent measurements
in photoemission and in low-energy electron diffraction (LEED), it will be shown
that the observed behavior is due to a final-state diffraction at the step superlattice
instead of a superlattice band structure effect on the initial state.

3.1.2 Experimental details

The (331) and (551) faces of W have been investigated in the experiment besides
W(110). These surfaces are characterized by terrace widths of three and five tung-
sten lattice constants, respectively, or 9.5 Å and 15.8 Å. Fig. 3.1(a) and (b) show
the surface atom arrangement across the steps. Single crystals used in the ex-
periments were commercially supplied. In the production procedure the angle of
miscut α (Fig. 3.1)(c) was determined by X-ray diffraction to 0.1◦ precision of the
surface orientation for cutting and successive mechanical polishing. The miscut an-
gle amounts to 13◦ for W(331) and 8◦ for W(551) along the [001] direction leading
to step edges oriented along [110]. The surface unit cell is determined by double
step width. In Fig. 3.1 the surface unit cells of W(110) and of the superlattice are
marked with rhombuses. The step width is marked as L331 and L551 for W(331)
and W(551), respectively.

Peculiarly to the experiment, the samples were cleaned in situ. In order to
remove carbon, which originates from the hydrocarbons used for surface polish-
ing and from the bulk of W, an oxygen treatment used to be done. The tung-
sten sample was heated several times in a partial pressure of O2 of 1×10−7mbar
at 1200◦C. Successive flashing to 2200◦C removes residuals of oxygen leading to
sharp p(6×1) and p(10×1) step reconstructions of W(331) and W(551), respec-
tively, in the LEED. Experimental aspects of the photoemission measurements
were described in detail in previous Chapter. Photoelectrons were excited with
linearly polarized synchrotron light at the U125/1 and UE56/1 PGM beamlines
[235, 236] at BESSY.

3.1.3 Results

Angle-dependent photoemission

Fig. 3.2 displays angle-resolved photoemission spectra of W(331) for k‖ vectors
parallel (a) and perpendicular (b) to the step direction at 62.5 eV photon energy
for different polar angles. Here and further on all polar angles θ are related to
the [110] microsurface normal (see illustration in Fig. 3.1(d)). The bottom of Fig.
3.2 shows for the sake of comparison normal-emission spectra from flat W(110)
measured in a way to ensure the same measurement conditions as for the vicinal
substrates. In particular, the E-vector of the light points along [011] in Fig. 3.2(a)
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Figure 3.1: Geometry of W(331) (a) and W(551) (b). The steps run perpendicular
to the [001] or ΓH direction and are by a factor of 5/3 wider on W(551); Two
models of surface states are shown. The wave function either propagate along the
”optical” macrosurface (a) or is localized on the terrace microsurface (b). Also
nmicro and nmacro vectors of surface normal and detection angle θ are defined.

and along [001] in 3.2(b) for both flat and stepped surfaces. Prominent features
identified earlier on W(110) are an intense surface resonance (S.R.) at 1.2 eV for Γ
[164, 165, 81] and bulk emission from the top of the Σ1 band which is sampled near
the N-point (N1) of the bulk Brillouin zone when the excitation energy is around
63 eV. Details of the electronic structure of bulk W taken from Ref. [164] can be
found in Fig. 3.3. Photoelectron excitations at different hν are shown with dashed
arrows. Spectra obtained in the normal to terrace (i.e. microsurface) direction
[110] in the emission-angle series from W(331) in Fig. 3.2, are colored red. For
k‖ parallel to the steps (Fig. 3.2(a)), peak S is seen to disperse symmetrically
about the microsurface normal. Low intensity of the surface-resonance peak at
1.2 eV binding energy [164] can be explained if one suggests that bulk emission
(which is degenerate on W(110) (Fig. 3.3)) dominates the peak at 1.2 eV on the
vicinal substrate. The [110]-normal-emission spectra of stepped and flat W(110)
display strong differences. For W(331), the Σ1 band does not appear at 6 eV
as for W(110) but at 5.2 eV where states are forbidden in bulk W due to the
large gap from 6.2 to 3.3 eV for emission along [110] [164, 81] (see Fig. 3.3,
the gap is shown in gray). Since the surface localized states can be identified
by their non-dispersing character with variation of the excitation energy [20], and
because the photoelectron kinetic energy largely determines the possible final-state
effects [104, 170], extensive hν-dependent studies have been performed. A lot of
dispersions, measured with different photon energies from W(110), W(331) and
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W(551) in the [001] direction (perpendicular to the steps), are shown in Fig. 3.5.
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Figure 3.2: Angle-dependent photoemission spectra of W(331) parallel (a) and
perpendicular (b) to the step direction for hν=62.5 eV. The bottom of the band
labeled S appears 6◦ away from the terrace normal.

Fig. 3.5(a) indicates the presence of a surface resonance on flat W(110) which
has not yet been reported inside or near the W gap (6.2–3.3 eV) in any work.
The dispersion measured at hν=62.5 eV gives only an indication for this since
it comprises degenerate bulk and surface bands. At hν=110 eV photon energy,
however, the Γ point is reached (see Fig. 3.3) and the bulk derived emission along
[110] from Σ1 corresponds to the band bottom at 9 eV. No other peaks from W
bulk are expected in normal emission in the whole energy range from 9 eV up to
the border of the band gap at 3.3 eV. Nevertheless, a dispersion has remained at
5.8 eV and is identified with surface emission. This band is marked in Fig. 3.5(a)
with black symbols (�). Its dispersion E(k‖) follows the shape of the bulk band
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Figure 3.3: The electronic structure of bulk W taken from Ref. [164] has been
calculated using relativistic augmented plane wave (RAPW) method. Photoemis-
sion transitions of the electrons excited from the Σ1 band along [110] are shown
for different hν by dashed arrows.

gap according to the surface projection of the bulk bands calculated in Ref. [110].

Let us return now to Fig. 3.2. A very intriguing effect has been revealed
in angle-dependent spectra measured from W(331) in the direction perpendicular
to the steps. The 5.2 eV peak disperses downwards reaching a minimum energy
of 6 eV up the stairs about 6◦ away from the terrace normal (at this angle the
same energy is reached as for normal emission on flat W(110)). Additional hν-
dependent photoemission measurements allow a better judgement of this behavior.
Fig. 3.4(a)–(c) demonstrate a color-scale representation of photoemission spectra
at 50- , 62.5- and 125-eV photon energy for different emission angles perpendicular
to the steps. Changing the photon energy, one moves in terms of the W bulk
band structure along the [110]- or Σ-direction away from the N-point (∼ 63 eV)
towards Γ (Fig. 3.3). At hν=62.5 eV, one branch S with binding energy between
4 and 6 eV, shifted away from the microsurface normal is observed. At hν=50
eV, additionally a second branch S∗ appears at positive emission angles. At 125
eV photon energy, both branches S and S∗ are equally pronounced and shifted
symmetrically with respect to the microsurface normal.
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Characterization with LEED

Considering the high probability of a final-state influence on the observed elec-
tronic structure of the valence band (Fig. 3.4(a)–(c)), additional LEED measure-
ments have been done. In the LEED picture, the electron at the surface undergoes
”outer” scattering in the final state of the ”inner” photoemission process. Consid-
erable correlation with results of photoemission have been found. It was revealed
that intensities of two bands S and S∗ which vary strongly with photon energy so
that at hν=62.5 eV the S∗ branch even vanishes (Fig. 3.4(b)) exhibit exactly the
same behavior as intensities of vicinal superlattice spot in the LEED with varia-
tion of primary electron energy Ep. The LEED patterns photographed in situ for
comparable energies of the electron beam are displayed in Fig. 3.4(d)-(f) vis-à-vis

the measured dispersions. The LEED spots (dispersions) are split for 44 eV (50
eV) and 125 eV (125 eV), and for 62.5 eV (62.5 eV) almost all of the intensity is
concentrated in a single spot (band).

3.1.4 Discussion

The dispersions presented in Fig. 3.5 allow to determine the shift between the
two branches S and S∗ as 0.66 Å−1 for W(331). For W(551) one can even observe
a repeated band structure of more than two branches with a period of 0.40 Å−1.
These values correspond exactly to the period of the superlattice Brillouin zones of
the two surfaces or, following a simple reasoning, to the distance from Γ to Γ

′
along

[001] for W(110) (4.0 Å−1) divided by the 6-fold and 10-fold surface periodicities
measured by LEED. The surface Brillouin zones of W(110), W(331) and W(551)
are shown in Fig. 3.5 right next to the dispersions. Corresponding high symmetry
points of the step superlattice are marked as Γ̃ and Γ̃′. In the Brillouin zone picture,
the electron is assumed to hop across the steps and form Bloch waves along the
macrosurface. This is the simplest interpretation in which the repetition of the
band dispersion is due to band periodicity in the repeated zone scheme of the step
superlattice. Such behavior would very well be compatible with an identification of
the feature S as surface resonance. This requires the wave function to be oriented
parallel to the macrosurface (Fig. 3.1(c)) [99, 101], which means that in order to
be an initial-state effect, the repeated E(k‖) dispersions for various photon energies
must coincide when k‖ is related to the macrosurface (k‖ = 0 corresponds to the
macrosurface normal) and deviate when k‖ is related to the microsurface (k‖ = 0
at the microsurface normal). Due to the large miscut angles between macro- and
microsurface of 13◦ for W(331) and 8◦ for W(551) the reported experiment can
distinguish between the two cases. Dispersions of the bulk-derived W bands (like
Σ1) allow unambiguously to determine the direction of the microsurface normal,
which corresponds to bulk photoemission along [110]. This is also very clearly seen
in the original data of Fig. 3.2(b) where the peak at ∼ 1.5 eV disperses around
the microsurface normal. A plot relative to the macrosurface clearly fails. It can
be seen from the marks of macrosurface normals for photon energies of 50, 62.5,
and 105 eV which were inserted into Fig. 3.5(b) and are clearly separated. The
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one for 125 eV would appear outside of the figure frame. This proves that in
its initial state the electron occupying S remains localized at the one-dimensional
microsurface (as shown in Fig. 3.1(d)) and that the repetition of band S is not due
to an initial-state effect.
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Figure 3.4: Extraction of dispersions from photoemission spectra for W(331) (a–c)
together with LEED patterns of similar intensity behavior (d–f). The emission
angle is given with respect to the [110] microsurface normal. Photoemission inten-
sity is represented on an inverted color-scale: darker areas correspond to a more
intense signal.

It is challenging to propose a model which can appropriately describe the ob-
served effects. One can explain the results on the basis of a description by umklapp
scattering at the vicinal superlattice. In the umklapp the photoelectron acquires
an extra reciprocal surface lattice vector G as a result of scattering at the surface
lattice:

(3.1) k‖,vacuum = k‖,crystal + G‖

However, in such a form this equation does not describe the experiment with
G‖ = ∆k331 = 0.66 Å−1 for W(331) and G‖ = ∆k551 = 0.40 Å−1 for W(551).
Instead, if the dispersion of band S on flat W(110) with k‖,crystal is compared with
the dispersions measured on W(331) and W(551), one obtains k‖,vacuum= k‖,crystal

± G‖/2 with the dispersion for k‖ = 0 completely missing.

52



W(110)GH

W(331)

W(551)

1/6 GG'

1/10 GG'

S*S

S S*

n
(5

0
 e

V
)

n
(6

2
.5

e
V

)
n

(1
0

5
e

V
)

1/2 'GG

kII (A )-1

B
IN

D
IN

G
 E

N
E

R
G

Y
(e

V
)

B
IN

D
IN

G
 E

N
E

R
G

Y
(e

V
)

B
IN

D
IN

G
 E

N
E

R
G

Y
(e

V
)

G G’

G G’

2 /Lp 331

4p/a

W(110)

W(331)

2 /Lp 551

G G’

W(551)

(a)

(b)

(c)

~ ~

~ ~

Dk331

Dk551

Figure 3.5: Dispersion for k‖-vectors along [001] for W(110) (a) and for W(331) (b)
and W(551) (c), i. e., perpendicular to the steps. k‖ is given relative to the [110]
microsurface normal. The macrosurface normal n(hν) shifts strongly between 50
and 105 eV (125 eV outside of the frame) and is therefore not a reference for the
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More appropriate is the description given for LEED from stepped surfaces
[111, 112]. Fig. 3.6 (see Ref. [111]) compares Ewald constructions for diffrac-
tion from ideal flat (a) and stepped surfaces (b). Fig. 3.6(b) shows how a single
LEED spots splits up into two, when the k-vector moves from the in-phase to
the antiphase condition. The reciprocal lattice rods for scattering from a stepped
surface are perpendicular to the macrosurface and therefore tilted with respect to
the microsurface. Because they pass through the Γ-point of W, scattering condi-
tions remain unchanged there, but they separate at the N-point (antiphase). This
explains why the dispersion S, which is located at the N-point, appears split and
the band bottom at 9 eV, which is located at the Γ-point at hν=110 eV, remains
single. As the photoemission transition determines the primary beam for electron
scattering, it restricts the dispersions which appear repeated to those at the N-
point. Location at the N-point in momentum space is probably the main cause
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taken from Ref. [111].

for the repetition of the band structure and the surface localization may be less
important.

In summary, a new surface resonance on W(110) and stepped W(331) and
W(551) has been identified at ∼ 6 eV binding energy. This feature shows diffrac-
tion effects on a large intensity, energy, and momentum scale in agreement with
the lateral superlattice translation. The data do not reconcile with an initial state
effect in the band structure of the superlattice but can be explained on the basis
of electron scattering from stepped surfaces in terms of the LEED formalism. The
point of k-space where the photoemission transition takes places has been con-
cluded as crucial factor for the observed superlattice effects. The result that the
repetition is a final-state effect and that the electron wave function is localized at
the microsurface is an important prerequisite for tailoring electronic properties in
one-dimensional nanostructures grown on stepped W substrates.
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3.2 Lateral electron confinement in Au

step-decorations on W(nn1)

3.2.1 Introduction

The previous section was devoted to superlattice effects in the electronic struc-
ture of stepped surfaces. It has been pointed out that either umklapp or lateral
quantum-size effects are critical for understanding of their basic electronic prop-
erties. These results are significant with respect to the role of vicinal surfaces as
supporting substrates for nanostructuring. So far, a considerable number of works
is devoted to quantum well states in continuous two-dimensional metallic films
[113, 114, 115, 116, 117]. Based on this experience, another type of confined states
of even lower dimensionality can be produced. These are so called lateral quan-
tum well states which appear in atomic wires or nanostripes. The nanostripes are
typically one atomic layer thick and posses a width of several lattice constant.

They can be prepared on vicinal surfaces employing the step decoration by
the adsorbed material. If the width of the step is small compared to the adatom
mean free path, nucleation of an epitaxial film typically begins at the step edge
[122] in order to maximize number of bonds to the substrate. The width and
the periodicity of the nanostripes is controlled by the amount of the deposited
adsorbate and by the surface miscut angle, respectively. If quantization in the
direction normal to the terrace is supported by the substrate band structure, i.e.
an appropriate substrate band gap is available, an additional lateral confinement
of the electrons propagating perpendicular to the stripe may take place leading
to an anisotropic one-dimensional band structure [125]. In this case the quantum
stripe is acting as potential well bound by two coordinates: firstly, in the direction
perpendicular to the substrate, and, secondly, in the direction perpendicular to the
stripe (but parallel to the substrate surface).

Recently, physics of nanowires and nanostripes has been extensively studied.
For instance, atomic wires prepared on vicinal Si(111) substrates are attracting
huge attention [126, 127, 128]. Chains of Au atoms on Si steps demonstrate a
tailored electronic structure in terms of partial band filling [129]. Tuning the wire
separation by choosing different periodicity of Si steps one can vary the interac-
tion between the chains and alternate significantly their electronic structure and
conductivity [130]. Metallic wires on semiconducting substrates have a potentially
great impact on technology, since they have been proposed as the basic elements
of computer memory with storage density of Terabit/cm2 [131, 132].

Some fascinating properties of the nanosized step decoration systems are related
to their magnetism [133, 134, 135, 136, 137, 138]. So far, it has been shown that
supported atomic chains of magnetic materials exhibit one-dimensional ferromag-
netism in contrast to predictions of basic spin-lattice models [139]. In a number
of works local magnetic properties of nanostructures have been studied with local
probe methods. In particular, an alternating sign of the magnetization of neigh-
boring Fe stripes prepared on vicinal W(110) has been revealed by spin-resolved
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STM and attributed to interstep dipolar coupling [140].
The forthcoming Section is devoted to fabrication of nanosystems on the vic-

inal surfaces W(331) and W(551). The W(nn1) surfaces have step edges (Fig.
3.1) which run along [110] and have a zig-zag profile. This means they are rather
open as opposed to the energetically more favorable close-packed edges (like, for
instance, at W(145) [123]). In the present work it was found that such disturbed
profile affects the growth of the epitaxial film, leading either to the formation
of non-uniform stripes or to a polycrystalline adlayer without observable effects of
size-quantization. In a variety of experiments it has been established that nanopat-
terning through the ”classical” step-decoration does not work for the W(nn1) sub-
strates. In order to gain ordered metallic nanostructures of Au on W(331) and
W(551) several agents must be employed. As it was found, a very particular sub-
monolayer amount of oxygen adsorbed on the vicinal surface is required to con-
trol self-organization of Au on top. Another important factor is the temperature.
Moderate annealing (500-550◦) of 0.6ML of Au deposited on W(331) or W(551)
with nearly 0.2 ML of chemisorbed O lead to the formation of a quasi-periodic
nanostructure of nail-like clusters, the dimensions of which are defined by the step
periodicity of the pure substrate (under ”quasi-periodicity” we mean here a uni-
formity in the nanostructure dimensions and no pronounced lateral periodicity in
their arrangement on the substrate). This nanosystem gains a strongly anisotropic
one-dimensional electronic structure featuring distinct effects of lateral electron
quantization.

In the following, results of a combined study of this system are reported. Be-
cause of the significant role of oxygen, the oxidation of W(331) and W(551) has
firstly been studied in detail by LEED, STM and photoemission of the chemically
sensitive core-levels W4f and Au4f . The geometry of the produced nanostructures
was analyzed with STM and LEED, while quantum-size effects in the valence band
were probed by angle-resolved photoemission. General conclusions about geometry
and mechanism of the self-organization will finally be made. Since both substrates
W(331) and W(551) provide qualitatively the same nanostructures, which are de-
fined by the same effects of self-organization, the following report will mainly focus
on W(551). The difference to W(331) will be pointed out where it appears.

In order to understand the role of the terraces to greater detail, the electronic
structure of Au nanostructures produced on stepped tungsten will be compared to
the results of a photoemission investigation of Au films grown on strongly oxidized
flat W(110), which is the base plane of steps on W(nn1).

