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Abstract

This thesis is committed to the study of functional molecules adsorbed on metal
surfaces by means of Low Temperature Scanning Tunneling Microscopy. It includes
two main parts.

In the first part the adsorption geometry of lander molecule (CgoHog) on different
metal surfaces is discussed. Three conformations as well as chiral structures of lander
molecules on the terrace of Cu(100) are observed by STM. Electron scattering quan-
tum chemical calculated results are compared with our experimental data. Lander
molecules adsorb at the step edge of Cu(100) with its conducting board parallel to the
step, thus preventing good electronic contact between the molecule and the step. The
same geometry is found for lander molecules adsorbed at the step of CuzAu(100) al-
though this substrate yields steps whose height perfectly matches the molecular wire
height on terraces. Lander molecules assemble into molecular wires about 10~50 nm
long on Cu(111) at low coverage. Lander molecules adsorbed at step of Au(788) with
specific sites are observed by STM.

A further study concentrates on scanning tunneling spectroscopy of lander ad-
sorbed on different substrates. A shift to higher energy for lander empty state peaks
on CuzAu(100), Ag(111), Cu(111) and Au(111) has been found and is due to the
fact of work function differences between these substrates. Wider HOMO (highest
occupied molecular orbital)-LUMO (lowest unoccupied molecular orbital) gaps in
the spectra of lander molecule on noble (111) substrates compared with CuzAu(100)
are also observed in the spectra data. This is explained as the result of increasing
charging energy due to the screening behavior for lander on noble (111) substrates.

The second part contains the investigation of Cobalt Phthalocyanine molecule
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on Cu(111). Coverage dependent supramolecular structures of adsorbed CoPc on
Cu(111) has been found by STM. It is due to the delicate balance between local
molecule-molecule interaction and molecule-substrate interaction. a(Xx)-type stack-
ing of CoPc is determined with the help of submolecularly resolved STM images. Ev-
ident adsorption-site-dependent STM images of individual CoPc¢ molecule on CoPc
monolayer have been found. This could be explained as to the electronic coupling
change between the molecule and substrate. And experimentally measured scanning
tunneling spectroscopy results of CoPc on Cu(111) are assigned to the molecular

orbitals of CoPec.
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Chapter 1

Introduction

One of the principal driving forces behind the information technology has been minia-
turization, motivated by a large device density per chip and high operational speeds.
In 1965, G. E. Moore predicted that every three years device size would reduce by
33% [1]. This prediction has been fulfilled so far. State-of-art transistors in industry
are currently at the 90 nm node, while transistors with gate length of 50 nm [2] have
been demonstrated.

However, modern computer technology, which relies on silicon-based chips, is
rapidly approaching the limits of its physical capabilities (tens of nanometers). Quan-
tum tunneling, gate oxide reliability, and excessive power dissipation, among other
factors, start hampering the performance of such devices. Some of these issues can
be handled by improving device design, packaging, processing, and channel mobilities
in principal, but this will lead to an increase in fabrication cost [3]. “There is plenty
of room at the bottom” as R. P. Feynman stated in a famous talk to the American
Physical Society in 1959 [4], to proceed towards further miniaturization, science and
technology will have to explore entirely new paradigms, such as architecture and new
channel materials.

One promising strategy towards technology on the nanometer scale is replacing the
“top-down” lithographic approach with a “bottom-up” synthetic chemical approach
of assembling nanostructures and circuits directly from their molecular constituents.

Molecules are naturally small, stable, and their abilities of selective recognition
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and binding can lead to cheap fabrication using self-assembly. Remarkable progress
in this field has been made in the last few years, as researchers have developed ways
of growing, addressing, and measuring small groups of molecules on metal and semi-
conducting surfaces. Several prototype devices such as conducting wires, insulating
linkages, rectifiers, switches, and transistors have been demonstrated [5]. Thus, the
knowledge of the electronic and geometric structure of adsorbed molecules is impor-

tant in surface science and related fields.

In the last 20 years, the most exciting technique related with nanotechnology may
be the invention of Scanning Tunneling Microscope (STM) by G. Binnig, H. Rohrer,
C. Gerber and E. Weibel [6,7]. The power of STM lies in its ability to spatially
observe the electronic states with atomic resolution and energetically observe the
electronic states which lie within a few electron-volts on either side of the Fermi level
with an energy resolution of a few kgT'. The development of STM with other scanning
technique like Atomic Force Microscope (AFM) has been crucial to the rapid progress
in the understanding and engineering of nanosized structures. This new powerful
technique has become an increasingly valuable tool for studying electron transport
through molecules. The ability, using Scanning Tunneling Spectroscopy (STS) [§]
with STM, opens the path to probe the local electronic structure of molecule. In-
elastic Electronic Tunneling Spectroscopy (IETS) of single molecule [9] extends the

possibility of chemical adsorbates identification.