3.2.2 Experimental details

Initially, clean tungsten samples were prepared as described in the previous Sec-
tion. Then, the surface was oxidized at an elevated temperature of 1100-1200◦C
and a partial pressure of O2 of 2×10−7. Afterwards, the oxygen coverage was
successively decreased by a number of short thermal flashes of the sample up to
1800◦C, during which the temperature was stepped up by 200◦C each time. After
each treatment the surface geometry was tested by LEED, while its stoichiometry
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was probed by photoemission of the W4f core-level. We will refer to the most
detailed report in the literature where oxidation of the flat W(110) surface was
studied by photoemission of core-levels [141]. Comparing the obtained line shapes
of W4f peaks and combining them with the LEED observations, one can unam-
biguously obtain information on how big the amount of O left on the substrate
after each step of annealing is. LEED patterns were in the present work always
used as a reference for reproducing the surface. When a coverage of 0.2ML of O
was achieved, 0.6ML Au were deposited from a drop melted on a resistively heated
tungsten filament. The Au adlayer thickness has been carefully controlled by a mi-
crobalance and photoemission of the valence band. Successive annealing at 550◦C
leads to self-organization of nanostructures, which is the main object of present
study.

Details and technical aspects of the photoemission measurements have already
been discussed before and can be found in Chapter 1. In the present experiment
BESSY beamlines U125 and UE56/1 were employed as a tunable source of photons.
Surface verification by STM was done selectively for several oxygen coverages. For
details on the STM set-up and on the tip preparation we also refer to Chapter 1.

3.2.3 Results

Characterization with LEED and STM

Results of the surface geometry verification for stepped surfaces by LEED are
shown in Fig. 3.7. Fig. 3.7(a) presents the diffraction pattern from clean W(551).
The b.c.c. (110) pattern from the plane of terrace is clearly split perpendicular
to steps exhibiting a surface reconstruction p(10×1) with a distinct periodicity
of steps in the direction [001] of the W lattice (for W(331) this reconstruction is
p(6×1)). All superstructure notations which are introduced in the following will be
referred to the (110) terrace plane for the sake of simplicity. STM measurements of
this stepped substrate are reported in Fig. 3.8(a). The distinct topography profile
S1 across the steps is given in Fig. 3.8(d). It reveals an average terrace width
a =15.8Å.

Because the role of oxygen for the observed self-organization of Au was found
to be crucial, additional studies of W(nn1) oxidation were done. Fig. 3.7(b)
displays the LEED pattern of an O-covered surface, which has been obtained after
a short flash of strongly oxidized W(551) up to 1600◦ for 5 sec. Annealing at
this temperature leaves on the surface approximately 0.75 ML of oxygen which
forms a superstructure p(2×2). The exact coverage and type of the superstructure
are determined from the shape of W4f photoemission spectra (see Fig. 3.12(a)
compared to the data from Ref. [141]). However, the LEED pattern in Fig. 3.7(b)
does not clearly reflect the p(2×2) reconstruction, neither is a distinct step-related
splitting visible. Multiple spots appear on the lines which run between the major
spots of the W(110) p(1×1) pattern. Notably, if the energy of the primary electron
beam is varied, the spots are moving along these lines independently from the
basic p(1×1) pattern. Such behavior manifests some kind of O-induced faceting.
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Apparently, information obtained with LEED is not enough to understand the
influence of oxygen on the substrate, therefore STM measurements of oxidized
W(551) have additionally been performed.

W(551) W(551)/O- (2  2)p + 0.6ML Au/ O/ W(551)

(a) (b) (c)

Figure 3.7: Results of the LEED study at a primary electron beam of 65 eV;
(a) diffraction pattern obtained from clean W(551) reveals a p(10×1) periodic-
ity of steps (p(10×1) for W(331)); (b) pattern measured from oxidized W(551)
with p(2×2) superstructure of O; (c) diffraction from quasi-periodic self-organized
nanostructure.

Fig. 3.8(b) reports STM data of W(551)/O-p(2×2). One can clearly see that
the substrate does not maintain any more its initial stepped character, but rather
looks like a system of nearly arbitrarily distributed triangular terraces. They are
aligned parallel to the direction of steps which is [110] on W(nn1). Two short
sides with an angle of 110◦ between them form a corner, which points along [001],
i.e. perpendicular to the former terraces. The angle 110◦ comes obviously from
the hexagons of W(110) which form zigzag step edges on vicinal W(nn1), i.e. the
angle between [111] and [111] (see Fig. 3.1). Oxygen is not visible at the parame-
ters of tunneling which have been used. Careful analysis of the terrace dimensions
reveals an interesting point: some facets have a different width, however not larger
than 32Å, which corresponds to twice the width of the initial steps. This fact, in
particular, correlates with the dimensions of the W(551)-p(10×1) step superlat-
tice. The topographic profile S2 of W(551)/O-p(2×2) is shown in Fig. 3.8(d) for
reference. Despite the fact that W(551)/O-p(2×2) is not exactly the substrate on
which the investigated nanostructure has been produced, the reported results are
very important for further understanding of the reasons for self-assembly. Success-
ful preparation of step decorations requires much less oxygen than the 0.75ML in
W(551)/O-p(2×2). As it has already been mentioned, an amount of only 0.2 ML
(0.3ML for W(331)) of O is needed to initiate self-organization at elevated tem-
perature. In order to reach this coverage the W(551)/O-p(2×2) has been further
flashed up to 1800◦ for 5 sec. LEED reveals afterwards a pattern which is identical
to the one from clean W(551) (Fig. 3.7(a)), however PES measurements of O1s
and W4f core-levels (see Fig. 3.12) still demonstrate the presence of oxygen at the
surface. This point means that W(551) has recovered the initial stepped character
upon desorption of O and that a minor amount of it most likely remains adsorbed
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at the step edges. Because one can judge from LEED that the superstructure of
oxygen remnants has the same periodicity as clean vicinal W, the W(551) with
0.2ML of O will be further denoted as W(551)/O-p(10×1).
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Figure 3.8: STM results; (a) clean W(551) measured at Vbias=0.4 V / Itunn=25
nA; (b) O-p(2×2)-induced faceting of W(551) (Vbias=1.7 V / Itunn=14 nA); (c)
quasi-periodic nanostructure produced from a sub-ML amount of Au deposited
and annealed on slightly oxidized W(551) (Vbias=0.8 V / Itunn=3.5 nA); (d) char-
acteristic topography profiles S1−3 from (a)-(c).

Deposition and moderate annealing at 550◦C of 0.5-0.6ML of Au on W(551)/O-
p(10×1) lead to formation of a nanostructure the LEED pattern of which is re-
ported in Fig. 3.7(c). Diffraction shows a well ordered atomic structure, but does
not reveal any additional periodicity related to the steps or terraces. In spite of
this, STM measurements (in the STM experiment, however, 0.9ML of Au were
used but the LEED pattern was identical (Fig. 3.7(c)) reveal fascinating nanos-
tructures of nail-like shape (Fig. 3.8(c)). The quasi-periodic character of this
nanostructure seen in Fig. 3.8(c) explains why no additional periodicity was ob-
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served in the LEED. A distinct topographic section S3 of the nails is shown in
Fig. 3.8(d). One needs to emphasize importance of annealing. Without thermal
treatment the LEED pattern obtained from the surface just after deposition of Au
was very diffuse, suggesting no ordered crystal structure at all.

Angle-dependent photoemission

Angle-resolved valence band spectra of vicinal samples measured at every step of
sample preparation are shown in Fig. 3.9. Spectrum (I) was measured at a photon
energy of hν=62 eV from clean W(551) in the direction normal to the microsurface.
The angle of normal emission has been calibrated from an analysis of E(k‖) dis-
persions of clean W(nn1). The E-vector of the light was parallel to [001] of W and
k‖-vectors of the electrons propagating in the direction perpendicular to steps have
been probed. The most intense peaks were measured at binding energies of 6 eV
(emission from the W sp band Σ1 [164]) and at 1.2 eV (surface resonance (S.R.)
[165]). Spectrum (II) corresponds to the slightly oxidized substrate W(551)/O-
p(10×1) before deposition of Au. A minor presence of oxygen is detectable by the
signal of O2p at a binding energy of 5.1 eV, which looks like a shoulder in the
emission from the sp band of W. Another distinct evidence of the adsorbate is the
suppressed surface resonance S.R.

Spectrum (III) in Fig. 3.9 was recorded directly after deposition of 0.6ML Au
on W(551) preoxidized with 0.2ML of O. It represents two broad peaks derived
from Au d-bands at 6.2 eV and 3.5 eV [118, 119]. The remaining intensity of
the tungsten S.R. is evidence of a sub-ML coverage. The normal emission spec-
trum (IV) corresponds to annealed Au on W(551)/O-p(10×1). One can see that
peaks of d-bands are now much sharper, which indicates enhanced ordering of the
atomic structure. In addition, several new, although not very intense peaks appear
between binding energies of 1.5 and 0.5 eV. Note that the S.R. is completely miss-
ing, which, in particular, means adsorbate- and temperature-induced structural
changes in the W substrate itself. The most interesting effect, however, appears in
the spectra measured for off-normal emission. Spectrum (V) in Fig. 3.9 has been
measured for an emission angle of 3◦. It features a very intense peak of a novel
state at 0.6 eV binding energy. The same effect appears as well for annealed Au on
oxidized W(331), however the maximum of this peak appears at an emission angle
of 4◦. A similar electronic state appears also in the flat system Au/O/W(110) but
demonstrates particularly different properties, as will be discussed below.

In order to probe the behavior of this state in detail, k-vector dependent spectra
were measured. Results are reported in Fig. 3.10. Fig. 3.10(a) and 3.10(b) present
angle-resolved photoemission of the electrons propagating perpendicular to the
direction of steps (k‖ ‖ [001]) of W(331) and W(551), respectively. One can observe
that the state at 0.6 eV disperses in a parabolic way downwards (dashed line) and
is shifted off the normal emission and split into several discrete levels (vertical solid
lines) with an energy separation of about 0.5 eV. Extracted dispersions E(k‖) of
this state are presented in Figs. 3.11(a) and 3.11(b) where they are additionally
illustrated by the grayscale intensity plots (Figs. 3.11(d) and 3.11(e)) constructed
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Figure 3.9: Photoemission spectra of the valence band, measured at different stages
of sample preparation.

from the spectra displayed in Fig. 3.10. Note that angular shifts of dispersions
are different for W(331) and W(551). A precise analysis of the data points reveals
that the momentum shift of this band is ∆k331=0.29 Å−1 in the case of W(331),
while for W(551) this value is ∆k551=0.19 Å−1. Fig. 3.10 also presents results of a
comparative study. In particular, angle-dependent spectra of clean stepped W(331)
which has neither Au nor O on it were recorded (Fig. 3.10(d)). The absence of
any peaks at binding energies around 0.6 eV shows that the state observed at this
energy in Fig. 3.10(a) and 3.10(b) is definitely related to Au. In order to check
any possible influence of a lateral step periodicity on the quantization of the 0.6
eV band, the E(k‖) dispersion of 0.6ML Au/ W(nn1)/O-p(10×1) has also been
measured in the direction parallel to the initial steps of the W substrate (k‖ ‖
[110]). The spectra are presented in Fig. 3.10(e). Surprisingly, no peaks at 0.6 eV
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Figure 3.10: Angle-dependent photoemission from the lateral quantum well state
in Au/W(nn1)/O which is detected at 0.6 eV binding energy; (a) photoemission
of electrons propagating perpendicular to the steps of W(331); (b) the same as (a)
but for W(551); (c) ”reference system”: dispersion of 0.6 eV state in the Au film
on flat W(110); (d) comparative study - photoemission in the same direction as
for (a) and (b) but from clean W(331); (e) spectra of photoelectrons propagating
in the Au nanostructure produced on W(331) along the steps. The direction of
normal emission is defined as 0◦ in the figures.

have been detected at all.

A very interesting behavior is seen for the ”reference” system Au on flat oxidized
W(110). While the state at 1.4 eV binding energy has almost no dispersion (Fig.
3.10(c)), the peak at 0.6 eV disperses downwards up to 0.9 eV (Figs. 3.10(c) and
3.11(f)). Assuming that the origin of this electronic state is the same as for the
corresponding band in the Au nanostructure on W(nn1), one can conclude that
we deal with an energy gap opening between 0.9 eV and 1.4 eV.

Core level photoemission

It is well known that photoemission of core levels can provide information on the
chemical environment of atoms in the bulk or at the surface of a crystal [142, 143,
144, 162]. Analysing energy shifts of spectral components through decomposition of
the original spectra, one can obtain a lot of qualitative and quantitative information
on the types of chemical bonding in the solid. Knowledge of the surface chemistry in
such a complicated system like Au/ W(nn1)/ O is strongly required to understand
the observed phenomena of self-organization.
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Figure 3.11: E(k‖) dispersions of lateral quantum well state extracted from Fig.
3.10 for W(331) (a), W(551) (b) and W(110) (c). A parabolic fit of band dispersion
is shown as solid line; (d)-(f) grayscale intensity maps constructed from the spectra
in Fig. 3.10 are shown vis-à-vis the plotted dispersions.

Characteristic spectra of core levels W4f 7

2

, Au4f 7

2

recorded at different stages

of the W(551) preparation are presented in Fig. 3.12(a) and 3.12(c), respectively.
Simple least square fits using Voigt functions was used in order to gain the spectral
components [247]. Original data points are represented in Fig. 3.12 as open circles.
Results of the fits are shown as solid curves. Spectrum (I) in Fig. 3.12(a) corre-
sponds to the clean substrate W(551) and features two intense well resolved peaks:
photoemission from bulk at 31.4 eV and a surface-induced component at 31.09 eV.
Spectrum (II) has been measured from W(551) with 0.75 ML of O (W(551)/O-
p(2×2)). The exact amount of oxygen was found from the shape of W4f core
level, its spectral content and comparison to the literature [141]. In the spectrum
of W(551)/O-p(2×2) a surface induced peak is shifted significantly towards the
bulk one, which is an evidence of high adsorbate coverage. In addition, two spec-
tral components Ox2 (31.77 eV) and Ox3 (32.13 eV) are well pronounced. They
correspond to 2-fold and 3-fold oxidation of W atoms being fingerprints of the O
p(2×2) superstructure on W(110) [141].

Spectrum (III) in Fig. 3.12(a) was measured from the slightly oxidized W(551)/O-
p(10×1) which was used as a substrate for deposition of Au. As it has already been
mentioned, LEED measurements of this surface have shown diffraction patterns
which were identical to the one from clean W(551) (i.e. p(10×1) superlattice).
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Figure 3.12: Core level study; (a) Photoemission from W4f at different stages
of sample preparation; (b) Spectroscopy of O1s reveals presence of oxygen at the
surface even after nanostructure development; (c) Spectra of Au4f demonstrate
strong oxidation of gold upon self-organization.

On the other hand, spectrum (III) provides an evidence of oxygen, the coverage
of which is determined as 0.2 ML. Two additional components which are marked
as Ox1 (31.59 eV and 31.21 eV) denote photoemission from W atoms with 1-fold
oxidation state [141]. In order to assure that the shape of the core level in spectrum
(III) is truly determined by chemisorbed oxygen, XPS measurements of O1s were
also performed. The spectrum obtained (Fig. 3.12(b)), taken at hν=590 eV, fully
confirms our assumption.

The last two spectra in Fig. 3.12(a) reflect the chemistry of the W substrate
with 0.6 ML of deposited Au before (IV) and after (V) annealing at 550◦C. They
exhibit a nontrivial spectral lineshape, resembling very much spectrum (II) which
corresponds to W(551) with 0.75 ML arranged in the p(2×2) superstructure. Be-
cause it was established that the amount of oxygen at the surface is significantly
less than 0.75 ML, the corresponding spectral components at 31.68 eV and 32.0
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eV can only be called Au-induced and will be further denoted as Au2 and Au3, re-
spectively. It is interesting that the chemical reaction which causes the appearance
of these shifted peaks already takes place at room temperature. After moderate
annealing which fully develops the quasi-periodic structure of step-arranged nan-
oclusters (Fig. 3.7(c) and Fig. 3.8(c)), the components Au2 and Au3 experience a
minor shift of less than 0.1 eV towards higher binding energies, but their intensity
ratio changes drastically. Peak Au3 becomes dominating while Au2 almost van-
ishes. Furthermore, a new spectral component Au4 appears at a binding energy of
32.48 eV. The origin of this chemical shift will be later discussed in more detail.

Since strong chemical shifts appear for W4f , it would be appropriate to check
Au core levels for similar effects. The Au4f 7

2

spectra measured before (I) and after

(II) annealing are presented in Fig. 3.12(c). A well resolved component Ox appears
at a binding energy of 84.36 eV for non-annealed sample and shifts to 84.62 eV
after annealing and development of the nanostructure. This is direct evidence that
Au atoms are strongly involved in the chemical interactions which likely control
self-organization.

3.2.4 Discussion

Quantum-size effects

Let us start the discussion from an analysis of quantum-size effects observed in
the dispersion of the pronounced state which appears at 0.6 eV binding energy
away from normal emission (Fig. 3.10(a,b) and Fig. 3.11). Summarizing briefly
the experimental results, it has been mentioned that no peaks at 0.6 eV have
been detected in the photoemission from the valence band before the final step
of the preparation - annealing and development of self-organized nanostructures
(Fig. 3.7(c) and Fig. 3.8(c)). On the basis of this point we argue that the 0.6
eV state is related explicitly to the produced nanostructure (not to Au alone be-
cause angle-resolved spectra obtained from the sample with non-annealed gold do
not reveal any traces of this state). This band demonstrates a large parabolic
dispersion downwards in the range from 0.6 eV to 2.5 eV which is evidence for
an sp-electronic state with negative effective mass. In addition, the band appears
quantized to constant energy levels (0.6 eV, 1.07 eV and 1.54 eV for W(331), and
0.67 eV, 1.2 eV and 1.72 eV for W(551)), featuring approximately the same en-
ergy splitting of ∼0.5 eV for both W samples. The most intense peak at 0.6 eV
(which we call ”0.6 eV state” in the text) appears at just the energy level of a con-
fined electron with quantum number N = 1. Dispersions of this state are shifted
in k-space by ∆k331=0.29 Å−1 in the case of W(331), and by ∆k551=0.19 Å−1

for W(551). Another important fact observed is that quantization can be distin-
guished only for the electrons with k‖ ‖ [001] i.e. propagating perpendicular to the
initial steps of W(nn1). Angle-resolved photoemission of electrons moving parallel
to the steps does not demonstrate the existence of this band even when the nanos-
tructure is fully developed (Fig. 3.10(d)). Summarizing these evidences one can
unambiguously describe the observed effect as lateral quantization of an sp-electron
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band which newly appears in the nanostructure of clusters after its oxygen- and
temperature-induced self assembly. Confinement in the direction perpendicular to
the (110)-face of W is provided by interfacial scattering [156, 81, 83].