Experiments involving the adsorption of molecules on substrates and analysis
using an STM tip to probe these systems can be found in Refs. [10-16]. Although
STM can provide the surface scientists with the highest resolution images of molecular
adsorbates on a surface, the interpretation of STM images of molecules is not straight
forward, since the internal structure of an STM image reflects the local electronic
structure of the combined adsorbate-substrate system rather than the positions of
atomic nuclei on a solid surface. The adsorption site and geometry also affect the
STM image [17,18], since the electronic structure of the surface and adsorbate may

mix depending upon the adsorption geometry.

To the first approximation, STM measures the electronic structure of the sample



near the Fermi level. When a finite potential bias is applied between the tip and
substrate, the tip and substrate electrochemical potentials separate and the molecular
orbitals located in the window of energy between the two electrochemical potentials,
mediating electron flow between the tip and substrate. In this way, current-voltage
characteristics may give clues of the electronic structure of the molecule.

Since a molecule may interact strongly with the tip and substrate, one should
not think of the molecule as being isolated part of the system. In a more com-
plete analysis, interference of tunneling through different tunneling channels must be
considered. Electron flow depends on the details of the tip and molecule-substrate
coupling [19-22]. In experiments on planar or near-planar molecules [23-27], sub-
molecularly /atomicaly resolved STM images show how current flow through a
molecule is dependent the lateral position of the STM tip above the molecule and
the details of molecule-substrate configuration.

In this thesis, the adsorption of a functional molecular wire [“lander” molecule
(CgoHgg)] and Cobalt-Phthalocyanine (CoPc) molecule served as molecular docking
units for further molecular switch on different metal substrates are investigated by
low temperature scanning tunneling microscopy (LTSTM) operated at 4.7 K (liquid
Helium) in ultra high vacuum (UHV).

The thesis is organized as follows:

An introduction to the theory of scanning tunneling microscopy and spectroscopy
ins presented in chapter 2.

Chapter 3 will describe the experimental setup of the low temperature STM sys-
tem and procedures of sample preparation. As part of the work in this thesis, a new
designed heating stage will also be described.

In chapter 4, the adsorption of lander molecule on different metal substrates will
be discussed in particular the conformations of lander and chiral structures of lander
on Cu(100) and Cu(111). Calculated STM image will be compared to the data of
measured topography of lander molecule and the STS results on lander on different
metal surfaces for getting the electronic structure of the molecule will be presented.

STM studies of the adsorption geometry and electronic structure of CoPc on
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Cu(111) are reported in chapter 5. Different adsorption phases of CoPc on Cu(111)
with a range of coverages from submonolayers to more than 1 monolayer (ML) are
found. Calculated molecular orbital images are compared with measured data of
isolated CoPc molecules on CoPc monolayer. Highly resolved STM images of double
layers CoPc reveals the stacking pattern of CoPc on Cu(111). With manipulation
technique, we find a remarkable change of images for the molecules on different
adsorption sites. On the hollow site, the molecule of the second layer shows finer
submolecular structure than that on the top site. Experimentally measured STS
data of CoPc on Cu(111) will be related to molecular orbitals (MOs) of CoPc.

Finally a conclusion of this thesis will be given in chapter 6.



Chapter 2

Theory

In principle, STM is very simple and beautiful, because essentially it just consists of
an electric circuit. There are two electrodes, one is the tip, the other one is the sample
under investigation. Between the two electrodes is a tunable resistance, the tunneling
resistance, which is determined by the thickness of the vacuum-gap (or gas, liquid).
A bias voltage is applied between the two electrodes. After bringing tip and sample
close enough, in general a few Angstrom [1 Angstrom (A) = 0.1 nanometer (nm) =
1071% m], a measurable tunneling current can flow through the gap due to the quan-
tum mechanical tunneling effect, even though “mechanical point contact” between tip
and sample is not reached. The amplitude of the tunneling current depends strongly
(exponentially) on the separation between the two electrodes. Due to this sensitivity
on the tip-sample distance, STM can achieve a highly spatially resolved information

of the surface by scanning the tip and measuring the tunneling current flow.