The idea of lateral quantization is additionally confirmed by a comparative
study of Au on flat O/W(110). As shown before (Figs. 3.10(c) and 3.11(c)) its
electronic structure possesses the same band at 0.6 eV, which shows, however,
dispersion and demonstrates only partial confinement with characteristic ”leaky”
behavior [101] and an energy gap opening between 0.9 and 1.4 eV (Fig. 3.11(c))

One can now try to analyse the electronic structure of this lateral sp-electron
QWS in detail for vicinal substrates. Firstly, it is important to relate k-vector shifts
∆k551 and ∆k551 to real-space crystallographic parameters of the step-arranged
nanostructure of clusters. According to the definition of the reciprocal lattice
(2π

D
= ∆k) for ∆k331=0.29 Å−1 one gains the real-space distance D331=21.6 Å

and for ∆k551=0.19 Å−1 one obtains D551=32.9 Å. These values are very well
consistent with the double step periodicity of the substrates W(331) (D331 =19.6
Å) and W(551) (D551 =31.6 Å) (Fig. 3.1). This, in particular means, that the
initial periodicity of the vicinal W surfaces strictly defines the dimensions of the
produced nanostructures and affects their electronic properties. Let us now try to
describe lateral quantization quantitatively and evaluate nanostructure dimensions
from the observed energy splitting (Fig. 3.11). Energy levels of confined electrons
can be related to parameters of the quantum well on the basis of an approach used
for the description of surface state quantization on vicinal Au(111) [167, 168, 169].
Considering a nanowire as infinite one-dimensional potential well of width L the
binding energies of confined electron states are given by the equation:

(3.2) EN = EF − E0 +
~

2π2

2m∗
‖L

2
N2

The in-plane effective mass m∗
‖ of the electron can usually be determined from the

dispersion measured in the direction parallel to quantum wires, stripes, or atomic
chains. However, the dispersion in the direction parallel to the steps of W(nn1)
is absent since the 0.6 eV state was not detected (Fig. 3.10(d)). Therefore this
method is not available. The only way to find out the effective mass is to determine
parabolic dispersions from an analysis of QWS energy levels. Maxima of intensity
have been determined in every set of data points in Fig. 3.11 and a parabolic fit
has been performed. The obtained dispersions (solid line) reveal effective mass
values m∗

‖=0.86 me and m∗
‖=1.38 me for W(331) and W(551), respectively (me

denotes mass of the free electron). Considering that the QWS energy splitting is
the same for both substrates and equal to (0.5 ± 0.05) eV, the formula Eq. (3.2)
gives L331=(16 ± 2)Å and L551=(10 ± 2) Å. These results are reversed in respect
to the original width of W(331) and W(551) steps. The most probable reason of
such contradiction may be hidden in the model itself. The point is that Eq. (3.2)
is only justified for truly one-dimensional systems like nanowires or nanostripes,
because it deals with a potential well which is infinitely long in one direction.
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However, the STM data in Fig. 3.8(c) clearly displays that the nanostructures are
not one-dimensional but rather are two-dimensional clusters.
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Figure 3.13: Structural models; (a) W(551) with zig-zag like profile of the step
edge; (b) oxygen-induced faceting of W(551) at 0.75 ML coverage, step edges are
now aligned to the symmetry axis of the O-p(2×2) superstructure; (c) 0.2ML of
oxygen, predominant adsorption at the step edges; (d) possible arrangement of
Au-W alloyed clusters.

The role of oxygen and surface alloying

Let us now consider the crystallography and formation of the nanostructures. The
stepped substrate morphology is illustratively shown in Fig. 3.13. Fig. 3.13(a)
displays stepped W(551) with ideal geometry. The edge profile is outlined with a
zigzag line. The step periodicity of this vicinal surface is given by the double of the
width of a terrace: the surface lattice of step-reconstruction is marked as elongated
rhombus. The inset in the top-right corner comments on the atomic layout of the
steps ( the height is specified by different gradations of gray).
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There remains a very important question. What exactly are the structural
changes of W(551) under the influence of oxygen? It has already been concluded
from LEED (Fig. 3.7(c)) and STM (Fig. 3.8(b)), that a W(nn1) stepped sub-
strate thermally oxidized with 0.75 ML of O becomes faceted in triangular terraces
of different dimensions. As spectroscopy of the W4f core level (Fig. 3.12(III)) re-
veals in comparison to the literature on W(110), O forms a p(2×2) superstructure.
This, in particular, leads to the structural model of W(551)/O-p(2×2) shown in
Fig. 3.13(b). It is known that rows of oxygen atoms in the p(2×2) and p(2×1)
reconstructions are aligned parallel to [111] and [111] directions of the W lattice
[152, 153]. It appears that chemisorbtion of O causes an extensive rebuilding of
W steps through atomic transport and formation of favorable close-packed edges
the direction of which coincides with the alignment of oxygen rows. In fact, it
has been shown in earlier theoretical studies of terrace energetics on W(110) that
formation of steps of W(nn1) (which are parallel to the direction [110]) are not
energetically favorable, having almost twice of the formation energy of terraces
with close-packed profile [145]. In the presence of the p(2 × 2) matrix of oxygen
(which likely tends to align edges of steps to its own lattice) this energy increases
drastically, causing a realignment of tungsten to closed-packed terrace edges. The
next question is what happens at lower oxygen coverage? According to LEED
observations, which reveal that 0.2ML of O on W(551) does not destroy the step
periodicity (the LEED pattern is the same as from clean W(551) (Fig. 3.7(a))),
it would be fair to assume that low amounts of oxygen are adsorbed at the step
edges only, exactly reproducing the (10×1) periodicity of W steps, as shown in Fig.
3.13(c). On the other hand, taking into account the tendency of W(nn1) terraces
to gain closed-packed edges under the influence of oxidation, it is not difficult to
imagine, that already at 0.2ML of O the edge profile will be disturbed, yet keeping
the average terrace width unchanged. This local edge reconstruction is obviously
the basic factor which determines the Au-W interaction and controls the observed
self-organization.

The kind of underlying interaction can be clarified from W4f spectra mea-
sured after deposition of sub-ML amounts of Au. The spectrum (IV) in Fig. 3.12
obtained from 0.6ML Au/ W(551)/O-p(10×1) exhibits two spectral components
Au2 (31.68 eV) and Au3 (32.0 eV) shifted towards higher binding energies. The
appearance of these shifted peaks unambiguously manifests a chemical interaction
between Au and W, accompanied by a substantial electron transfer. This is an
evidence of metallic bonding between these two elements which takes place as re-
sult of surface alloying. Although, in the bulk Au and W do not alloy [146], at
the surface gold atoms can be exchanged with atoms of tungsten in the first mono-
layer [181, 147]. Let us remember that minor doping of the W(nn1) substrate with
O is a crucial factor for the observed phenomenon of Au-W chemical interaction:
no chemical shift in W4f has been observed upon Au deposition on a carefully
cleaned substrate. Considering the role of oxygen, one can assume that O atoms
adsorbed at step edges cause a buckling of the edge profiles in a way that other
crystallographic planes become ”open” allowing Au atoms to penetrate into the
first monolayer of the W terrace. Note that, as spectrum (IV) in Fig. 3.12 shows,
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this process takes place already at room temperature. A very important point is
that the spectrum (IV) in Fig. 3.12 strongly resembles spectrum (II) measured
from oxidized W(551) without Au. Analogously to peaks Ox2 and Ox3 from spec-
trum (II), which corresponds to 2- and 3-fold oxidation states of W, respectively,
the components Au2 and Au3 can be attributed to chemical states in an alloy,
where, for example, the tungsten atom is surrounded by 2 and 3 atoms of gold,
respectively. The spectral lineshapes of W4f measured from annealed 0.6ML Au/
W(551)/O-p(10×1) (spectrum (V) in Fig. 3.12) with fully developed Au nanos-
tructure, further supports the idea of surface alloying. As one can see in spectrum
(V), the component Au2 almost vanishes, while Au3 even increases moderately.
This effect reflects increased coordination numbers of W atoms (with respect to
Au) as a result of extensive penetration of gold into the lattice of tungsten. In
addition to that, a new component Au4 appears in spectrum (V) at 32.49 eV,
which should likely be attributed to penetration of Au even into the second atomic
layer of W substrate. Significant improvement of the surface lattice is confirmed
by LEED which shows well-ordered and uniform pattern with sharp spots (Fig.
3.7(c)). One more proof of alloying can be found in valence band photoemission.
Comparing spectra (III) and (IV) in Fig. 3.9 which were measured from annealed
and non-annealed Au/ W(551)/O-p(10×1), respectively, one can clearly note an
overall vanishing of the tungsten surface resonance S.R. at 1.2 eV after annealing.
This is convincing evidence of significant structural changes in the first monolayer
of the W substrate.

Notably, in the case of flat substrate W(110), surface alloying can also be
achieved, as confirmed by photoemission of core levels (the data is not reported
here). But as it has already been mentioned, an oxygen coverage increased to 1ML
and an elevated annealing temperature of 850◦C are required for that purpose. This
fact suggests the role of the steps on W(nn1) as ”catalysts” of atomic exchange.

Structural model

Answering the question of how surface alloying causes self-organization of nanos-
tructures, one can assume a strong and anisotropic stress which appears in the
topmost layer of the tungsten substrate upon penetration of gold. At elevated
temperatures the atomic mobility increases, so that the potential barriers of lat-
eral diffusion can be overcome leading to a structural rearrangement which complies
with decreasing the potential energy of the atomic system. Most likely, Au atoms
slide W atoms apart and occupy hourglass-like areas between them (see atomic
structures in Fig. 3.13 and Fig. 3.1) forming internal chains aligned to [111] and
[111] directions of W lattice - similar as oxygen does in the p(2×2) superstructure
(Fig. 3.13(a)). This idea is confirmed by the LEED measurements. The LEED
pattern from Au nanostructures (Fig. 3.7(c)) somehow resembles the one from
W(551)/O-p(2×2) (Fig. 3.7(b)): blurred lines corresponding to [111] and [111]
directions of the W crystal which interconnect major spots are distinct for both
images.

One can assume an important role of the oxygen doping for the development
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of the nanostructure. As the surface alloying between Au and W is initiated, O
adsorbed at the step edges (Fig. 3.13(c)) is likely substituted by atoms of Au and
starts to diffuse laterally over the steps, causing reduction of the potential barriers
of the lateral atomic diffusion. Indeed, in a number of works [148, 149, 150, 151]
oxygen has been proven an efficient surfactant.

A simple structural model of alloyed nanostructures is shown in Fig. 3.13(d).
Nail-like nanoclusters of a Au-W compound are sitting on the terraces of the
W(nn1) substrate forming a quasi-periodic matrix. The sketch in Fig. 3.13(d)
does not reflect this quasi-periodic character. In fact, it should be expressed either
as different shifts between the nails or in their periodically modulated width in
the direction along terraces. This would explain why any detectable secondary
periodicity is absent in the LEED pattern (Fig. 3.7(c)).

It is now time to discuss how the proposed structural model can explain the
quantization of the 0.6 eV state in the valence band. Since neither W nor Au alone
lead to any peaks at this binding energy before annealing (Fig. 3.9), the 0.6 eV
state can unambiguously be identified as part of a new band of an ordered Au-W

surface alloy. It is hoped that more information about the nature of this state can
be delivered as a result of band structure calculations on the basis of this model
which will be an interesting topic of further research. The next question is how the
model can explain the strong anisotropy found in the electronic structure measured
parallel and perpendicular to the terraces of W(nn1). Considering the Au-W
compound rather as a matrix of arranged clusters, than a one-dimensional step
decoration (which was rejected based on the failure of one-dimensional theoretical
description in terms of Eq. (3.2)) and assuming a general geometry of clusters
as proposed in Fig. 3.13(d), one arrives at a rather realistic model. Variable
dimensions of alloyed clusters in the direction [011] of W(nn1) steps can explain
the absence of the 0.6 eV alloying-induced band of sp-electrons dispersing in this
direction. As for the direction perpendicular to the steps, this means that one has
to assume a greater uniformity in the cluster width as well as partial overlapping of
their valence band wave-functions in the region of the substrate step edge (as shown
in Fig. 3.13(d)). The last point, in particular, will provide the existence of 0.6 eV
band based on propagation and scattering of sp-electrons between the nails, leading
to the appearance of characteristic lateral QWS’s in the 6 eV band (Fig. 3.9(V) and
Fig. 3.11). If one considers geometry and positions of nails on steps as proposed
in Fig. 3.13(d), it comes out that electrons might propagate in the nanostructure
not exactly perpendicular to the terrace, but rather at different azimuthal angle,
as shown by white the dotted line in Fig. 3.13(d). In fact, experiments confirm
this idea. A maximum of intensity and sharpness in the spectra of lateral QWS’s
has been indeed achieved for an E-vector of the light the azimuthal angle of which
was ∼30◦ away from the direction perpendicular to the steps.

In the case of Au on flat oxidized W(110) no significant anisotropy has been
seen in the dispersions of the 0.6 eV state. The band structure measured for the
electrons propagating along [001] of W crystal (Fig. 3.11(c)) was found to be
very similar to the one mapped along the [110] direction (not presented). This
observation lends further credit to the idea that clusters and steps are the origin
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of the observed lateral quantum-size effects.
One more question stays open: what is the reason of the observed difference

between effective masses of the electron in the alloyed nanostructures prepared
on W(331) and W(551) (Fig. 3.11)? It can be assured that adsorbed oxygen
is responsible. As it has been established by spectroscopy of the O1s core level
(Fig. 3.12(b)) that the concentration of oxygen at the surface does not change
after annealing of the sample and development of the alloyed nanostructure. On
the other hand, looking at photoemission spectra of the Au4f core level (Fig.
3.12(c)) one clearly sees a strong chemical shift Ox. Because this shift appears
at higher binding energies, it cannot be attributed to electron exchange between
Au and W, which was the reason for shifts in W4f (Fig. 3.12(a)). Should the
same type of chemical bonding be claimed for both effects, the shifts must appear
in the directions opposite to the main emission line. This, in particular, means
that the chemical shift in Au4f is determined by another type of interaction:
partial oxidation of gold. Presumably, upon annealing, oxygen migrates away
from the step edges, uniformly penetrates in every alloyed cluster and forms its
own sub-lattice as a result of selective oxidation of Au atoms. These atoms change
their charge states introducing a perturbation for electrons propagating across the
nanostructure. As it has been mentioned in the description of experimental details,
for W(331) and W(551) different amounts of O are needed in order to initiate
self-organization. Therefore there will be different concentrations of oxidized Au
and, correspondingly, different perturbation of the crystal potential resulting in
different values of the effective mass. Summarizing the facts discussed above one
can be assured that the self-organized Au-W nanostructures cannot be considered
as simple step decoration of Au on W(nn1). It is rather a complicated compound
of three elements: AuxWyOz. As for the exact stoichiometry of this surface alloy,
one can assume concentrations from structural models shown in Fig. 3.13. In the
case of W(551) it is likely to be Au3W5O1, while for W(331) the most probable
formula is Au3W6O2.

It is useful to relate the latter conclusions to a number of works, devoted to
the oxygen-mediated growth of epitaxial metallic films. O has been known as
surfactant for a long time [148, 149, 150]. Recently the growth of Cu on oxygen
doped Ru(0001) was investigated in detail by STM [151]. Since the electronic
and the atomic properties of Cu and Ru to some extent are similar to the ones
of Au and W, the obtained results are interesting for comparison. It has been
shown, that a sub-ML amount of oxygen (0.2–0.6 ML), preadsorbed on Ru(0001)
is able to switch the growth of Cu at elevated temperatures from multilayer to
layer-by-layer by reducing potential barriers of atomic migration. Moreover, O
always stays ”floating” at the surface of the Cu film, being penetrated into the
first monolayer and forming an ordered alloy with Cu atoms: Cu2O(111). The
explanations assumed here are fully in agreement with these experiments. Since
the produced nanostructure Au/O/W(nn1) is only one monolayer thick, oxygen
can exactly in the same way incorporate itself inside the alloyed clusters and form
its own sublattice and bond to Au atoms. On the other hand, it should be kept
in mind, that oxygen works not only as surfactant, but, actually, induces the self-
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organization by initiating the Au-W surface alloying at the local reconstructions
of the step edges.

3.2.5 Concluding remarks

In summary, quasi-periodic nanostructures with unique anisotropy in their elec-
tronic properties have been discovered as a result of Au deposition on slightly
oxidized W(551) and W(331) followed by moderate annealing. The surface geom-
etry was studied by LEED and STM measurements.

The comparative study has established that adsorbed oxygen and elevated tem-
perature are compulsory factors of self-organization. Photoelectron spectroscopy
of the valence band in normal emission revealed the appearance of a new electronic
state at 0.6 eV binding energy, which is distinct neither to Au nor to W alone.
Band dispersions E(k‖) of this state measured with angle-dependent photoemis-
sion have shown that in the direction nearly perpendicular to the steps of W(nn1)
this state largely disperses downwards and appears quantized into constant energy
levels, while in the direction parallel it was not detected at all. Photoelectron spec-
tra of W4f and Au4f core levels have revealed that strong chemical interactions
control the self-assembly of the nanostructures. In particular, it was established
that minor doping of W(nn1) by oxygen forces Au to alloy with the topmost atomic
layer of tungsten. Oxygen-activated step edges were found to be the ”catalysts”
which initiate and stimulate Au-W atomic intermixing. Anisotropic stress, which
appears as a result of such alloying is assumed to be responsible for the formation
of the arranged clusters of the Au-W compound. Because strong chemical shifts
have been observed in Au4f spectra, incorporation of O into the lattice of the alloy,
accompanied by partial oxidation of Au has been concluded. The peak at 0.6 eV
was identified as originating from an intrinsic band of the Au-W compound.

As a final remark, the reported experiment is an extremely clear illustration
of how important it is to combine different analytical methods in order to under-
stand the nature of particular physical phenomena. It the present case there is
a very strong interplay between electronic and atomic properties of the produced
nanostructures. The understanding of this interplay was found only by using two
experimental techniques in combination: STM for surface imaging and ARPES for
mapping of the band structure.
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3.3 Summary of conclusions

Chapter 3 can be summarized as follows. Angle resolved photoemission from flat
W(110) and stepped W(nn1) has revealed an electronic state at 6 eV binding en-
ergy never observed before. This state is identified as surface resonance localized on
the terrace microsurface. In the photoemission from stepped W(nn1) this feature
appears in off normal (with respect to the microsurface) emission being symmet-
rically shifted in k-space by half of the Brillouin zone of step superlattice. Such
behavior is caused by electron diffraction in the final state of photoemission.