2.1 The Tunneling Current

The tunneling effect is an important mechanism which is exploited in several
condensed-matter physics experiments and can only be understood in terms of quan-
tum theory.

As classical physics predict, a microscopic particle, e.g. an electron, will never

be able to traverse a potential energy barrier with a higher energy than the particle.
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Figure 2.1: The difference between classical theory and quantum theory. (a) The classical
theory: The electron can not traverse the barrier, when its energy FE is lower than the
potential barrier height Vj. (b) The quantum theory: The electron is allowed to pass the
barrier since there is a non-vanishing wave function defined inside the barrier even if the

energy of the electron is lower than the barrier height.

However, in quantum theory, the wave-particle dualism (de Broglie, 1923) may in fact

allow this electron to traverse the barrier. This difference is illustrated in Figure 2.1.

In the classical physics picture, as shown in Figure 2.1(a), the electron will hit the
barrier and reflect when its energy F is lower than the barrier height V4. In the picture
of quantum mechanics, by solving the time-independent Schrodinger equations for an
electron with energy F and mass m impinging upon an one-dimensional rectangular
potential barrier, as depicted in Figure 2.1(b), one obtains the wave functions U,

for the three regions (j = 1,2, 3) [28] (here the electron is impinging onto the barrier
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from the left side):

Uy = e*? 4 Aemk= (2.1a)
Uy = Be " 4 Ce™* (2.1b)
Uy = De'*= (2.1c)

with k* = 2mE/h? and x* = 2m(Vy — E)/h?

where h is Planck’s constant divided by 2m. By matching the ¥, and their first
derivatives dV,/dz at the discontinuities of the potential V(2) at z = 0 and z = s,
one gets the transmission coefficient 7" which is the ratio of the transmitted current

density j; and the incident current density 7;:

. —ih A, avsl Rk,
= — [Pl z)— — U =—I\D 2.2
o= g wy(2) 2 () 55| = M) (2.22)
hk
= 2.2b
Ji= (2.2b)
T = ]_t = |D|* = ! (2.2¢)
Ji 1+ (k2 4 k2)2/(4k2K2)sinh® (k)

If we consider the limit of a reasonable thick barrier (ks > 1), the transmitted

current density j is given by

‘ 16k K2 ks
with the decay rate
(Ve — B)
KR =
h

The tunneling current depends strongly exponentially on the barrier width s and the
square root of the effective barrier height (Vo — FE)'/2. Assuming a barrier width of 5 A
and an effective barrier height of 4 eV in an experiment, we get a value of about 10~°
for the exponential factor, and x ~ 1 A~! which means changing the barrier width by
1 A will lead to a change of current by about one order of magnitude. The extreme
sensitivity of the tunneling current to the barrier width provides the extremely high

spatial resolution of STM.
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Figure 2.2: Schematic picture of tunneling geometry in the Tersoff-Hamann model. The

tip is assumed to be locally spherical with radius of curvature R, where it approaches

nearest the surface (hatched). The nearest distance is s. After J. Tersoff [29].

A more detailed analysis of the tunneling current used by Tersoff-Hamann [29, 30]
based on the Bardeen approximation [31] gives the the tunneling current I for low
applied voltage (V') which is commonly used during the experiments [32-35]:

I [ (B~ VIT(E. V(B - eVir) ~ fEDME (2)
where ps(E) and p;(E) are the density of states (DOS) of the sample and the tip at the
energy E (F is measured with respect to their Fermi levels), respectively. f(E,T) is
the Fermi function with the temperature 7. The transmission probability [28,29,35]

is given by:

T(E,eV,s):e:Bp{—Q(s—l—R)\/Zh—T ((]58;—@4—%— )} (2.5)

where m is the electron mass, ¢, and ¢; are the work functions of the sample and the
tip respectively, s is the tip-sample distance and R is the tip radius. The schematic
picture of the tunneling geometry is shown in Figure 2.2.

At low temperatures, kgT < eV (kp is the Boltzmann’s constant), the Fermi

function in Equation 2.4 can be approximated by a step function, thus the current
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Figure 2.3: Schematic energy diagram of the tunneling junction. The energy bands of tip
(left) and the sample (right) are filled with electrons up to the Fermi energies Er; and Ep
(hatched), respectively. The difference between the vacuum energy levels (E,; and E, )
and the Fermi levels are the work functions ®; and ®,. With positive bias V' on the sample,
current indicated by arrows is tunneling from occupied states of the tip to unoccupied states

of the sample.

becomes
eV

I x /pS(E)pt(E —eV)T(E,eV,s)dE (2.6)

0

Figure 2.3 shows an energy diagram that graphically illustrates the tunneling
process. On the left side the LDOS of an electronically featureless tip is shown. On
the right side the LDOS of a metallic sample is plotted. The energy bands of tip and
sample are filled with electrons up to the Fermi level Fr; and Ef, respectively. The
tunneling current originates from electrons crossing the barrier from occupied states
of the tip to unoccupied states of the sample when a positive sample bias (V' > 0) is
applied. Therefore the current is proportional to the sum of the density of unoccupied

states of the surface, weighted by the transmission coefficient.

2.2 Topographic Imaging by STM

The combination of tunneling and scanning capability was successfully achieved with
the invention of STM in the early 1980s. Various modes can be operated in STM to

get information from the studied system.
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(a) (b)

Figure 2.4: Schematic illustration of the constant current mode of STM operation (see

text). After R. Wiesendanger [28].

Figure 2.4 shows the basic principle of the first and most widely used mode of
STM operation, namely constant current imaging (CCI) mode. The sharp metal
tip which can move in the x—, y— and z— directions is positioned over the surface.
During scanning a feedback loop adjusts the height of the tip so that the tunneling
current flowing between tip and sample is kept constant. The height (z) adjustment
is performed by applying an appropriate voltage U, to the z piezoelectric ceramic
while the lateral tip position (x,y) is determined by the corresponding voltages U,
and U, applied to the x and y piezoelectric ceramics. (Piezoelectric material reacts
to an applied electric field by extending in the direction perpendicular to the field.
Typical length change rate of a piezoelectric tube is a few 10 A /V [36].) Therefore,
the recorded signal U, (U,,U,) can be translated into the “topography” z(x,y).

Although the contour map z(z,y) is often referred to as the topographic image of
the sample surface, it is generally not solely the arrangement of atoms on a surface
which determines z(x,y). The contour map z(x,y) reflects a constant current surface
according to the experimental measurement procedure.

According to the Tersoff-Hamann approach Equation 2.4, the STM images ob-
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tained in the constant current mode can be represented as the contour maps of LDOS
at Er evaluated at the center of curvature of the effective tip (see Figure 2.2).

A significant drawback of the CCI mode lies in the finite response time of the
feedback loop which limits the scan speed and data acquisition time considerably. An
alternative way is to use so called constant height imaging (CHI) mode which switches
off the feedback completely during scanning. In this mode, the modulation of the
tunneling current with the sensitivity of the exponential dependence of the current
of tip-surface distance reflects the atomic-scale “topography”. The application of
the CHI mode is limited to surfaces that are nearly atomically flat over the imaged
surface where the amplitudes of topographic features with high spatial frequencies
have to be smaller than the tip-surface distance itself. A significant drawback of
the CHI mode compared with the CCI mode lies in the lack of vertical height (z
direction) information [37,38].

Usually, topographic STM data on a large scale are collected using the CCI mode,
while the CHI mode is used after “zooming” to selected smaller surface areas of

sufficient flatness.

2.3 Scanning Tunneling Spectroscopy

2.3.1 dI/dV spectroscopy

Differentiating Equation 2.6 with respect of V' leads to the differential conductance:

&L o V) PUOT(V, eV, 5) - 2.7)

plus three terms proportional to dp;/dV, dT'/dV and dT'/ds- ds/dV . These are usually
neglected provided that the LDOS of the tip p; is constant and the transmission
probability T varies smoothly in the range of the applied voltages, and the tip is held

at constant height s. Thus the differential conductance reduces to:

dl
v ps(eV)T(eV, eV, s) (2.8)
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Figure 2.5: (a) Schematic diagram of the potential which an electron is exposed to near the
crystal surface (left crystal, right vacuum). Two types of wave functions of a semi-infinite

crystal can be distinguished: (b) bulk states and (c) surface states (red line).

the differential conductance is proportional to the surface LDOS multiplied by the
transmission probability . This is the basic assumption for interpreting STS mea-

surements.

2.3.2 Surface states

The solution of the Schrodinger equation for the periodic potential associated with an
infinite crystalline lattice is known to reproduce successive bands of allowed energies,
which are always separated by forbidden energy gaps. The situation is different
when the presence of a surface breaks the periodicity and, hence, alters the boundary
condition for the Schrédinger equation [Figure 2.5(a)]. Due to this, two types of

solution are available.

e The first type of solution [Figure 2.5(b)] corresponds to bulk states with wave

functions extended into the bulk and decaying exponentially into the vacuum.

e The second type of solution [Figure 2.5(c)] corresponds to surface states whose
wave functions exist in the band gaps but are localized in the surface region,

decaying exponentially both into the bulk and vacuum.