It was established that stepped W(nn1) substrates can serve as template for
self-organization of quasi-periodic Au nanostructures when two factors are pro-
vided: submonolayer amount of chemisorbed oxygen and elevated temperature.
The produced nanostructure was found not to be purely of Au, but a complex
Au-W surface alloy where Au atoms are partially oxidized. It is not truly one-
dimensional, as might be expected for step decorations, but a system of nail-like
clusters. This alloyed nanostructure features a novel electronic band at 0.6 eV
binding energy. In k-space this band is shifted away from the microsurface normal
by a reciprocal vector of step superlattice and appears split into constant energy
levels as a result of lateral quantization in the cluster.
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Chapter 4

Self-Organization on Large-Scale
Surface Reconstructions

The preceding part of this Thesis dealt with nanostructures produced by typi-
cal techniques of self-assembly. In particular, in Chapter 2 which is devoted to
quantum-size effects in thin films, a two-dimensional Ag overlayer has been epi-
taxially grown on the flat substrate Ni(111). Chapter 3 was concerned with lateral
electron confinement in step decorations on vicinal W(110) surfaces. The com-
mon feature of both experiments is that the dimensionality of the self-assembled
nanostructures repeats the dimensionality of its supporting substrates: it was two-
dimensional in the case of flat Ni(111) and one- and zero-dimensional in the case
of stepped W.

In the forthcoming Chapter it will be shown that such situation is not manda-
tory: a large-scale lateral reconstruction on a flat surface can lead to self orga-
nization of one-dimensional nanostructures and quantum clusters. In particular,
formation of 1 nm-wide gold nanowires has been achieved on the two-dimensional
tungsten surface carbide W(110)/C-R(15×3) at elevated temperature. Measure-
ments of the nanowire electronic properties with ARPES demonstrate a distinct
one-dimensional character of their electronic structure revealing effects of lateral
electron quantization. Furthermore, self assembly of perfectly uniform molecular
clusters of archetype fullerenes C60 has been observed on this substrate by STM.
Both of these effects are unique in the sense that similar phenomena have never
been observed before.

The Chapter has the following structure. In the first section results of a com-
bined STM, ARPES, and XPS study of the W(110)/C-R(15×3) are presented.
General features of its atomic and electronic structure are revealed and discussed.

Furthermore, temperature-controlled self-organization of Au nanowires and their
electronic properties studied by STM and ARPES are reported. The last part
demonstrates self-organization of C60 and offers an explanation for this effect in-
volving model calculations in the van der Waals formalism.
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4.1 Structure and electronic properties of a sur-

face carbide: W(110)/C-R(15×3)

4.1.1 Introduction

Recent achievements from a combined study of atomic structure and electronic
properties of a surface carbide overlayer on W(110) will be reported below. The
15×3 superstructure is well known for a long time, mainly due to the fact that it
usually appears at the surface of newly produced W(110) samples during annealing
because of surface segregation of carbon from the bulk of the crystal. While the
bulk WC compounds, famous for extreme mechanical hardness, were extensively
studied due to their role in applications [154, 243, 155], the 15×3 carbide overlayer
used to be considered as undesirable contamination of W(110). We are interested
in this structure for two reasons: a possible template effect for the nanostruc-
ture growth of the large scale reconstruction and the sizeable relative band gap of
W(110) which can support electron confinement and offer a ”window” for studying
electronic properties of nanostructures.

The first studies of the C/W(110) system were done with the LEED technique.
Two types of carbon-induced reconstructions were discovered: so-called R(15×3)
[158] and R(15×12) [159]. Reflecting only the global periodicity of the surface,
the LEED pattern itself provides limited information on the internal structure of
the surface unit cell. The easiest way to obtain this information is to implement
a local probe method: STM or AFM. Bode et al. (in 1995 for the first time)
atomically resolved the cell of surface carbide [224, 225]. Their data reveal a two-
fold symmetry of the overlayer and excluded some previously proposed models for
the geometry of this superstructure: for instance, the W2C model [160]. Relying on
STM data, the idea of a surface lattice deformation by buckling of tungsten atoms
in the topmost layer was also introduced [224]. Despite a number of works there is
still no precise answer about the crystallographic structure of W(110)/C-R(15×3).

Since atomic and electronic properties of surface carbide are important with
respect to self-organization of nanostructures on top, a particular effort has been
applied to extend the knowledge on this system. Within the current Section,
studies of geometry and, mainly, electronic properties of the R(15×3) carbon su-
perstructure will be presented and further discussed.

A variety of techniques has been applied. The results presented are structured
in several subsections which discuss LEED observations, verification by STM, pho-
toemission study of chemical shifts in W4f and C1s core levels and, finally, the
mapping of the band structures for W(110)/C-R(15×3) and clean W(110) per-
formed with the ARPES method. In the last part, general conclusions about the
atomic structure of R(15×3) surface carbide are made, based on LEED/STM ob-
servations and quantum-size effects discovered in the electronic structure.
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4.1.2 Experimental details

Like in Chapter 3, the tungsten sample was cleaned by several cycles of annealing
in oxygen (1×10−7mbar) at 1200◦C followed by flashing to 2200◦C. Cleanliness of
the sample was verified by absence of reconstructions in the LEED (Fig. 4.1(a),
as well as by the presence of an intense surface-induced component in W4f core
level spectrum (Fig. 4.4(a)). Formation of the carbide overlayer was achieved by
heating the crystal for 5 min at 500-550◦C under partial pressure of propylene of
5×10−8mbar. A short flash to 2200◦ revealed the R(15×3) superstructure over the
whole area of the surface (Fig. 4.1(b)).

STM measurements were performed in a double-chamber set-up equipped with
an Omicron VT SPM microscope, as described in Chapter 1. Base pressure during
the experiment was lower than 2×10−10mbar. Electrochemically etched polycrys-
talline tungsten tips were used. In situ tip preparation (see Chapter 1) has also
been carried out. Recording of the topography has been done under fixed sample
bias voltage (+500 mV) and tunneling current of several tens of nA, unless spec-
ified. In a number of experiments, additional processing was implemented. Since
one of the targets was to investigate the charge in the surface carbide W(110)/C-
R(15×3), the tips were further prepared by ”mechanical” breaks where the clean
tungsten tip was carefully dipped into the clean W surface for several Å. It appears
that upon extraction from the surface a nail-like nanocluster of W remains at the
tip apex, providing a very high spatial resolution.

Photoemission measurements were performed under similar UHV conditions
and strictly the same preparation routine. A detailed report on the photoemission
set-up ”HiRes”, which was used in the present experiment, can be found in Chapter
1. Measurements were done at the UE56/1 PGM and U52 SGM beamlines at
BESSY.

4.1.3 Results

Characterization with LEED

The LEED technique has been used to check the quality of the W substrate and the
subsequently produced R(15×3) carbon superstructure. LEED patterns taken 58
eV energy of the primary electron beam (Ep) are given on Fig. 4.1(a,b). While Fig.
4.1(a) shows a sharp p(1×1) patten of clean W(110), Fig 4.1(b) demonstrates the
distinct 15×3 superstructure after carbidization, which is rotated by 14◦ relative
to [001] of the tungsten surface. These two images, taken at the same parameters,
provide initial information about the ratios of the W and C surface unit cells and
their mutual angular arrangement.

Characterization with STM, overall features

Results of the STM study of the tungsten surface carbide are presented in Fig.
4.2(c). The STM verification of the clean W(110) is given in Fig. 4.2(a) mainly
for reference. The tungsten surface is not atomically resolved. Due to strong
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W(110)/C-R(15 3)W(110)

(a) (b)

+

Figure 4.1: (a) the LEED pattern from the clean W(110) surface displays a
p(1×1) pattern. Primary electron beam energy Ep=58eV; (b) Diffraction from
two-dimensional surface carbide taken at the same orientation of the tungsten
crystal and the same Ep. The distinct 15×3 superstructure rotated by 14◦ to [001]
direction of the substrate is clearly visible.

localization of d-states in the conduction band of W, extension of the electron
density above the surface is minor [163], a fact which makes the achievement of
atomic resolution on this metal rather tricky. STM tips used in this work were
not capable of this task. The STM topography obtained for the clean W(110)
is, however, useful for z-calibration. A distinct line profile S across the edge of
a monoatomic terrace (Fig. 4.2(b)) gives a height difference close to 2Å, which
proves the perfect calibration of the microscope.

Figs. 4.2(c) and (d) demonstrate the carbon-induced R(15×3) reconstruction
on W(110). A high resolution large-scale STM image of the surface carbide ob-
tained at minimal tip-surface separation (tunneling current Itunn=5nA and sample
bias voltage Vbias=+500 mV) is shown in Fig. 4.2(c). Atomic resolution appears
only for the tip extremely close to the surface (this point will be discussed in the
next paragraph). Going high up with the current to Itunn =25nA reveals the to-
pography presented in Fig. 4.2(d). Dimensions of the surface unit cell were found
to be (13±1)Å × (8±1)Å being perfectly consistent with the literature [224]. High
symmetry directions of the carbide matrix are introduced as V‖ and V⊥. This
notation will be further extensively used. Orientation of the W substrate has been
revealed from comparative analysis of the LEED patterns and orientation of steps
in STM images measured before and after carbidization. Two reference directions
[001] and [111] of W crystal are marked drift corrected with white arrows. In Figs.
4.2(c) and (d) one can clearly see the distinct zigzag chains of carbon atoms dis-
placed between the non-atomically resolved stripes (dotted black line) which run
along the direction V‖ which is 14◦ anticlockwise rotated relative to the [001] vec-
tor of the W crystal. These stripes are, actually, also rows of carbon atoms. Poor
resolution on these rows (also reported before [224, 225]) is due to their particular
geometric and electronic configuration. In the atomically resolved measurements,
carbon atoms exhibit a diameter of 1 Å, while their typical z-corrugation is not
very large: about 0.3 Å.
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Figure 4.2: (a) STM topography of the clean W(110) measured at Vbias=+500 mV
and Itunn=0.2 nA; (b) line section across the edge of a monoatomic step on the
W(110) surface. The step height is 2 Å; (c) large scale STM image of W(110)/C-
R(15×3) taken at Vbias=+500 mV and Itunn = 5nA; (d) the same area recorded at
minimal tip-surface separation (Itunn = 25nA).

Distance-dependent mode of the electronic structure detection: strong
evidence of surface polarization

It was just mentioned, that atomic resolution on W(110)/C-R(15×3) can only be
achieved at very low tunneling resistance i.e. at extremely low width of the poten-
tial barrier between the tip and the surface. In this respect, an important question
appears: how realistic is the geometry of W(110)/C-R(15×3) observed by STM,
and how should the electronic structure of the surface carbide be considered in
the interpretation of the recorded images? Since STM is the only tool to inves-
tigate the local electronic structure of nanoobjects with nm-range resolution, a
particular attempt to resolve a spatial charge distribution over the template has
been undertaken. A distant dependent STM imaging of the local density (LDOS)
of unoccupied states near the Fermi level (EF ) was done. Using the mechanically
sharpened tip which provides high-resolution in x-,y- and z-directions, the LDOS
above the surface of W(110)/C-R(15×3) has been measured.

It is important to note, that one has to be careful using the term ”surface”,
(especially, in the case of ionic or covalent crystals, like WC). According to the
classical definition [94] it means the plane of zero integral of charge density. Since
in the present study we are interested in the geometry of chemical bonds over the
atoms of W(110)/C-R(15×3), ”surface” means the first atomic plane of the crystal.
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Figure 4.3: Distance-dependent STM study of W(110)/C-R(15×3). Evolution of
the image morphology with decreasing of tunneling gap resistance: (a) tunnel-
ing resistance ρ=1 GΩ, striped pattern; (b) ρ=770 MΩ, cluster-like sequence; (c)
ρ=620 MΩ array of double spots; (d) ρ=540 MΩ, strongly localized single spot; (e)
ρ=170 MΩ, atomic resolution is achieved. Dimensions of the surface carbide unit
cell after drift-compensation are found to be (13.0±1.0Å)× (8.0±1.0Å). Diagram
(f) presents characteristic corrugations along the section S (dashed line in (a)-(e)).

Thus, it is more appropriate to speak about ”bulk termination”: in the following
the term ”surface” will be used exactly in this sense.

STM images taken at different values of the tip-surface separation demonstrate
complex qualitative differences. The most typical topography patterns of the same
sample area taken at different resistances (ρ) of the tunneling gap are shown in
Fig. 4.3. The diagram in Fig. 4.3(f) provides a quantitative description of the
corrugation amplitude presenting a characteristic corrugation along the section
S. The first image (Fig. 4.3(a)) has been recorded at ρ=1 GΩ and corresponds
to maximal distance of the tip from the surface. The last one (Fig. 4.3(e)) is
taken at lowest separation, ρ=170 MΩ. With the tip high above the surface, the
carbide superstructure in Fig. 4.3(a) is visible as stripes with holes and a wave-
like edge profile. With decreasing separation the image loses its stripe character
and starts to look like a cluster assembly (Fig. 4.3(b)). Further decrease of the
tunneling barrier causes a breakup of the clusters into separate smaller spots with
high image contrast (Fig. 4.3(c)). Going closer to the surface reveals a certain
asymmetry in the structure. So Fig. 4.3(d), taken at ρ=540 MΩ, shows that the
spots in every second row almost vanish while the rows in between maintain their
large corrugation and become more localized. This asymmetry is a particularly
important point for understanding the substrate geometry: it will be referred to
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later. Finally, at higher tunneling current (ρ=170 MΩ) the morphology of the
image changes drastically together with the achievement of atomic resolution (Fig.
4.3(e)): only now the internal zigzag structure [224] of the unit cell is resolved
(Fig. 4.3(e) is the same as Fig. 4.2(d) and is given here for reference). Special
care was taken in identifying the superstructure unit cell in the images which are
not atomically resolved (Fig. 4.3(a-d)). In particular, positions of single adsorbed
molecules and surface defects were used. The result is shown as white rectangles
or parallelograms. Geometrical deformation, distinct to the images in Fig. 4.3(b)
and Fig. 4.3(d), is an artefact determined by drift effects of the STM.

Note that the scan profiles (Fig. 4.3(f)) in non-atomically resolved images
demonstrate a plateau-like behavior with relatively constant profile on its top and
sharp edges meaning high contrast. The corrugation amplitude is nearly the same
for all the images and has a value of about 1.2 Å. Starting out from ρ=600 MΩ,
the profile changes and shows narrow peaks corresponding to a strongly localized
DOS. Such plateau-like behavior is attributed to the presence of dangling bonds
over the carbon atoms in zigzag chains, which create a laterally anisotropic charge
distribution in the unoccupied LDOS at the surface of W(110)/C-R(15×3). These
dangling bonds could either be carbon pz orbitals, or one of the hybridized states
spn.

Core level photoemission

Core levels of the elements in compounds can be very sensitive to the chemical
environment. Analysing energy shifts of core level peaks one can gain information
about the chemical bonding in the solid. Another possible origin of shifted core
level peaks is the surface. Since the density of states at the crystal surface is
energetically narrower due to lower coordination numbers of surface atoms, the
requirement of charge neutrality at the metal surface causes in the simplest picture,
an energy shift of the electronic structure of the surface atomic layer [161]. In order
to probe the chemical configuration of carbon and tungsten in the surface carbide,
XPS measurements have been performed. Photoemission spectra of distinct W4f 7

2

and C1s core levels for the W(110)/C-R(15×3) system are shown in Figs. 4.4(a)
and 4.4(b), respectively. The W4f spectrum is given in comparison to the one for
the clean W substrate. In order to reveal chemically shifted spectral components,
a fitting routine [247] has been done. A summary of the parameters which provide
the best fitting results is given in Table 4.1.

In the W4f 7

2

spectrum of clean W one can clearly identify the bulk emission line

WB (31.41 eV) and a surface-induced component WS, shifted by 0.32 eV towards
lower binding energy relative to WB. The surface-induced peak is related to the
aforementioned narrowing of the DOS at the bulk termination.

The W4f 7

2

spectrum of the 15×3 carbon superstructure displays strong changes
concerning these spectral components. While the bulk-derived peak WB saves its
position, a surface-induced component WS is shifted now towards higher binding
energies having 0.15 eV separation from WB. One has to note that the intensity
ratio between WB and WS in the case of the carbidized surface is approximately
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Figure 4.4: (a) W4f 7

2

core level spectra from clean W(110) and after the cracking
of propylene. A shift of the surface induced peak WS by 0.14 eV manifests the
formation of a continuous single-monolayer carbide film. The excitation energy is
hν=110 eV. (b) Photoemission from the 1s core level of carbon. The fitting pro-
cedure gives three components C1, C2 and C3. C1, C2 are determined by different
chemical configurations of C atoms in the topmost carbon layer. C3 is assigned to
carbon atoms incorporated into surface defects.

conserved. Furthermore, an additional component WR appears at 31.89 eV, which
was not observed for the clean W surface. The C1s spectrum of carbon overlayer
also demonstrates a relatively rich structure revealing three components C1, C2

and C3 at binding energies of 282.89 eV, 283.31, eV and 283.86 eV, respectively.

The origin of these components can be explained in terms of the chemical
configuration of the C atoms in the surface layers. This question is to be further
discussed below.

Angle-dependent photoemission

An investigation of the valence-band structure has been done for W(110)/C-R(15×3).
The dispersion was accurately measured in high-symmetry directions of the 15×3
superstructure. In real-space notation, introduced for the STM data in Fig. 4.2,
these directions are V‖ (short edge of the surface carbide unit cell) and V⊥ (long
edge of the unit cell). Due to the fact that the vector V‖ of the 15×3 superstruc-
ture is rotated by 14◦ relative to the [001] direction of W [158, 159] (see also the
LEED on Fig. 4.1(a,b)), these directions are no high-symmetry directions of the
substrate, therefore there will be no simple notation in terms of the W(110) surface
Brillouin zone.
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Table 4.1: Summary of the fitting routine for W4f 7

2

and C1s core levels. The

component binding energies (Eb) are shown as well as fitting parameters for the
FWHM (Lorentzian - ∆L and Gaussian - ∆G) which supply the best fitting result.

Component Eb(eV) ∆L(eV) ∆G(eV)

W4f : WS clean 31.09 0.07 0.13
W4f : WB clean 31.41 0.09 0.07
W4f : WS 15 × 3 31.26 0.06 0.16
W4f : WB 15 × 3 31.41 0.05 0.18
W4f : WR 15 × 3 31.58 0.02 0.34
C1s: C1 282.89 0.10 0.39
C1s: C2 283.31 0.11 0.33
C1s: C3 283.86 0.10 0.78

Experimental data measured at hν=110 eV is presented in Figs. 4.5(a) and
4.5(b). While Fig. 4.5(a) shows a set of original angle-resolved spectra for V‖,
Fig. 4.5(b) contains the data set for V⊥. Spectra in these two plots are scaled
in a way to pronounce dispersions of weak peaks observed in the region 3-6.5 eV
binding energy. Angles are marked for emission normal to the surface and for the
topmost and bottommost spectra in each set. The normal emission (0◦) spectrum
is additionally emphasized by a thick solid line. In Figs. 4.5(a’) and 4.5(b’) the
same spectra are shown but in the range of binding energies 1-4 eV normalized to
the maximal countrate in order to demonstrate the dispersion of the most intensive
bands of W.

After comparison of the photoemission data from W(110)/C-R(15×3) to the
band structure measured along V‖ and V⊥ for the clean W(110) surface (Figs.
4.5(c) and 4.5(d)) it becomes easy to identify carbon-induced states (C-states) in
the 3-6.5 eV binding energy range of the valence band and distinguish them from
the states of the W. While the states with binding energy around 3 and 4 eV
are assigned to C, because they appear inside of the W bulk band gap [164, 165],
assignment of the high-binding-energy state (5.5-6 eV) is ambiguous, due to the
fact that there is an sp-band (Σ1

5) of W at the same energy. This sp-state is
clearly visible in Figs. 4.5(c) and 4.5(d) which present the original spectra for
clean W(110), emphasizing also the absence of C-induced states in the 3-6.5 eV
energy range. One has to note that bulk hexagonal WC [241, 243] features a carbon
sp-band at nearly the same binding energy. Therefore, this state is assumed to be
carbon-induced.

One has to point out several effects discovered comparing the band structures
of W(110)/C-R(15×3) mapped for both directions V‖ and V⊥. Figs. 4.6(a) and
4.6(b) represent the dispersions E(k‖) extracted from photoemission spectra. First
of all one has to note a superlattice effect in the dispersion of C-states. A different
periodicity in V‖ and V⊥ direction can clearly be seen. While the reciprocal-lattice
period ∆kC‖ of the dispersion along V‖ is ∼0.6 Å−1, the period for V⊥, ∆kC⊥, is
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Figure 4.5: Angle-resolved spectra of the valence band of surface carbide
W(110)/C-R(15×3) and clean W(110) measured in high-symmetry directions of
the 15×3 superstructure. The data set measured for k‖ along direction V⊥ is given
in (a), for V‖ - in (b). Insets emphasize the behavior of the bulk states of the
substrate (a’), (b’) and of the 0.6 eV surface state of W (a”), (b”). Plots (c) and
(d) map the band structure of clean W(110) along V⊥ and V‖ respectively. Insets
(c’) and (d’) illustrate the behavior of the 0.6 eV band for the clean W surface.

significantly larger: ∼0.8 Å−1.

A particular behavior is observed in the vicinity of EF . For normal emission, the
peak appears at 0.7 eV almost unmodified upon carbidization, just shifted towards
higher binding energy by ∼ 0.1 eV. This is remarkable since this feature has been
assigned to a surface state [164, 166]. This means that the W(110)/C-R(15×3)
structure includes some unmodified areas of W(110). For off-normal emission,
however, strong modifications are observed. While for clean W(110) the 0.6 eV
state shows a parabolic dispersion along V‖ as well as along V⊥, for W(110)/C-
R(15×3) it becomes strongly anisotropic. Along V‖, the dispersion remains largely
parabolic, whereas along V⊥ it splits up into two weakly dispersing peaks (E1 and
E2 in Fig. 4.6(b)) manifesting a typical effect of size-quantization.
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Figure 4.6: Electronic structure of the W(110)/C-R(15×3) surface carbide. Disper-
sions are extracted from the angle-resolved photoemission spectra shown in Figs.
4.5(a) and 4.5(b) for directions V⊥ and V‖. Bands marked with filled symbols in
(a) and (b) are identified as carbon induced. The size of each data point reflects
the intensity of the photoemission peak. The superlattice effect on these states
is clearly visible (a), as well as quantization of the surface state at 0.6 eV (b);
Plots (c) and (d) emphasize the dispersion of this state in directions V⊥ and V‖,
respectively.

4.1.4 Discussion

The first step which is to be undertaken to formalize any further considerations
is building up a structural model for the surface carbide W(110)/C-R(15×3). A
determination of the correct lateral correspondence of the carbide superstructure to
the W(110) substrate is impossible using only the methods of direct and reciprocal
imaging like STM and LEED. The only mutual parameter which is known from
LEED (Fig. 4.1) is the 14◦ angle of rotation between surface carbide unit cell
(V⊥,V‖) and the basis vectors ([001],[110]) of the W crystal.

A structural model based on the observed LEED (Fig. 4.1) and STM (Fig.
4.2) is introduced (Fig. 4.7(a)). This simple model was already once proposed
in the literature [224, 225]. The lateral correspondence of the carbon matrix is
chosen arbitrarily. Note that it is relevant to speak only about the correspon-
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Figure 4.7: (a) structural model of the two-dimensional surface carbide W(110)/C-
R(15×3); (b) idea of one-dimensional surface buckling upon carbidization.

dence to the bulk lattice of W, since the surface arrangement of tungsten atoms
must be drastically affected by the strong chemical bonding to carbon. Although
the following discussion will mainly be focused on the electronic structure of the
W(110)/C-R(15×3), some qualitative conclusion on the atomic structure of the
surface carbide will be made from the analysis of PES and STM.

Let us now start discussing the electronic structure and note some important
features observed in the angle-dependent valence band photoemission. As Figs.
4.6 (a) and (b) show, three carbon-induced bands (marked with filled circles) lo-
cated between 3 and 6.5 eV disperse with different period along the lattice vectors
V⊥ and V‖ of the surface carbide superstructure. While the periodicity of disper-
sion measured in reciprocal space along V‖ is ∆kC‖=0.6 Å−1, for V⊥ this value
is ∆kC⊥=0.8 Å−1. The real-space periods of this oscillations are DC‖ = 2π

∆kC‖
=11

Å and DC⊥ = 2π
∆kC⊥

=7 Å. Even if one considers a combined error for these val-

ues evaluated as 2 Å and 1 Å for DC‖ and DC⊥, respectively, they do not fit to
the dimensions of the surface carbide unit cell (8± 1)Å×(13± 1)Å, determined
by STM (Fig. 4.2). In order to understand this superlattice phenomenon, some
considerations about the nature of these bands are to be made. Firstly, they are
pure carbon states because their binding energies appear in the energy region of
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the surface projected gap of W(110). Secondly, they can only be 2p-states (pure
or sp-hybridized), because the characteristic peak of C2s is located at nearly 12
eV binding energy (Fig. 4.8), the same as in the bulk of hexagonal WC [242]. It
is also very likely that these states are localized in the dangling bonds observed in
the distance-dependent STM measurements (Fig. 4.3). The last point makes it ap-
parently possible, that they gain their own superlattice above the surface carbide.
For instance, their characteristic periodicity along the V⊥ direction can be half of
the carbide surface cell because of the in-plane break in the overlayer potential at
the knees of the zigzag chains (Fig. 4.2(d)). Hence, for a period DC⊥ one gains 7
Å, which correlates well with the expected dimensions.
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Figure 4.8: Photoemission of carbon states 2s and 2p from the valence band of the
surface carbide.

Another important point which has to be discussed is the the lateral quantum
size effect observed in the dispersion of the 0.7 eV band in W(110)/C-R(15×3)
along V⊥ (Fig. 4.5(b”)). The precise behavior of this state is shown in the plot
of E(k‖) measured along V‖ (Fig. 4.6(c)) and V⊥ (Fig. 4.6(d)). Searching for an
explanation for the splitting of this state into separate energy levels E1 and E2,
one can speculate about different phenomena which can be involved. The spectra
strongly resemble those from lateral quantum-well states confined on the terraces of
vicinal Au(111) [167]. Indeed, rows of carbon atoms have in theoretical calculations
been proven repulsive scatterers [172] and can, therefore, provide confinement.
However, both lateral quantization and superlattice umklapp scattering may serve
as explanation for the observed behavior. Careful analysis of the dispersion in
Fig. 4.6(d) reveals that the observed splitting can be the result of a superposition
between the ground state and umklapp scattered bands, translated by ∆kW=0.45
Å−1 in k‖ space. If the dispersion is interpreted as resulting from umklapp effects
the superlattice periodicity in the direction V‖ is given by 2π

∆kW
=14 Å, which is fully

in agreement with the expectation from the dimensions of the unit cell determined
by STM.

We also want to consider the alternative interpretation of lateral quantization.
One can use the particle-in-box approach applied in Ref. [167] for description of
surface state quantization on the steps of vicinal Au(111). The formula (3.2):
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(4.1) EN = EF − E0 +
~

2π2

2m∗
‖L

2
N2

was already introduced in previous chapter. It gives the binding energy of the
Nth quantized level referred to the ground state EF - E0. The in-plane effective mass
m∗ of the electron can be independently determined from the parabolic dispersion
measured in the direction V‖ (Fig. 4.6(c)) using a least squares fit in the interval
−0.2Å−1 <| k‖ |< 0.2Å−1 as m∗

‖=0.83 me. Considering this value and the energy

splitting E2-E1=0.31 eV one obtains from Eq. (4.1) the width of the quantum
well as DV ‖ = 15 ± 2 Å. Within the error bar this value is consistent with the
expected periodicity of 13 Å. There is still one more question to answer. Why is
quantization observed along V⊥, but no traces of it are found in the dispersion along
V‖? One reasonable explanation is a carbon-induced buckling of the W substrate
hypothetically assumed in Ref. [224]. The pure W(110) areas required for the
existence of the surface states can be identified as dark spots in Fig. 4.2(c,d). The
W surface in these areas under the influence of carbon can become tilted forming a
periodic saw-tooth profile in V⊥ direction (Fig. 4.7(b)). In the STM, however, this
buckling can remain invisible due to the shape of the carbon wave-functions, which
are responsible for the tunneling. Another important evidence of such buckling is
the aforementioned asymmetry observed in the evolution of the distance-dependent
STM images (Fig. 4.3(d)). It is very likely that at a particular separation between
the tip and the surface the spatial electronic structure will reflect that the template
is not flat in the z-direction.

Now, summarizing the information on the electronic structure it is possible
to assemble and improve the structural model of W(110)/C-R(15×3). The un-
derstanding of the surface carbide derived from this work is introduced below.
Generally, it is suggested that carbon superstructure is embedded into the first
monolayer of tungsten. This can be easily realized due to the small atomic radius
of carbon (0.91 Å) which is twice less than the same of tungsten (2.02 Å). At
elevated temperature during carbidization, carbon atoms may efficiently tend to
form the hexagonal WC structure, traversing into the bulk while forming chemical
bonds with W. Hence, the zigzag ”fishnet” of carbon, which one sees in the STM
data, represents the areas on the (110)-face of W through which carbon diffuses
into the substrate (and where diffusion has already taken place for the first mono-
layer). The aspect that in STM one detects only C but no W is likely a question
of chemical contrast due to the shape of 2p-wave functions of carbon, i.e. a purely
electronic effect.

Let us analyse the results of XPS measurements of the core levels W4f and
C1s (Fig. 4.4) with respect to the proposed structural model. According to the
model there is no direct C-C bonding in the surface carbide, and only W-C bond-
ing can be responsible for the observed chemical shifts. Returning to the XPS
spectra of C1s (Fig. 4.4(b)), two intense components C1 and C2 are observed.
They originate from carbon atoms in different chemical configurations, which in
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particular means different values of charge transfer resulting in local energy shifts.
The relative intensity ratio of these two components (∼1:2) suggests that peak C1

originates from C in linear rows (see Fig. 4.7(a) and Fig. 4.2(c), dotted black line)
which maintains 2 atoms per unit cell, while C2 corresponds to the zigzag chain
which incorporates 4 atoms. Looking at the STM data (Fig. 4.2(c,d)), one has to
note that the W environment of C atoms in the embedded rows must be reduced
compared to the zigzags, because in the zigzag each C has only two carbon atoms
as neighbors, while in the rows the number of neighbors is three.

On the other hand, LAPW calculations of the electronic structure of bulk WC
[243] have revealed that W-C chemical bonding features stronger electron transfer
W→C (this is also expected from the corresponding electronegativities: 1.7 for
W, and 2.5 for C [227, 228]). This is, however, inconsistent with the observation
that the binding energy of the C2 component is higher. A possible explanation is
that the carbon atoms in the linear rows anyhow have a higher coordination to W
i.e. they are embedded deeper into the substrate than that ones in zigzags. This
assumption fits well to the idea of surface buckling (Fig. 4.7(b)). Correspondingly,
C1 manifests stronger charge transfer W→C being placed 0.5 eV towards lower
binding energies.

It is useful to compare the absolute binding energies of core levels measured
from the surface carbide with the same obtained from the bulk hexagonal WC
[229]. For instance, in the bulk carbide the W4f component WB is placed at
0.4 eV higher binding energy than in W(110)/C-R(15×3). This is an additional
evidence of lower coordination numbers of W with respect to C, which further
supports the presented model and manifests the single monolayer character of the
surface carbide on W(110).

The observed unequal charge transfer is also consistent with STM and ARPES
measurements. In particular, a relatively decreased population of the 2p states of
carbon in the zigzags explains two points: (i) achievement of atomic resolution
on zigzag chains, and rather poor STM imaging of carbon rows (STM imaging in
Fig. 4.2 has been performed for unoccupied states), and (ii) the aforementioned
miscorrelation of the superlattice dispersion of C-states in the direction V⊥ (Fig.
4.6): if the wave functions of carbon rows are not overlapping with those in the
zigzags, then it is possible that they show no dispersion at all.

Speaking about the component C3 in the C1s spectrum (Fig. 4.4) it is needed
to note that it has the highest binding energy, which, in particular, means weakest
electron exchange with W. This happens for C atoms which have lower coordination
numbers with respect to the W lattice. Therefore, the component C3 can be
attributed to some amounts of carbon adsorbed at the surface or incorporated into
the surface defects (like domain borders of the R(15×3) superstructure).

The last thing to be proved is that the observed quantization of the 0.7 eV
surface state (and its existence) are consistent with the proposed structural model
of an embedded carbon ”fishnet”. Penetration of carbon atoms inside the surface
lattice of W(110) will strongly affect the atomic structure of open tungsten areas
between the carbon zigzags. On the other hand, it still creates a surface-like
bulk termination with new properties and new modulation of the crystal potential.
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This point is supported by the presence of the surface-induced component WS in
the W4f spectra upon carbidization (Fig. 4.4(a)). Hence, the surface state at
0.7 eV can be considered as a new surface state created by the potential of the
W(110) surface with periodically arranged carbon insets. This point is supported
by a different binding energy of the surface state before (0.6 eV) and after (0.7
eV) carbidization. The behavior of the dispersion has also been compared. In
particular, in Fig. 4.6(c) the dispersion of the surface state on clean W(110) is
additionally plotted (black squares) being shifted to 0.7 eV binding energy for
comparison. However, in the effective mass no drastic difference is observed.

Summarizing, a combined study of two-dimensional tungsten surface carbide
W(110)/C-R(15×3) involving LEED, STM, XPS, and ARPES techniques has been
performed. LEED and STM measurements revealed the atomic structure of the
carbide overlayer and its orientation relative to the tungsten bulk. Based on XPS
measurements of the C1s core level as well as on spectra of the chemically sensitive
W4f a general structural model has been proposed. It suggests that the matrix
of carbon atoms is embedded into the first or even second atomic layer of W(110).
The electronic structure of the surface carbide measured with ARPES revealed
anisotropic quantum size effects involving the surface state at 0.6 eV (clean W)
and 0.7 eV (carbidized surface) binding energy. In comparison to pure W(110), the
electronic structure measured along the lattice vectors of the surface carbide unit
cell revealed a parabolic character of dispersion in one direction and splitting up
into separate energy levels in the other. Such behavior can be explained involving
ideas of umklapp scattering as well as lateral quantization.

Although an extensive study of W(110)/C-R(15×3) has been performed, a
complete understanding of this system is not yet achieved. Within the results
reported above only a carbon-induced surface passivation and the geometry were
established. But the exact crystallographic structure of the first several monolayers
is still missing. It is rather acceptable in the framework of this Thesis, since the
characterization of the surface carbide was only an intermediate task, required
for understanding of successively produced metallic and molecular nanostructures.
As for general scientific interest, certain additional experiments are necessary. In
particular, the next step to be undertaken is use of the surface sensitive method of
X-ray structure analysis in grazing incidence [6].
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4.2 Self-assembled Au nanowires and their elec-

tronic structure

4.2.1 Introduction

It has already been mentioned that metal nanostructures are extremely important
for technology because their properties can be affected by electron confinement
and quantization. Achievement of confinement in two-dimensional films, where the
thickness is the main parameter has meanwhile become a routine: these systems
are well understood structurally and electronically [77]. Analysis of a typical two-
dimensional system has been demonstrated in Chapter 2, where the ground state
of Ni(111) has been probed by electron quantization in the Ag overlayer. A review
of relevant literature has also been given in Chapter 2.

Additional lateral quantization in a nanowire array will affect the electronic den-
sity of states in the metal even more profoundly and in particular create anisotropic
E(k) band dispersions. On the atomic scale, it has been achieved to create atomic
chains of metals that display a one-dimensional band dispersion using self orga-
nization on stepped [175, 176, 177, 178] and flat substrates [179]. A similar, but
rather complicated system has been reported in Chapter 3 of the present The-
sis, where anisotropic lateral quantum-size effects have been observed in alloyed
step-decorations of W(331) and W(551).

Taking the measured band dispersion as criterion for one-dimensionality, it
appears to be difficult to produce nanowires that bridge the range from the single-
atom diameter [175, 176, 177, 178, 179] to nanometer width. Such wide wires
would open up a more realistic perspective for application but we are not aware
of any measurement of the band dispersion of such systems. On the other hand,
there is no obvious principle hindrance since a one-dimensional dispersion and
lateral quantization have been demonstrated for electrons on stepped Au crystals
with wide terraces of 3.8 nm width [167] so it may be concluded that present
preparation techniques for nanowires are not sufficiently advanced to achieve this.
In the following it will be demonstrated that self-organization on a flat W(110)
pre-patterned with the R(15×3) superstructure of carbon can control formation
of nm-wide wires, which display a one-dimensional dispersion and characteristic
lateral quantum well states.

4.2.2 Experimental details

The surface geometry of the nanowires was studied LEED and STM. The electronic
structure was investigated with photoemission techniques using the VG ESCAlab
electron analyser at 80 meV energy and 1◦ angle resolutions. Undulator radiation
from the BESSY beamlines UE52 and UE56/1 was employed.

The W(110) sample was prepared in situ keeping the pressure in the chamber
below 2×10−10mbar. Initial cleanliness of the W surface was verified with LEED
(Fig. 4.9(a)). Formation of the 15×3 carbide overlayer was achieved in the way
described in the previous section. The nanowires have been prepared by deposition
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of 0.7ML Au from a resistively heated evaporator followed by annealing at 600◦C.
This thermal treatment was found to be necessary for self-assembly of the nanowire
array.

4.2.3 Results

Characterization with LEED and STM

The LEED pattern from the nanowires is shown in Fig. 4.9(c). It reveals a distinct
one-dimensional R(9×1) pattern. Fig. 4.9(a) and (b), which demonstrate electron
diffraction from the clean and carbidized W(110), respectively, are the same as in
Fig. 4.1 and given here for reference in order to demonstrate the orientation of the
nanowires to the W(110) substrate.