In particular the noble metal (Cu, Ag, Au) (111) surfaces host so-called Shockley
surface states [39] which have been extensively studied by photo-electron spectroscopy
(PES) [40-43]. The electrons in these surface states move freely parallel to the surface

and form a quasi two-dimensional free electron gas which exhibit a constant density
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Figure 2.6: dI/dV spectra on Cu(111) surface at 4.7 K. Ej indicates the onset of the
surface states (FILE: 2J185024.1V).

of states [44]. These surface states can be measured by means of STS. If the current
I is monitored while the voltage V is swept with open feedback loop, the energy of
the electrons eV is swept from below the onset of the surface state band Ej across
the onset, an increased differential conductance is noticed. Figure 2.6 shows the
surface state of a clean terrace of Cu(111) by measuring dI/dV spectra. The principle
feature of the spectra is that at -445 mV sample bias, there is a clear edge. This edge
indicates that at 445 meV below the Fermi-level is the onset of the surface state of
Cu(111) [45,46].

Since the wave vector of surface states electrons is parallel with the surface, the
tunneling transmission probability in Equation 2.5 needs to be modified as shown in

Equation 2.9 [47]:

T(E,V,s) = exp {—2(3 + R)\/%1 <¢5 9 + % —(E - E))} (2.9)

2

where By = F — Ey = thﬁ /2m*, k is the surface electrons wave vector, and m* is
the effective electron mass.

Figure 2.7 shows a simulation of tunneling current I and dI/dV spectra on
Cu(111) surface. We assume that the tip-surface distance is held at a constant height
5 A (s+ R), the work function of the tip is assumed to be 5.40 eV (tungsten tip) and
the sample work function is set to 4.94 eV [Cu(111)] [48], the bias voltage is ramped
from -1 V to +1 V. In Figure 2.7(a), we assume that the surface LDOS below the

onset of surface states (-445 meV) is 1, above the onset of surface states, this value
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Figure 2.7: dI/dV simulations on Cu(111). (a) Modeled sample LDOS. (b) Modeled tip
LDOS. (c¢) Simulated dI/dV spectra (blue curve: using Equation 2.8. red curve: using
Equation 2.6, the spectrum is offset by 2 a.u. vertically for clarity.). (d) Simulated current

using Equation 2.6.

linearly increases to 2 within a 20 meV energy region. The tip density of state is
constant, assumed to be 1, as shown in Figure 2.7(b). The simulated differential
conductance dI/dV using Equations 2.8 and 2.9 is presented in the blue curve in
Figure 2.7(c). The main feature of Figure 2.7(c) is that there is a clear sharp increase
of differential conductance at the surface states onset energy. To compare the dI /dV
spectra to the numeric results, we also calculate the tunneling current shown in Fig-
ure 2.7(d) using Equations 2.6 and 2.9, and then numerically differentiate the current
to get dI/dV which is presented in the red curve in Figure 2.7(c). Near the onset en-
ergy preset, both dI /dV spectra exhibit almost the same feature as the model surface
LDOS does. However below and above the onset, the red curve is almost flat while
the blue curve increases almost lineally with V. This difference is due to the fact
that the tunneling transmission probability 7" is a smooth, monotonically increasing

function of the applied voltage V' according to Equation 2.5. If we use Equation 2.8,
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at any fixed location the voltage dependence of the tunneling transmission proba-
bility contributes a smooth background because the compensating term “d7/dV” is
neglected, and the STS information is superimposed on the background. Because
the increase is smooth and monotonic, structure in dI/dV spectra can usually be

assigned to the changes of density states.

The dI/dV spectra can be directly measured by means of lock-in
technique [49-51].