(a) (b) (c)

C-R(15 3)H

C-R(15 3)H

Au-R(9 1)H

Figure 4.9: The LEED characterization; (a) verification of cleanliness of W(110)
and (b) diffraction from the R(15×3) carbide superstructure (the same as in Fig.
4.1); (c) the LEED pattern taken at the same orientation of the sample from the
0.7ML Au on W(110)/C-R(15×3) after annealing reveals the R(9×1) Au recon-
struction which is assigned to formation of the nanowires. All patterns are observed
at 65 eV.

STM measurements of the self-assembled Au nanowires are presented in Fig.
4.10(a) and (b). Fig. 4.10(a) presents a large-scale STM scan which reveals the
dynamics of self-organization. Because the STM image demonstrates large areas of
the R(15×3) carbon reconstruction which are free of Au, one can conclude that Au
under elevated temperature migrates over the surface forming compact nanowire-
patterned islands. Fig. 4.10(b) was taken at significantly enlarged scale. It provides
insight into the nanowire dimensions and internal structure. The nanowires are
doubled and form arrays of pairs over the surface. Each pair has a width of
about 25Å. The perpendicular profile A of the single pair is shown in Fig. 4.10(d)
revealing a width of 10Å for each wire. Fig. 4.10(b) clearly demonstrates that every
first nanowire in the pair has a dense continuous structure, while every second one
consists of uniform and periodically arranged clusters. The illustration to this
property is given in Fig. 4.10(e), where the profile sections B and C along the
wires are shown. It is difficult to conclude on the thickness but presumably the
Au nanowires are 2 or 3 atomic layers thick, at least one of which is embedded
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Figure 4.10: STM study. Large-scale STM image of annealed Au/W(110)/C-
R(15×3) reveals co-existence of open areas of the R(15×3) carbon reconstruction
and Au nanowires; internal structure of the Au nanowires (b); they appear in
pairs (d). The first nanowire has a continuous and dense structure while every
second nanowire consists of periodically arranged Au clusters (e). For comparison,
submonolayer Au on clean W(110) forms no nanowires but a different large-scale
reconstruction (c).

into the carbon matrix or alloyed with the topmost layer of W. This point will be
discussed further below.

Comparing the LEED images for the clean R(15×3) (Fig. 4.9(b)) and the
annealed Au/W(110)-R(15×3) (Fig. 4.9(c)), it becomes evident that the nanowires
are rather aligned to the [001] vector of W(110) substrate than to the R(15×3)
matrix of the interface carbon.

Angle-dependent photoemission

The electronic structure of the nanowire array studied by angle-resolved photoelec-
tron spectroscopy is reported in Fig. 4.11. Spectra were measured for k-vectors
of photoemitted electrons parallel (Fig. 4.11(a)) and perpendicular (Fig. 4.11(b))
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to the wire orientation. Figs. 4.11(c) and (d) represent dispersions in k-space
extracted from the spectra. The size of the markers reflects the intensity of the
peaks. The Au-induced states are marked with solid and dashed lines. They were
unambiguously identified by comparison to spectra for W(110)/C-(15×3) obtained
without Au (Fig. 4.12). Dispersions in Fig. 4.12 were measured along the same
directions as in Fig. 4.11. They show that the surface carbide has a pronounced
contribution mainly for binding energies below 4 eV. Within this energy range the
spectra coincide with the ones after nanostripe formation (Fig. 4.11). As for en-
ergies above 4 eV, there are either no sharp peaks of the carbide or they have a
particular binding energy or dispersion that differ from those of the Au band and
can clearly be distinguished for these reasons.

Figs. 4.11(a) and 4.11(c) exhibit an almost non-dispersing state d1, which has
a binding energy of about 6.5 eV, as well as a state d2 dispersing in the range from
3.5 eV to 5 eV. The electronic structure obtained in the perpendicular direction is
more complicated. The band d2 is now split up into a pair of states with almost
vanishing dispersions and binding energies E1=4 eV and E2=5 eV.

4.2.4 Discussion

The observed anisotropy with large dispersion along the nanowires and no disper-
sion perpendicular proves already the one-dimensional behavior of the electrons
in the nanowires. Confinement along the direction perpendicular to the surface
is ensured by comparison to the band structure of W(110) which features a large
band gap [164, 165] in the range from 2 eV to 6.3 eV, i.e. including E1 and E2. The
gap is essential for formation of two-dimensional quantum-well states on W(110)
[81, 83] and supports also the present quantum wire states.

In order to relate the observed splitting to the atomic structure of the nanowires
the approach [167, 168, 169] used for description of the surface state quantization on
W(110)/C-R(15×3) in the previous Section has been employed again. Considering
a nanowire as infinite one-dimensional potential well of width L binding energies
of confined electron states are given by Eq. (4.1) (EN = EF −E0 + ~2π2

2m∗
‖
L2N

2).

The in-plane effective mass of the electron in the d2 state has been determined,
as before, from the dispersion observed in the direction parallel to the wires (Fig.
4.11(a,c)) using a least squares fit E(k‖)=~

2k2
‖/2m

∗
‖ in the momentum interval

−0.2Å−1 < k‖ < 0.2Å−1. Here one obtains m∗
‖=−0.97me (me is the mass of the

free electron), which is typical for d-states [173, 174] (Note that m∗ < 0 leads to
a quantum well of reversed energy scale). Considering this value and the width of
the wire L= 10 ± 1 Å (Fig. 4.10(d)), Eq. (4.1) gives the energy splitting between
the quantum well levels ∆E = E1 − E2 = 1.0 ± 0.2 eV, which is well consistent
with the experimentally observed value 0.9 eV.

It is necessary to test whether umklapp scattering in the final state of the pho-
toemission process could lead to a similar dispersion [170, 171]. As seen in Fig.
4.11(d), the dispersion of d2 in the direction perpendicular to the wires appears as if
repeated with a period ∆k ∼ 0.8 Å−1. The corresponding periodicity in real space
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Figure 4.11: Angle-resolved photoemission of the Au nanowire array. Au d states
show a dispersion for k‖ vectors along the nanowires (a) and size quantization
perpendicular (b). E(k‖) dispersions extracted from the spectra are shown as well
(c,d).

D=2π/∆k is ∼ 8 Å. It does not fit to the expectations of 30 Å(since the nanowires
are paired and the periodicity of their superlattice along the [001] direction of W is
given by the double width of the wire plus the lateral interwire separation). This
supports the proposed interpretation as lateral quantization effect in the initial
state. The intensity behavior in Fig. 4.11(d) with the intensity of E2 missing for
k‖=0 is explained by the probability density distribution of the wave functions (the
N=2 quantum-well state has a node for k‖=0) [169]. Understanding the origin of
the d1 state, one can assume that this may be a quantum well state formed in the
isotropic elements of the second nanowire, which consists of periodically arranged
Au clusters (Fig. 4.10(b) and 4.10(e)) and therefore d1 would not disperse. How-
ever, the band d1 is also distinct for the bulk Au [118], therefore this assumption
is a speculation.
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Figure 4.12: Angle-resolved photoemission from a surface carbide W(110)/C-
R(15×3) without Au measured along the direction in which the nanowires will
grow (a) and perpendicular to it (b).

In order to ensure that the self-assembly effect is in fact determined by the
R(15×3) interface superstructure, a comparative study on clean W(110) has been
performed as well. In particular, 0.7ML of Au were deposited on a completely
cleaned W(110) surface and annealed exactly at the same temperature 550◦C at
which the self-organization of Au on W(110)/C-R(15×3) takes place. Neither
LEED nor STM indicate a one-dimensional character of the surface after the an-
nealing. Instead, a complicated reconstruction forms over Au islands as shown in
Fig. 4.10(c) with atomic resolution. Dimensions of the surface unit cell of this
superstructure were found be (39 ± 2) Å × (31 ± 2) Å (the comparatively large
error bar is due to a drift effect). The origin of this reconstruction is likely atomic
stress in the Au film. The stress is already substantial for Au on clean W(110) due
to the two-fold anisotropy of the (110) face of W as pointed out in Ref [180].

Returning to the Au nanowires, we will consider the origin of the self-organization
and discuss the possible role of surface alloying between Au and W. While an alloy
between these two elements does not exist in the bulk, it was shown in several
studies that it can appear at interfaces [181]. It is possible to probe surface al-
loying on the basis of photoelectron spectra of the W4f 7

2

core level. The four line

fit components [247] shown in Fig. 4.13 correspond to: (a) clean W(110) (with
perfectly resolved and intense surface component [161]), (c) carbidized W(110)/C-
R(15×3), (d) 0.7ML Au/W(110)/C-R(15×3) (after annealing and with fully devel-
oped nanowires) and (b) 0.7ML Au on clean W(110) from the comparative study.
The appearance of two spectral components at 31.6 and 31.85 eV for annealed Au
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Figure 4.13: Comparison of the chemically sensitive W4f spectra taken from
W(110) (a), W(110)/C-R(15×3) (c), Au/W(110)/C-R(15×3) (d) and Au on the
clean W(110) (b) shows that Au-W surface alloying is likely involved in the process
of nanopatterning. Because alloying-related components of core levels in the pho-
toemission from Au/W(110)/C-R(15×3) are not intense, the spectrum of faceted
Au/W(430)/C-R(15×3) is additionally given (e) in order to highlight the chemical
shifts.

on W(110)/C-R(15×3) manifests a chemical interaction between Au and W. These
components are, however, not intense. This can likely be explained by the short
escape depth of the photoelectron for the employed photon energy (at hν=110
eV it is about 2 Å) The point is that alloyed areas must be buried under the Au
nanowires which are at least 1 monolayer thick. In order to highlight these chemical
shifts, the W4f spectrum of 1ML Au annealed on W(430)/C-R(15×3) is given for
reference (Fig. 4.13(e)). Vicinal W(430) becomes strongly faceted upon carbidiza-
tion [182] causing an increase of the photoemission signal from the interface layer
at the edges of facets.

Surface alloying presumably takes place on the carbon-free areas of W(110)
i.e. between the zig-zag carbon chains (see Fig. 4.2(c,d) and Fig. 4.7(a)). As
it has already been stated in the previous Section, the carbon atoms upon their
embedding in the first layer of tungsten cause a strong lateral deformation of the
W(110) surface lattice. Such stressed W areas may alloy with Au in order to
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Figure 4.14: Structural model of self-organized Au nanostructures on W(110)/C-
R(15×3). The carbide template (filled circles) consists of atomic C rows intercon-
nected by zigzag chains on the W(110) surface (open circles). The Au arrangement
is shown as dashed lines where ellipses mark the cluster structure observed for every
second nanowire.

minimize their surface energy. Presence of two different chemical shifts 31.6 and
31.85 eV may suggest that alloying involves at least two atomic layers of tungsten.
In the next turn, the buckling caused by W-Au atomic exchange at the surface lead
to a patterning of the Au film and formation of nanowires. The absence of any
chemical shifts in W4f for annealed Au on flat relaxed W(110) (Fig. 4.13(e)) proves
the crucial role of the R(15×3) interlayer in the observed effect of self-organization.

Careful analysis of the LEED and STM data leads to a simple model which
intends to relate the Au nanostructures to the W(110)/C-R(15×3) substrate. The
model is illustrated in Fig. 4.14. One can expect that adsorption of gold adatoms
takes place between the zig-zag chains of the carbon overlayer. Positions of pre-
dominant growth of Au (continuous wires and cluster assembly) are marked with
dashed lines. As Fig. 4.14 shows, the Au nanoclusters must be separated from
each other as well as from the next nanowire by one unit cell of the surface carbide
superstructure, in order to lead to the observed dimensions. The wire orientation
is by 4◦ off relative to the [001]-direction of W. This value is determined precisely
(±0.5◦) since the STM image of Au/W(110)/C-R(15×3) (Fig. 4.10(a)) contains
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open areas of the carbon superstructure providing an absolute reference for angular
orientation.

Although the model agrees well with the experimentally measured geometry and
dimensions, it does not answer the question why the first nanowire in each pair has
a continuous structure and the other one is separated into clusters. Presumably,
this can happen because of the proposed one-dimensional buckling of W(110)/C-
R(15×3) in the direction V⊥ (Fig. 4.7(b)), which was employed in the previous
Section to explain the surface state quantization (Fig. 4.5(b”)). The apparent
clusters can in fact be a beating pattern between the modulation of W(110)/C-
R(15×3) and the grid of the nanowires defined by alloying.

In summary, it has been shown that the large-scale W(110)/C-R(15×3) recon-
struction formed by carbidization of W(110) can be used as template for the growth
of Au wires of nanometer width. The electronic structure of the system measured
with photoelectron spectroscopy has demonstrated a one-dimensional band struc-
ture and the first appearance of distinct lateral quantum-well states in nanowires.
The observation of chemical shifts in W4f photoelectron spectra allows to suggest
that W-Au surface alloying at the open stressed areas of the W substrate induces
the observed one-dimensional self-organization.
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4.3 Self-organized nanoclusters of fullerene

molecules

4.3.1 Introduction

For a very long time allotropes and compounds of carbon have been in the focus
of frontier research activities [183]. Having the electronic configuration 1s22s22p2

for the free atom, carbon may gain in compounds and non-amorphous allotropic
forms one of three possible hybridization states: sp(carbine), sp2(graphite) and
sp3(diamond). Hybridized orbitals are responsible for electrical and mechanical
properties of carbon solids.

In 1985 a new allotrope form of carbon, the fullerenes, has been discovered
[184]. This discovery has opened up a new area of nanostructure research solely
based on carbon, which features unique electronic properties like nanomagnetism
and superconductivity. Fullerenes are secluded molecules with a sphere-like shape
and hollow core. The most stable molecule is C60. It has the highest symmetry (Ih)
in the class and gains a form of truncated icosahedron. This molecule is also known
as buckyball or archetype fullerene. Its structure is represented in Fig. 4.15. The
molecule contains 20 hexagons and 12 pentagons, which give rise to the curvature
enabling the closed spherical structure of C60. Stability and non-reactivity of this
molecule is provided by the rule of isolated pentagons, which means that pentagons
cannot be neighbors but are always separated by a hexagon. Note that this rule
cannot be satisfied in fullerenes of smaller dimensions. In fact, smaller carbon
cages like, for instance, C20 have been successfully produced [185], but studies of
their properties were only possible in the gas phase or in polymerized forms.

Because fullerene is practically a sheet of graphite secluded in a sphere, the
predominant type of hybridization in the interatomic chemical bonding (σ-bonds)
is sp2. The word ”predominant” means that there are actually two types of bond-
ing, which are marked in Fig. 4.15(a) with single and double lines, respectively.
Single lines represent so-called single bonds, which are majority bonds shared by
one hexagon and one pentagon. In the single bonds carbon atoms participate
which exhibit graphitic hybridization of sp2-type. The length of a single bond is
1.46Å. However, there exist so called double bonds, shared by two hexagons and
represented by double lines in Fig. 4.15(a). They come from the atoms in the sp3

hybridization state of diamond and have a characteristic length of 1.40Å. Their
angle in the pentagon is 108◦ being very close to the one in the diamond crystal
(109◦28”). The atomic diameter of the C60 cage is 7.1Å. Since the majority of
C atoms is of sp2 hybridization state, there will be dangling pz orbitals of the 2p
atomic shell, directed perpendicular to the buckyball’s surface. Molecular elec-
tronic states derived from these orbitals (π-states), hold the main responsibility
for electronic properties of the fullerenes and their conductivity. Because of the
π-states, the effective diameter of C60 will be different from the atomic one. It is
defined as the diameter of charge localization which is equal to 10Å.

Regarding electronic properties of the fullerenes in more detail, one can refer
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to many theoretical and experimental works [186, 187]. The closed-shell electronic
structure of C60 results in a π-derived fivefold degenerate highest occupied molecu-
lar orbital (HOMO) and a threefold degenerate lowest unoccupied orbital (LUMO).
Occupied states are mainly localized on single bonds in the fullerene cage, while
unoccupied states are predominantly situated on the double bonds. The elec-
tronic structure of occupied and empty states in C60 measured with photoelectron
spectroscopy (PES) and inverse photoelectron spectroscopy (IPES), respectively,
is shown in Fig. 4.15(b) (the figure was taken from Ref. [187]). The electronic
configuration of the π-states (HOMO) and π∗-states (LUMO) appears in the va-
lence band spectra as sharp peaks. Above 7 eV and below -6 eV binding energy
the σ-states also start to contribute to the signal [186, 183].
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Figure 4.15: (a) atomic structure of archetype fullerene C60. The molecule has
the geometry of a secluded graphite sheet, but involves two types of C-C bonds,
which correspond to different hybridization states of carbon atoms. The length
of the single bond is 1.46Å, for the double bond this value is less - 1.40Å. The
absolute diameter of the atomic cage is 7.1Å, while the one of the effective charge
cage is known to be 10Å; (b) electronic structure of C60 valence band below and
above Fermi level, as well as a π-π∗ shake-up structure of the C1s core level in the
fullerene molecule. The figure was taken from Ref. [187]

Fullerenes can also exist in a solid phase forming face-centered cubic (f.c.c.)
crystals with lattice constant a0=14.2Å under ambient conditions [188]. Although,
the interaction in these crystals, which are known as fullerite, is very weak due
its van der Waals nature, overlapping of π-states results in the appearance of a
distinct dispersing bulk electronic structure [186, 189]. The fullerene solid state
has recently attracted huge attention because of unexpected electronic properties.
In normal conditions fullerite is an insulator because the energy bands of archetype
C60 are either completely filled or completely empty, introducing a large energy gap
between HOMO and LUMO (∼ 3 eV). To induce metallicity in the fullerene either
the conduction band has to be partially filled by electron doping, or the valence
band must be partially emptied through doping of holes. Electron doping can be
realized by intercalation of alkali metals (A) into the fullerene cage [190]. Such
compounds of the type A3C60 become metallic and even superconducting at low
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temperature [191, 192].

Fullerenes in the solid state may exhibit another interesting phenomenon - the
polymerization effect [194, 195, 196]. Under the influence of light or high pressure
and high temperature, individual fullerene molecules in the solid may become joint
to their neighbors through covalent bonding. As a result, a strongly anisotropic
electronic structure of reduced dimensionality may appear in such molecular crys-
tals. In addition to the aforementioned superconductivity, another fascinating
effect was discovered: ferromagnetism of polymerized fullerite. Appearance of
magnetic ordering has been recently demonstrated in the anisotropic rhombohe-
dral fullerene polymer Rh-C60 [193].

Figure 4.16: Structure of the single wall carbon nanotube (SWNT), side view.