2.3.3 I(z) curve

Since the electron wave functions decay exponentially in the z direction normal to
the surface towards the vacuum region, the tunneling current depends exponentially

on the tip-sample distance (z = s + R) as expected [29,30]:
I x exp(—2k2) (2.10)

where the decay rate k = (2m@)"/?/h, ¢ = (¢s + ¢;) /2 (called the apparent barrier
height), ¢, and ¢, are the values of work function of sample and tip, respectively,
one can obtain the information about the tunneling barrier by performing I versus z

spectroscopy, ¢ = —h?/8m-(dInl /dz)?. Thus one can obtain:

_ [dln[(A)r 2.11)

$(eV) = —0.95 - Y

Figure 2.8(a) shows the simulation of I/z spectra with different assumed sample
work functions ¢4 (4.0, 4.5 and 5.0 eV, respectively) using Equations 2.5 and 2.6.
The bias voltage is assumed to be 150 mV, and z is ramped from 2 to 6 A. The
work function of tip is assumed to be 5.4 eV. Figure 2.8(b) presents the simulation
of Inl versus z, thus the apparent barrier heights are determined to be about 4.68,
4.93 and 5.18 eV, respectively, which are very close to the preset values (4.70, 4.95
and 5.20 eV, respectively).
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Figure 2.8: I/z simulations. (a) Simulated current at the distance from 2 to 6 A with
the sample work function = 5.4 eV. Bias voltage = 150 mV. (b) Simulated InI versus z
with the sample work function = 4.0 (blue line), 4.5 (red line) and 5.0 eV (green line),

respectively.

2.3.4 dI/dV map

dI/dV map is a combination of the STM topographical imaging modes (CCI or CHI
mode) with dI/dV spectroscopy. In this mode, the dI/dV signal, measured with
a lock-in amplifier is recorded simultaneously with the acquired constant-current or
constant-height images. The dI/dV map is commonly used to unravel the spectro-
scopic information. However, the problem with acquiring df /dV map in CCI mode is
that the tip-sample distance changes to keep the current constant during measuring,
thus changes the transmission probability 7' (Equation 2.5). Dividing the dI /dV map
by exp(—z) can correct this problem [52]:

dl 1
ps(x7y7ev) X _<$7y7 v) '

dv exp|—z(x,y, V)] (2.12)

where z(x,y,V) is taken from the topography.

2.3.5 Molecular adsorbates spectroscopy

In the molecular tunneling process, the electron can tunnel directly from the tip to an
empty molecular orbital (MO) of the molecule or from an occupied molecular orbital
to the tip depending on the sample bias. This resonance-like process is important
to STM because it is thought to be the principal mechanism allowing molecular

imaging [53-55]. Figure 2.9 is a schematic picture for a typical molecular tunnel
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Figure 2.9: Energy diagram for a model molecule tunneling junction. The dashed region
represents the filled states of the substrate and tip. The area in the center represents the

adsorbate. The HOMO and LUMO of a molecule are shown.

junction. The electron states are filled up to Er, and the work functions of the tip
and substrate are given by ¢. The hatched regions in Figure 2.9 represent completely
filled metal orbitals. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of a molecule are also shown in Figure 2.9.
For simple calculation, the weak interactions between the tip and molecule, as well
as substrate and molecule, are assumed to cause a shift in molecule’s zero of energy
but do not produce significant changes in its level spacing. However this assumption

is not true for every molecule/metal combination.

When a small voltage V' is applied to the substrate, since the molecule is closer to
the substrate than to the tip, its potential almost moves with that of the substrate.
At this point electron in the filled states of the tip can tunnel into the LUMO of the
molecule if the LUMO is lower the Er of the tip and electron in the HOMO of the
molecule can tunnel into the empty states of the tip if the HOMO moves higher than
Er of the tip. These will result steps in the I(V') curve thus peaks in the dI/dV

versus V' at these critical energy levels [56].

Figure 2.10 presents a simulation of tunneling current I and differential con-
ductance dI/dV spectra of a molecule using Equations 2.4 and 2.5. The LDOS of
molecule is assumed to exhibit a gap between the HOMO and LUMO. Four Gaussian
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Figure 2.10: dI/dV simulations of molecule. (a) Modeled molecule LDOS. (b)Modeled
tip LDOS. (c¢) Simulated dI/dV spectra (blue curve: using Equation 2.8. red curve: using
Equation 2.6, the spectra is offset by 2 a.u. vertically for clarity.). (d) Simulated current

using Equation 2.6.

functions are used to simulate the LDOS the molecule. The HOMO is assumed to lo-
cate at 1.48 eV below Ep [full width half maximum (FWHM): 0.13 eV], a HOMO+1
is assumed to locate at 1.90 eV below Ep with FWHM equaling 0.52 eV, and the
LUMO is assumed to locate at 1.17 eV above Er (FWHM: 0.33 V). The constant
LDOS of the tip is assumed to be 1. The bias voltage is ramped from -2 to +2 V,
the tip-surface distances are held at a constant height 5 A, the values of work func-
tions of tip and surface are 5.40 and 4.94 eV [48], respectively (for the simplicity
of calculation, the work function of the sample is assumed to be unaffected by the
adsorbate).