The fullerene family includes another exciting example of carbon nanostruc-
tures - the nanotubes. They are cylindrical molecules with diameters ranging from
several to tens of Ångström and length of up to hundreds of micrometers. The
nanotubes, discovered in 1991 [197], appear to be the most perfect realization
of a physical object with distinct one-dimensional atomic and electronic proper-
ties. The structure of a nanotube can be understood as a cylindrically wrapped
graphite sheet. Fig. 4.16 gives an idea of the nanotube structure. Basic molecules,
which are built of only one convoluted graphite layer are called single wall nan-
otubes (SWNT), while tubes which have the structure of a ”russian-doll” involving
several nanotubes taken up inside of each other are named multi wall carbon nan-
otubes (MWNT). MWNT’s are especially interesting because of their shell selected
conductance and dependence of the electronic properties on the number of shells
[198]. In the last years the nanotubes have attracted a colossal interest, because
they have successfully been applied in nanotechnology [199, 200, 201]. In partic-
ular, fabrication of a voltage invertor, which is in fact an elementary computer
circuit, has been achieved by realization of two field effect transistors (FET) on a
single nanotube [202].

At the same time, experiments with nanotubes as well as their industrial appli-
cation experience significant difficulties. The nanotubes, as opposed to the simple
fullerenes (like archetype C60), cannot be placed and arranged on the substrate in
an accurate and chemically ”clean” way - their deposition in most cases is per-
formed from organic solutions. Just recently a novel dry-contact method of in

situ deposition has been developed [203]. With respect to that, phenomena of
low-dimensional self-organization between the simple fullerenes like C60 became
highly interesting. If one succeeds in producing one- or two-dimensional ordered
nanostructures of C60 (which might be suggested under vacuum conditions on
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a well characterized periodic substrates) and achieve polymerization, fascinating
low-dimensional objects can be produced. Likewise, formation of molecular nanos-
tructures of archetype fullerenes is interesting by its own with respect to their
joint electronic properties or their nanomagnetism. For example, self-organization
of fullerenes, intercalated with magnetic materials may provide unique effects of
magnetic ordering between the incorporated atoms which reside in the structural
matrix of the molecular cluster being separated by carbon shells.

Another important aspect of fullerene transport and self assembly is related to
cluster engineering. In a number of works the phenomenon of fullerene defragmen-
tation under the influence of temperature, photon, ion or electron beam has been
demonstrated [204, 205]. This effect is very important for nanoapplications, be-
cause it makes possible to fabricate atomic clusters of carbon in different allotropic
forms (i.e. carbine, graphite) on a variety of substrates with strictly pre-determined
atomic count and dimensions.

In the forthcoming part of the present Thesis a fairly new phenomenon of
template-induced self-organization of archetype fullerene molecules C60 into ”magic”
(perfectly uniform) van der Waals clusters and aligned cluster chains will be re-
ported. As a substrate for C60 deposition the two-dimensional surface carbide
W(110)/C-R(15×3), has been used. It has dimensions of the unit cell (8Å×13Å)
comparable to the 10Å-shell of C60. Electronic structure and surface geometry of
the surface carbide are well understood and have already been described in detail
in the previous Section.

The appearance of ”magic numbers” is among the most intriguing issues of
self-organization phenomena. Their existence has been revealed in many systems
of different nature. Actually, fullerene themselves are a very prominent example of
such self-organization : the number of carbon atoms in the molecule n is a typical
”magic number” since in stable clusters only particular values like 26, 28, 60, 70 etc.
are allowed [183]. Magic numbers have also been observed for many metal cluster
systems and were recently observed for gases. It has been show that He atoms
tend to produce Hen clusters with n=0, 14, 22, 44 [219]. Similar phenomena were
observed also in two-dimensional systems, where the formation of perfectly uniform
metallic nanoclusters on a Si(111)-(7×7) template was achieved [220, 221]. So far,
such effects on atoms are widely studied and generally understood, only a few
reports on self-organization of fullerenes has been published [213] and no study at
all on two-dimensional clustering. The first observation of such system is presented
in this Thesis.

In the forthcoming Section, an STM study of C60 self-organized on the tungsten
surface carbide into molecular clusters with 4 and 7 molecules is reported. For
higher coverages an alignment of these clusters to the template and formation of
cluster chains occurs. Furthermore, the thickness-dependent electronic structure
of C60 on the surface carbide studied with photoemission is compared with C60

on clean W(110). Since PES displays no effect of charge transfer, formation of
clusters [210, 211, 212, 213] will be considered as self-organization effect in a two-
dimensional molecular gas in terms of the van der Waals formalism [214, 215, 216,
217, 218].
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In order to describe the observed phenomena, a model calculation of the total
cluster potential will be performed in the framework of the Girifalco approach [214]
with Lennard-Jones interatomic potential [215] for static cluster configurations.
The geometry provided by the calculations agrees well with the structures observed
experimentally.

4.3.2 Experimental details

Experiments have been done at a base pressure below 1×10−10 mbar. Self-organization
of the clusters has been systematically studied in dependence of the coverage by
STM. Photoelectron spectroscopy has been used in order to check the electronic
structure of clusters and the interaction between adsorbed fullerenes and the sub-
strate.

The surface-carbide W(110)/C-R(15×3) was used as template. It has been pre-
pared in the standard way [224] described in the preceding Sections of this work.
Sub-monolayer amounts of C60 were evaporated in situ from a heated quartz cru-
cible at a low deposition rate of 2 – 40 ×10−3 ML/min. The amount of deposited
C60 has been carefully controlled with an oscillating quartz microbalance, cali-
brated by the STM and PES. After deposition, STM measurements were started
typically within 10-15 minutes. Clustering of C60 has been found to take place at
room temperature along with the deposition. All measurements have been per-
formed at 300K.

The preparation procedure of the STM tip must be emphasized. Electrochemi-
cally etched polycrystalline W tips were initially cleaned in situ by Ar+ sputtering,
annealed at nearly 2000◦C and reformed by autoemission at 4kV [232]. For imaging
of C60 nanoclusters they were, however, modified. In particular, a single fullerene
molecule was ”caught” at the apex and used as a tip itself. In multiple experi-
ments it was revealed that sub-ML films of C60 cannot be realistically imaged with
clean W tips on a surface carbide. Corrugations measured in this way by STM
exhibit a chaotic topography [233], which can be attributed to the chemical inter-
action which is stronger between the tip and adsorbed C60 than between C60 and
the template. Note that similar problems were reported before for ”as deposited”
fullerenes on a Si substrate [234]. The only way to obtain a physically justified
STM characterization in the present experiment was to ”passivate” the tip apex
with one (or several) C60 molecules which can be picked up from the surface by
voltage impulses of about ±500 mV. Fig. 4.17 illustrates this technique.

PES measurements were done at the BESSY beamlines U125/1-PGM [235] and
U56/1-PGM [236] using the hemispherical analyser VG ESCAlab at 80 meV energy
and 1◦ angle resolutions (see Chapter 1).
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4.3.3 Results

STM characterization of self-assembled fullerene nanoclusters

STM images of C60 on the surface carbide are presented in Fig. 4.18. The topogra-
phy signal Z has been recorded in mixed Z/I mode with a single fullerene molecule
at the tip. Images in Fig. 4.18 represent a spatial distribution of the unoccupied
LDOS near the Fermi level EF , as tunneling through the barrier has been set from
the tip to the sample at a positive sample bias of about +200 mV . Characteristic
corrugation profiles S1−4 of the clusters are given below (Fig. 4.18(e)). The vector
basis (V‖,V⊥) of the surface carbide was introduced earlier (Fig. 4.2) and will be
used also here for description of the cluster geometry. These vectors are marked
in each scan in Fig. 4.18. Because dimensions of the template surface cell are
unambiguously known, an absolute calibration for the STM is possible. To remind
the reader, the STM measurements of the surface carbide reveal the periodicity
of the R(15×3) superstructure as 8Å along V‖ and 13Å in the direction V⊥ (Fig.
4.3).

Structural configuration and dimensions of the self-assembled clusters depend
strongly on the amount of deposited C60. At low coverage (≤0.2 ML) only small
and slightly elongated clusters with distinct diameter of 25 Å (Fig. 4.18(a), mark
”Klow”) have been observed. Increasing the deposited amount of fullerenes (0.3-4
ML) leads to the appearance of large clusters with dimensions of ∼ 50 Å (Fig.
4.18(b), mark ”Khigh”). No other shapes and dimensions of individual clusters
have been observed, therefore one can claim these two phases as basic which will
be referred to further as low- and high-configuration (Klow and Khigh) of small and
large clusters, respectively.

Further increase of C60 deposition causes a rather unexpected phenomenon,
which can be named cooperative self-assembly. Fig. 4.18(c) shows an example of
this effect on the Klow clusters. Here, at a total coverage 0.4 ML and low deposition
rate the low-configuration clusters gain a complicated macro configuration through
the junction of two extra C60 molecules to their opposite sides, which starts to look
like a short cluster chain. Note that this chain is oriented along [001] of W and is
not correlated to the V‖,⊥ directions of the carbide template.

The same effect of cooperative self-organization was observed for Khigh-clusters
at 0.5 ML coverage. It reveals a distinctly different grouping of the self-assembled
clusters (shown in Fig. 4.18(d)). Four fullerene clusters form now chains of identical
length. Each of them incorporates one Khigh-cluster as well as three Klow on the
sides. The chain gains a total length of ∼ 120Å being, as opposed to Fig. 4.18(e),
now aligned to the carbide stripes i.e. to the V‖ direction of the template.

From the STM data in Fig. 4.18 it is easy to see that bigger clusters always
appear much brighter in the topography. Analysing the absolute amplitude of
corrugation in the characteristic profiles S1−4 from Fig. 4.18(h), one finds that the
detected topography height of the Khigh-cluster is about 8 Å, while for Klow this
value is smaller: ∼ 6 Å. The corrugation from the single C60 molecule observed in
Fig. 4.18(e) is even less: ∼ 3-4Å.
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Figure 4.18: STM study of the self-organized fullerene nanostructures on the tem-
plate W(110)/C-R(15×3) at low positive sample bias +200 mV; (a) Klow cluster
configuration appears at low coverage (≤0.2 ML); (b) larger clusters Khigh are
formed at increased coverage (0.3 - 0.4ML); (c) cooperative self-organization of
Klow-clusters; (d) cooperative self-assembly of Khigh-clusters leads to formation
of cluster chains; (e) characteristic profiles of corrugation over the clusters from
figures (a)-(d).
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Indeed, the changes in the STM corrugation can happen because of two rea-
sons; (a) ”real” topographical variation of the potential relief, and (b) increasing
of tunneling current as a result of changes in the local density of states (LDOS).
In some previous STM reports it has been shown, that the fullerene can appear
”bright” and ”dark” [237, 238] and even exhibit a geometrically deformed cage [239]
which depends on the particular environment of the adsorption site. In the current
experiment the observed corrugations are related to differences in the electronic
structure of the single C60, Klow and Khigh clusters. From the data presented
in Fig. 4.18 where the unoccupied LDOS in the nanoclusters is mapped, it is
possible to conclude that decrease of the LDOS at EF is collective and larger in
the big clusters than in the small ones and individual adsorbed C60. In order to
prove unambiguously, that the apparent height of the clusters is a pure effect of
the electronic structure, in Fig. 4.19(a) the topography of the occupied LDOS is
demonstrated, which has been recorded at reverse sample bias of –200 mV. The
characteristic profile S5 is shown in Fig. 4.19(b) compared with the corrugation S4

along the cluster chain from Fig. 4.18(d). While the maximum of the tunneling
signal recorded at positive bias +200 mV belongs to the central cluster, the max-
imal corrugation for reversed polarity falls on the end of the chain. This clearly
proves the assumption that real topographic relief has less to do with the detected
heights of the clusters. Such anisotropy in the occupied LDOS along the cluster
chain is an interesting point and will be discussed later.

In addition it is important to remark a comparative STM measurement of
C60 on clean W(110). The performed studies (not reported here) did not reveal
any appearance of the uniform clusters, but rather the formation of arbitrary large
islands of the fullerene film. One can be absolutely confident that the effects of self-
assembly, internal structure as well as electronic properties of the C60 nanoclusters
are explicitly determined by the R(15×3) template of the surface carbide.

Photoemission study of C60 on the surface carbide

Fig. 4.20 demonstrates photoelectron spectra of fullerenes on a surface carbide
for different amounts (from 0.3ML to 2ML) of deposition. Photoemission was
measured in a direction nearly normal to the substrate. For comparison, spectra
from the same amounts of C60 deposited onto the clean W(110) are shown in the
diagram by dotted lines. Note that the whole electronic structure of fullerenes on
the clean tungsten shows a remarkable energy shift δE=0.45 eV towards higher
binding energies. This effect has been already understood on a variety of metallic
substrates [208, 240] and attributed to charge transfer from the metallic surface to
C60. For clarity of the analysis, the dotted spectra of 1ML and 2ML C60 in the
diagram are referred to the binding energies of HOMO-3 and HOMO-2 molecular
orbitals.

One can see in Fig. 4.20, that HOMO-2 of C60 on clean W(110) (dotted line)
has the same binding energies for 1ML and 2ML coverage. However, the electronic
structure of ≤1ML C60 on the surface carbide (solid line) is obviously different than
that of 2ML. For 1ML HOMO-2 has a shift δH=0.46 eV towards lower binding
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energies. At the sub-ML amounts of fullerenes this shift is even larger, reaching
0.52 eV and the peak appears split, which manifests a partial depopulation of the
HOMO accompanied by local pinning of the Fermi level. This point is presumably
related to the formation of basic cluster configurations observed by the STM.

4.3.4 Discussion

What is the driving force of self-organization?

First of all, the question to be answered is: what is the driving force of the ob-
served self-organization? The observed self-assembly suggests a high mobility of
the individual fullerenes on the R(15×3) template at 300K due to the low-energy of
molecule-substrate interaction. Since the photoemission study of C60 on the surface
carbide reveals no effects of charge transfer (Fig. 4.20) no strong chemical bonding
takes place between adsorbed fullerenes and the carbon-passivated W(110). The
only bonding which involves no electron exchange is van der Waals [216] dipole
interaction between slightly polarized molecules or atomic clusters. Referring back
to the distance-dependent STM study of W(110)/C-R(15×3) (Fig. 4.3), the dan-
gling bonds of p-orbitals over the zigzag chains of carbon and ionic polarization
of the carbide overlayer as well [241, 243] may cause an induced polarization of
adsorbed fullerenes [244, 245, 246]. In order to evaluate the energy of interaction
between the single C60 and the substrate, the same approach used for characteriza-
tion of fullerenes on graphite sheets has been used. Since photoemission detected
no drastic influence of the W substrate on the electronic structure of C60, and
STM revealed dangling bonds over carbon atoms in W(110)/C-R(15×3) (similar
to pz-orbitals in graphite) the carbide overlayer can be considered as graphite sheet
with particularly different arrangement of atoms.

Model calculations

A Ruoff-Hickman potential adopted by Girifalco [216, 214] was used for model cal-
culations. Girifalco considers C60 as a hollow sphere of radius Rmol =0.355 nm with
carbon atoms uniformly distributed over the surface (Fig. 4.21(a)). Such model
representation is fully justified for room temperature, when fullerene molecules
are freely rotating either on a substrate or in a van der Waals lattice. The C-C
interaction is described by the Lennard-Jones potential [215] which has a form
[216]:

(4.2) Ucc(r) =
C12

r12
− C6

r6

where r denotes the distance between two carbon atoms, C12=3.4812×10−8

[eV·(nm)12] and C6=1.997×10−5 [eV·(nm)6] [214, 217]. The interaction potential
between the hollow C60 and a single carbon atom of substrate, is then evaluated
as:
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Table 4.2: Energy of van der Waals interaction between C60 and the R(15×3)
matrix of carbon atoms calculated for different adsorption sites in dependence of
the molecule elevation h over the template.

h[Å] Usubst in A [eV] Usubst in B[eV] Usubst in C[eV]

5 +0.635 +63.6 +62.5
6 -0.101 +0.161 +0.152
7 -0.0735 -0.0727 -0.0732

(4.3) Umol(Z) = V12(Z) − V6(Z)

where

(4.4) Vn(z) =
CN

2(n− 2)

N

(Rmol · Z)
× [

1

(Z − Rmol)n−2
− 1

(Z +Rmol)n−2
]

Here N is the number of carbon atoms in a hollow sphere (N=60), Rmol=0.355
nm denotes the radius of the fullerene atomic cage, and Z means the distance
between the molecule and a carbon atom of the substrate (see Fig. 4.21(a)). The
total interaction energy between the molecule and the plane of carbon atoms Usubst

is then obtained by integrating V (Z) over all atoms in the plane. In the present
report this has been done numerically for a (30×30) matrix of carbide surface
lattice. The interaction energy has been evaluated for three possible adsorption
sites with high-symmetry environment, which are A, B and C as shown in Fig.
4.21. The values of the adsorption energy calculated for different elevations h of
the molecule over the surface of the template are summarized in Table 4.2.

It is evident from Table 4.2 that site A is predominant for adsorption, since
the interaction energy there is always minimal. Moreover, the absolute values of
Usubst demonstrate that the most probable elevation h is about 7 Å. While the
lower elevations give physically meaningless values of the interaction potential, the
energies, calculated for h = 7 are about -0.1 eV being always negative. This is
fully justified for van der Waals interactions. In addition, h = 7 is exactly the
elevation of C60 adsorbed on a graphite sheet [217, 218]. Thus, this value will be
used in the following. So far it was evidently shown that different heights of the
clusters detected by STM are purely an electronic effect (Figs. 4.18 and 4.19).
Therefore, the fullerene clusters will be considered as flat, i.e. two-dimensional
assemblies of C60 which are 1 ML thick. With respect to this, the observed clusters
can be interpreted as self-organized with ”magic numbers” in a two-dimensional

molecular gas using the simplified method of static cluster configuration instead of a
molecular dynamics approach [222] (which is the subject for further analysis, not in
the frame of this work). In particular, the static method suggests the analysis of the
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most probable cluster configurations selected from symmetry considerations and
calculation of the total energies of intermolecular interactions. Then the energies
of the most favorable configuration must be analyzed as a function of N (where N
denotes the number of fullerenes in the cluster) and the energetically profitable N
can be revealed from the behavior of the second finite difference of the total energy
[210].

Since the problem of potential determination has a probabilistic character due
to the rotational freedom of C60, all calculations were performed using an approach
of the Monte-Carlo method i.e. calculating and averaging the energy of interac-
tion between the molecules for up to 1000 randomly selected orientations of the
molecular cages.