Comparing simulated dI/dV spectra [Figure 2.10(c)] with the starting LDOS of
molecule [Figure 2.10(a)] shows that they have peaks in nearly the same position. So
the dI/dV technique can reveal the electronic structure of the molecule. However,

the intensities of the peaks are quite different. Unoccupied states are observed much
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more clearly and with higher intensity in the dI/dV spectra than the occupied states
which is a result of the fact that most of the tunneling electrons arise from states near
the Fermi energy of the negatively biased electrode. This simulation demonstrates
that the intensities of the peaks observed in dI/dV spectra are not proportional to
the LDOS, particularly at negative sample bias [57,58]. And the dI/dV spectra of
molecular adsorbates on the sample surface somehow deviates from this approxima-
tion also because of the molecule-surface and molecule-tip interactions which are not

taken into account within our calculations.
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Chapter 3

Experimental Setup

The work presented in this thesis was carried out with a low-temperature, UHV
STM designed and built by Jorg Kliewer [45]. In this chapter, the aspects of the
STM apparatus are generally described. A description of the new designed heating
stage as part of the work of this thesis is also given. General procedures of sample

preparation during the experiments are briefly presented.

3.1 Overview

A schematic drawing of the UHV system is sketched in Figure 3.1. It consists mainly
of two parts, a preparation chamber for the preparation of samples and an STM
chamber which contains the STM and cryostats. The two main chambers are con-
nected through a DN40 tube on the rear side. There is also a small load lock for
introducing samples, tips and evaporators into the vacuum system without breaking
the vacuum. The entire system is mounted on a steel frame which is placed onto
pendulum air dampers (Figure 3.1a). All three chambers are evacuated with turbo
molecular drag pumps (Pfeiffer Vacuum, Asslar) which are back pumped by rotary
vane pumps, preparation chamber has an additional titanium sublimation pump.
During STM measurements all mechanical pumps are shut down and separated from
the preparation and STM chambers with gate valves (MDC, UK), and the vacuum is

maintained by two iongetter pumps ( Varian, Italy). With this system, the pressure
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Figure 3.1: Schematic overview of the UHV system. The damping system (a) and the
vacuum components (b = magnetic motion drive, ¢ = wobble sticks, d = quadrupole mass
spectrometer, e = quartz micro balance, f = LEED, g = AES, h = 4 axes manipulator, i =
sputter gun (invisible), j = electron emitter, k = liquid Helium dewar, 1 = liquid Nitrogen

dewar, m = membrane bellow). After J. Kliewer [45].

can easily be reached to 1071 mbar.

Two magnetic motion drives (Figure 3.1b, VG Scienta, UK) at the load lock and
preparation chamber are used for moving samples and equipments between these
chambers. The main tools for carrier transfer in the preparation and STM chambers

are two magnetically driven wobble sticks (Figure 3.1c, VG Scienta, UK).

The STM is controlled by a commercial ECS digital electronics [59] and software
(SPM 6.0). The current between tip and sample is amplified and converted by an I/V-
converter (DLPCA-100) with a transimpedance gain ranging from 103 to 10° V/A
(low noise mode) or 10" V/A (high speed mode). The feedback loop is completely
implemented by software and runs on a DSP processor [60] hosted by a Personal

Computer board.
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3.1.1 Preparation chamber

The preparation chamber is used for preparation and storage of samples and UHV
equipments such as tips and evaporators. It consists of usual vacuum science instru-
ments: A cold cathode gauge for measuring the pressure down to 1 x 107! mbar,
a quadrupole mass spectrometer (Pfeiffer, Germany) for residual gas analysis (Fig-
ure 3.1d), a quartz micro balance (Intellemetrics, UK) for evaporation monitoring and
calibration (Figure 3.1e), a Low Energy Electron Diffraction (LEED, VSI, Germany)
and an Auger Electron Spectroscopy (AES, Staib, Germany) for sample characteri-
zation and analysis (Figure 3.1f and g), a 4-axis manipulator for sample heating and
precise positioning (Figure 3.1h), a sputter gun for sample and tip cleaning (Fig-
ure 3.1i) and an electron emitter for tips annealing (Figure 3.1j).

The samples and equipments enter the preparation chamber from the load lock
and are stored at a carousel. The carousel can store eight samples, evaporators or

tips.