Calculations of cluster energy have been performed using the same Lennard-
Jones pairwise additive atom-atom potential Ucc given in Eq. (4.2). To obtain
the interaction energy between two different fullerenes (denoted as α and β), this
atomic potential must be integrated over all mutual pairs of carbon atoms:

(4.5) Uαβ =

60
∑

i=1

60
∑

j=1

(
C12

(rαβ
ij )12

− C6

(rαβ
ij )6

)

Summarizing Uαβ over the pairs of C60 in the cluster one gains the total potential
of interaction:

(4.6) Utotal =
1

N
·

N−1
∑

α=1

N
∑

β=α+1

Uαβ

After the molecule elevation h is established, another important question must
be answered. How big is the lateral separation between molecules in the cluster
and what is the influence of the R(15×3) template? Fig. 4.22 demonstrates the
modulation of the tunneling current recorded simultaneously with the STM image
presented in Fig. 4.18(b). Since the current channel is more sensitive to the
corrugation amplitude it gives an idea about the internal structure of the cluster
Khigh. One can evidently see that the cluster consists of fullerene chains aligned
to the V‖ direction of the substrate. The measured separation between the chains
coincides with the periodicity of the surface carbide unit cell in the V⊥-direction
being equal to 13 Å. As for the molecule separation along V‖ (i.e. periodicity inside
the chain) the situation is more complicated, since it was not resolved by STM.
This value should be evaluated from interaction energy calculations. Neither a
separation which is equal to the periodicity of the R(15×3) template along V‖ (8
Å) nor the double periodicity (16 Å) provides a reasonable energy of the molecule
interaction. At a separation of 8 Å the van der Waals formalism is not usable at
all, since electron cages of C60 (∼ 10 Å) should already be overlapping. On the
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Figure 4.22: Modulation of the STM current recorded simultaneously with Fig.
4.18(b). The internal anisotropic structure of clusters is perfectly resolved - they
consist of fullerene chains aligned to the V‖ direction of surface carbide.

other hand, the distance of 16 Å appears to be too large: the C60-C60 interaction
is then about one order of magnitude weaker than the interaction between the
molecule and the substrate, which would fully disprove the principle idea of cluster
existence.

Preliminary calculations revealed that a physically justified separation is 13.2
Å, which is 3/2 of the R(15×3) template periodicity in the V‖-direction. This
value also agrees with the separation along V⊥, and appears to be very reasonable,
since it is comparable with the lattice constant of the van der Waals face-centered
cubic (f.c.c.) crystal of fullerite (14 Å). The fact that some fullerenes in the cluster
appear to be adsorbed not at sites A but rather at sites C (Fig. 4.21) does not
seriously affect the result of the calculations. The point is that the intermolecular
interactions obtained for lateral separations of about 13 Å are 4-5 times stronger
than the C60 interaction with the substrate. However, the environment of the
template may slightly affect the electronic structure of fullerenes: this will be
further discussed below.

A variety of geometrical configurations of clusters has been calculated. Selected
results are reported in Fig. 4.23. The total energy of interaction (calculated per
molecule) is plotted for different numbers of C60 (N=2-8) and different structure of
clusters. Selected configurations (characterized with minimal and maximal values
of the energy) are shown in the insets near the data points. Binding energies (total
energies with opposite sign) of the most stable structures are plotted in Fig. 4.24(a)
as a function ofN . On can clearly see that the binding energies which correspond to
”magic numbers” N=4 and N=7 are increased. This effect is more evident in Fig.
4.24(b), where the plotted second finite difference of the total energy ∆2E = E(N+
1)+E(N−1)−2·E(N) exhibits two evident peaks. Thus, the theoretical evaluation
suggests that the cluster configuration Klow incorporates 4 C60 molecules, while
Khigh has 7 molecules in its structure. Molecule layouts of ”magic” clusters used
in calculations for N = 4 and N=7 are shown in detail in Fig. 4.25(a). Note
that also the layouts are in good agreement with experiment. Unfortunately, it
is difficult to establish from STM data the exact inner layout, since individual
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molecules cannot be resolved. This can be hardly related to the tip quality which
was actually a single fullerene molecule (Fig. 4.17). Two explanations are offered.
Firstly, the charge cage of C60 arranged in rows along the direction V‖ can be
deformed [239] by the anisotropic potential of W(110)/C-R(15×3), which leads to a
decrease of the detectable separation. Another reason is method-related. Since the
lateral separation between molecules inside the rows is 3/2 of the R(15×3) lattice
constant, it comes out that every second C60 will be adsorbed on the template at
the energetically non-favorable site C (Fig. 4.21(b), Fig. 4.25(a) and Table 4.2).
This, in particular, means that such molecules are less stable and can be brought
to lateral movement along V‖ by the STM tip. In such case the STM image of
rows will obviously be blurred. The way to improve the resolution is to measure
C60 on a surface carbide at low temperatures. This is a forthcoming task, however
one should be aware that self-organization of fullerenes may be affected since the
heat factor kT seems to be very important for the mobility of C60 on the template.
Nevertheless, although molecular resolution is not achieved (likely because of the
physical properties of the investigated object) the assumed dimensions and the
shape of the clusters are well correlated with those observed by STM (Fig. 4.18(a)
and (b)).

One more question to answer is what the reason is for the variations in the
electronic structure of clusters detected by STM and PES. Depopulation of the
LDOS at Fermi level resulting in the split and shifted peak HOMO-2 (Fig. 4.20)
can be explained as being a result of different environment of the adsorption site.
So far almost one half of the molecules in the clusters are adsorbed at sites A (Fig.
4.21), another half is placed at sites C i.e. over zigzag chains of the carbide template
where dangling bonds were detected (Fig. 4.3). This causes different polarization
of molecules resulting in local changes of the electronic structure. Such situation
is very similar to the case of graphite, where STM shows a three-fold symmetry of
the image instead of a six-fold one (Fig. 1.11). The fact is that only three atoms
out of six in the graphitic hexagon have neighbors with a dangling bond pz in
the underlying plane. This causes localization of occupied LDOS on these atoms
while empty states are distinct to the other three [223]. A very similar influence of
dangling bonds on the electronic structure of the C60 cluster can be present in our
case. In particular, the local electronic structure can change from one molecule to
another, but it is always a question how the STM tip will detect these variations.

Self-organization of cluster chains

The observed effects of cooperative self-organization of the clusters (Fig. 4.18(c,d))
which takes control over the cluster arrangement are more complicated but likely
have the same electrostatic nature. It is possible to assume the appearance an
inter-cluster interaction at higher C60 coverages. At some point, the mean lat-
eral distance between the clusters becomes short enough to allow for intercluster
van der Waals forces to play a role. As a result, formation of every next clus-
ter becomes energetically more efficient in the direct neighborhood to the existing
one. Substantial clustering appears to be linearly arranged. Although cooperative
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Figure 4.25: (a) molecule arrangements in the basic clusters Klow and Khigh given
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(b) proposed structure for cluster chains observed in Fig. 4.18(c) and (d).
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self-organization can be described in the same van der Waals formalism as used
above, a more sophisticated non-static model is desired which is not the topic of
this Thesis. Nevertheless, the structure of cluster chains extracted from a careful
analysis of STM data is given in Fig. 4.25(b)

In summary, a study of template-induced self-organization of C60 on a sur-
face carbide W(110)/C-R(15×3) has been performed. STM measurements have
revealed that deposited fullerenes exhibit self-assembly into perfectly uniform van
der Waals molecular nanoclusters. For description of this phenomenon a formalism
of two-dimensional fullerene gas was proposed. The existence of basic cluster con-
figurations with ”magic numbers” has been proved by model calculations of total
interaction energy in Girifalco’s approach. At increased coverage a cooperative
effect of macro self-organization leading to formation of aligned uniform cluster
chains has been observed.
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4.4 Summary of conclusions

Summarizing, the following conclusions were made in this Chapter. Firstly, an ad-
vanced structural model of two-dimensional tungsten carbide W(110)/C-R(15×3)
is developed: the superstructure of carbon atoms, which has dimensions (13 Å ×
8 Å), is embedded into the first monolayer of W. It leads to a non-diffuse bulk
termination and provides a specifically new surface state at 0.7 eV binding energy,
which was detected by photoemission. This surface state at 0.7 eV is laterally
quantized in the direction parallel to the long side of the surface carbide unit cell.
This is a clear evidence of one-dimensional buckling of W(110)/C-R(15×3) which
imparts the substrate a quasi-stepped character.

Combined STM and PES studies have demonstrated that the W(110)/C-R(15×3)
is a promising template for self-organization of nanostructures. At elevated tem-
perature it provides self-organization of Au clusters and nanowires which are 1 nm
wide. These self-assembled Au nanowires have distinct one-dimensional electronic
structure featuring lateral quantum well states in d-bands. Such quantization is
well described in terms of a one-dimensional particle-in-a-box approach.

Beyond this, W(110)/C-R(15×3) controls the self-organization of archetype
fullerenes C60 into uniform molecular nanoclusters with ”magic numbers”. Since
the distance-dependent STM has revealed that tungsten surface carbide W(110)/C-
R(15×3) is ionically polarized featuring dangling bonds over carbon atoms, and
no effects of charge transfer between adsorbed molecules and the substrate were
found in PES, van der Waals interaction has been assumed as driving force of the
self-organization. Static model calculations with Lennard-Jones potential of C-C
interaction reveal two stable cluster configurations with 4 and 7 molecules. These
results are in good agreement with the experimental data.

121



Summary

The Thesis is focused on the properties of self-organized nanostructures. Atomic
and electronic properties of different systems have been investigated using meth-
ods of electron diffraction, scanning tunneling microscopy and photoelectron spec-
troscopy. Implementation of the STM technique (including design, construction,
and tuning of the UHV experimental set-up) has been done in the framework of
present work. This time-consuming work is reported to greater detail in the ex-
perimental part of this Thesis.

The scientific part starts from the study of quantum-size effects in the elec-
tronic structure of a two-dimensional Ag film on the supporting substrate Ni(111).
Distinct quantum well states in the sp-band of Ag were observed in photoelectron
spectra. Analysis of thickness- and angle-dependent photoemission supplies novel
information on the properties of the interface. For the first time the Ni(111) rel-
ative band gap was indirectly probed in the ground-state through the electronic
structure of quantum well states in the adlayer. This is particularly important for
Ni where valence electrons are strongly correlated. Comparison of the experiment
with calculations performed in the formalism of the extended phase accumulation
model gives the substrate gap which is fully consistent with the one obtained by ab-
initio LDA calculations. It is, however, in controversy to the band structure of Ni
measured directly by photoemission. These results lend credit to the simplest view
of photoemission from Ni, assigning early observed contradictions between theory
and experiments to electron correlation effects in the final state of photoemission.

Further, nanosystems of lower dimensionality have been studied. Stepped sur-
faces W(331) and W(551) were used as one-dimensional model systems and as
templates for self-organization of Au nanoclusters. Photon energy dependent pho-
toemission revealed a surface resonance which was never observed before on W(110)
which is the base plane of the terrace microsurfaces. The dispersion E(k) of this
state measured on stepped W(331) and W(551) with angle-resolved photoelectron
spectroscopy is modified by a strong umklapp effect. It appears as two parabolas
shifted symmetrically relative to the microsurface normal by half of the Brillouin
zone of the step superlattice. The reported results are very important for under-
standing of the electronic properties of low-dimensional nanostructures.

It was also established that W(331) and W(551) can serve as templates for self-
organization of metallic nanostructures. A combined study of electronic and atomic
properties of sub-monolayer amounts of gold deposited on these templates have
shown that if the substrate is slightly pre-oxidized and the temperature is elevated,
then Au can alloy with the first monolayer of W. As a result, a nanostructure of
uniform clusters of a surface alloy is produced all over the steps. Such clusters
feature a novel sp-band in the vicinity of the Fermi level, which appears split into
constant energy levels due to effects of lateral quantization.

The last and main part of this work is devoted to large-scale reconstructions
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on surfaces and nanostructures self-assembled on top. The two-dimensional sur-
face carbide W(110)/C-R(15×3) has been extensively investigated. Photoemission
studies of quantum size effects in the electronic structure of this reconstruction,
combined with an investigation of its surface geometry, lead to an advanced struc-
tural model of the carbide overlayer.

It was discovered that W(110)/C-R(15×3) can control self-organization of ad-
layers into nanostructures with extremely different electronic and structural prop-
erties. Thus, it was established that at elevated temperature the R(15×3) su-
perstructure controls the self-assembly of sub-monolayer amounts of Au into nm-
wide nanostripes. Based on the results of core level photoemission, the R(15×3)-
induced surface alloying which takes place between Au and W can be claimed
as driving force of self-organization. The observed stripes exhibit a characteristic
one-dimensional electronic structure with laterally quantized d-bands. Obviously,
these are very important for applications, since dimensions of electronic devices
have already stepped into the nm-range, where quantum-size phenomena must
undoubtedly be considered.

Moreover, formation of perfectly uniform molecular clusters of C60 was demon-
strated and described in terms of the van der Waals formalism. It is the first
experimental observation of two-dimensional fullerene nanoclusters with ”magic
numbers”. Calculations of the cluster potentials using the static approach have
revealed characteristic minima in the interaction energy. They are achieved for 4
and 7 molecules per cluster. The obtained ”magic numbers” and the corresponding
cluster structures are fully consistent with the results of the STM measurements.
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Ortega, Phys. Rev. B 66, 245419 (2002).

[169] J. E. Ortega, A. Mugarza, V. Repain, S. Rousset, V. Pérez-Dieste, and A.
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[212] L. J. Galleo, J. Garćıa-Rodeja, M. M. G. Alemany, C. Rey, Phys. Rev. Lett.
83, 5258 (1999),
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Zusammenfassung

Die aktuelle Doktorarbeit ist auf die Eigenschaften von selbst-organisierten
Nanostrukturen fokussiert. Die strukturellen und elektronischen Eigenschaften von
verschiedenen Systemen wurden mit den Methoden Elektronenbeugung, Raster-
tunnelmikroskopie und Photoelektronenspektroskopie untersucht. Insbesondere
wurde die für die Rastertunnelmikroskopie in situ präparierter Proben eingeset-
zte Apparatur im Rahmen dieser Arbeit konstruiert und aufgebaut. Einzelheiten
hierzu sind im experimentellen Kapitel zu finden.

Der wissenschftliche Teil beginnt mit Untersuchungen von Quantentrogeffekten
in der elektronischen Struktur einer Ag-Schicht auf Ni(111)-Substrat. Charakter-
istische Quantentrogzustände im Ag-sp-Band wurden in Photoelektronenspektren
beobachtet. Die Analyse von schichtdicken- und winkelab-hängiger Photoemission
hat neue und wesentliche Informationen über die Eigenschaften des Ag/Ni-Systems
geliefert. Insbesondere konnte zum ersten Mal eine relative Bandlücke im Ni-
Substrat durch das Verhalten der Quantentrogzustände indirekt vermessen werden.
Das ist für Ni besonders wichtig, weil es sich bei Ni um ein stark korreliertes Elek-
tronensystem handelt. Die Ergebnisse wurden mit Rechnungen auf der Basis des
erweiterten Phasenmodelles verglichen. Der Vergleich ergibt eine Bandlücke, die
sehr gut mit ab-initio-Rechnungen auf Basis der lokalen Elektronendichte-Nährung
überein-stimmen. Dennoch widersprechen die Daten der Ni-Bandstruktur, die di-
rekt mit Photoemission gemessen wird. Diese Kontroverse zeigt deutlich, daß der
Unterschied zwischen Theorie und Experiment Korrelationeffekten im Endzustand
der Photoemission zugeordnet werden kann.

Des weiteren wurden Nanosysteme von noch niedrigerer Dimensionalität un-
tersucht. Gestufte Oberflächen W(331) und W(551) wurden als ein-dimensionale
Modellsysteme für die Selbstorganisation von Au-Nanoclustern benutzt. Pho-
tonenenergieabhängige Photoemission hat eine neue Oberflächen-resonanz aufge-
deckt, die auf der Basisebene der Terrassen dieser Systeme auftritt. Die Disper-
sion E(k) von diesem Zustand, die mit winkelaufge-löster Photoemission vermessen
wurde, zeigt deutlich die Einwirkung von Umklapp-Effekten. Diese zeigen sich als
zwei Parabeln, die relativ zu der Terrassennormale symmetrisch um die Hälfte
der Oberflächen-Brillouinzone verschoben sind. Die erzielten Ergebnisse sind sehr
wichtig für das Verständnis der elektronischen Eigenschaften von eindimensionalen
Nanostrukturen.

Außerdem wurde gezeigt, daß W(331) und W(551) als Vorlage für selbstorgan-
isierte metallische Nanostrukturen dienen können. Eine kombinierte Untersuchung
von strukturellen und elektronischen Eigenschaften von unter-monolagen Mengen
von Au auf diesen Substraten wurde durchgeführt. Es hat sich gezeigt, daß Au
mit dem Substrat an der Oberfläche legieren kann, wenn die Oberfläche ein wenig
oxidiert und die Temperatur erhört ist. Als Folge formiert sich auf den Stufen eine
Nanostruktur von gleichen (aber nicht regelmässig verteilten) Nanoclustern aus
dieser Au-W Legierung. Diese Oberflächenlegierung bildet ein neuartiges sp-Band
in der Nähe der Fermi-Kante. Zudem spaltet dieser neue elektronische Zustand
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in konstante Energieniveaus auf. Das beobachtete Phänomen wird als laterale
Quantisierung interpretiert.

Das letzte Kapitel dieser Doktorarbeit bildet auch den Hauptteil. Es han-
delt von Selbstorganisierungsphänomenen auf einer Oberflächenrekonstruktion und
den Eigenschaften von so hergestellten Nanostrukturen. Das zweidimensionale
Oberflächen-Karbid W(110)/C-R(15×3) wurde intensiv untersucht. Beobachtete
Quantentrogeffekte in der Photoemission in Kombination mit den Ergebnissen
der Rastertunnelmikroskopuntersuchungen führen zu einem verbesserten Struk-
turmodell für das Oberflächenkarbid.

Es wurde auch gezeigt, daß W(110)/C-R(15×3) die Selbstorganisierung von
Nanostrukturen mit sehr verschiedenen elektronischen und strukturellen Eigen-
schaften steuern kann. Es wurde gefunden, daß bei erhöhter Temperatur die
R(15×3)-Überstruktur die Bildung von Nanostreifen aus unter-monolagiger Au Be-
deckung, von denen jede 1 nm breit ist, kontrolliert. Die hergestellten Nanostreifen
besitzen eine charakteristische eindimensionale elektronische Struktur mit lateral
quantisierten d-Bändern. Basierend auf der Photoemission von Rumpfniveaus wird
eine Kohlenstoff-induzierte Ober-flächenlegierung zwischen Au und W als Grund
für die beobachtete Organisierung vorgeschlagen. Solche Phänomene sind sehr
wichtig für Anwendungen, seit die Mikroelektronik in den nm-Maßstab eingetreten
ist, in welchem mit Quantentrogeffekten zu rechnen ist.

Zusätzlich wurde die Bildung von perfekt uniformen molekularen Nanoclustern
von C60 auf W(110)/C-R(15×3) demonstriert. Dieses Phänomen kann im van-der-
Waals Formalismus beschrieben werden. Die berichteten Ergebnisse sind eine erst-
malige experimentelle Beobachtung von zweidimensionalen Fulleren-Nanoclustern
mit magischen Zahlen. Berechnungen der Clusterpotentiale in der statischen Nähe-
rung im Girifalco-Modell zeigen Minima der Wechselwirkungsenergie für Cluster
aus 4 und 7 C60-Molekülen. Diese magischen Zahlen sowie die entsprechenden
Clusterkonfigurationen sind vollkommen konsistent mit den Ergebnissen des STM-
Experiments.
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