3.1.2 STM chamber

The STM chamber is equipped with two cryostats: A 6-liter liquid Helium dewar
(Figure 3.1k) which can hold liquid helium or liquid nitrogen mounted on the top
flange, a 5-liter gold-covered liquid Nitrogen dewar (Figure 3.11), which surrounds the
liquid Helium dewar for reducing thermal radiation, allowing us performing measure-
ments at 4.7 K for 24 hours. The top flange is vibrationally isolated from the rest
of the vacuum system through a membrane bellow (Figure 3.1m) which is kept from
collapsing by a second isolation stage made of simple air dampers. To get rid of the
vibration due to the boiling Nitrogen, after filling liquid Nitrogen, the outer dewar is
pumped with a rotary vane pump to solidify the Nitrogen during the measurement.

The details of the STM head are described in Jorg Kliewer’s thesis [45]. Here
we just give a brief description. The overview of STM is shown in Figure 3.2. The
sample (a) is mounted on the slider (b) which is driven by coarse piezos (c). The

tip (d) is mounted horizontally on the segmented tube piezo scanner (e). The screws
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Figure 3.2: Overview of the STM (see text).

fixing the sample (f), the tip (g) and the slider (h) can be handled by using the
screwdriver attach to the head of the wobble stick. Tip and sample can be changed
in UHV with the wobble stick mounted on the STM chamber.

3.2 Modification of the Heating Stage

Due to the lifetime expiry and low heating efficiency of the old heating stage attaching
to the manipulator, as part of the work in this thesis, we! designed and commissioned
a new heating stage for sample preparation at beginning of the project.

The purpose was to fabricate a heating stage on which high voltage electron bom-
bardment can be used to anneal the sample up to more than 1000 K and current can
be directly passed through the sample in case of preparing semiconducting surfaces
such as silicon. Other requirements are that thermocouple should be attached to the
stage in order to measure the temperature, the setup should enable exchange of the
filament and the sample, as well as sputtering and annealing of the sample.

Figure 3.3 shows a photograph of the new designed heating stage. The plate, the

'Dr. J. Kuntze and myself
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Figure 3.3: Photograph of new designed heating stage. Pins A, C and D are insulated
from molybdenum plate by AloO3 ceramics. Pin B is directly attached to the plate. All

the wires are protected against ground with ceramic rings (see text).

pins and all the screws are made of molybdenum to sustain high annealing tempera-
tures. Pins A, C, and D are electronically insulated from the molybdenum plate by
AlyO3 ceramics, pin B is directly attached to the plate. The filament is attached to
pins A and B, while the sample is at pins C and D. The filament is made of tungsten
wire (diameter 0.2 mm) doped with 1% thorium to enhance the electron emission
efficiency. Currents pass from pin A to B (ground) through the filament. High
voltage (1 ~ 2 kV) is applied to the sample on the pins of C and D when electron
bombardment is used. A thermocouple (type K) is attached to pin C. The heating
stage can be freely rotated from 0° to 270° for sputtering and annealing conveniently,

also the sample and the filament can be easily replaced.
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3.3 Sample Preparation

Once the UHV conditions of the system are ensured, the experiments can be started
with sample preparation, including preparing a clean substrate surface and evaporat-

ing molecules onto the surface.

3.3.1 Preparation of atomically clean substrates

Before introduction into the preparation chamber, the sample undergoes a set of
cleaning treatments, such as mechanical polishing, chemical etching, rinsing in dis-
tilled water, etc. All the pre-treatments of commercial samples were mainly done
by the manufactures except our Cu(111) sample®. However, all this processing con-
stitutes rather a pretreatment stage, as the final preparation of an atomically clean
surface can be conducted only in situ in the UHV preparation chamber.

For the metal substrates, we adopt standard ion sputtering and subsequent anneal-
ing procedure to clean the sample, namely several (3 ~ 5) strong cycles of 1 kV-Ar™
sputtering for 20 minutes plus 20-minute annealing at 850 K followed by several
(1 ~ 3) soft cycles of 0.6 kV-Ar* sputtering for 15 minutes plus 15-minute annealing
at 700 K.

For cleaning semiconducting surfaces, currents are directly introduced through
sample from pin C to D at the heating stage. By this method sample can be heated
up to 1300 K so that the Si(111)-(7 x 7) reconstruction can be prepared. There
is also another option to mount the sample on the wobble stick and pass currents
directly through the sample using two pins which are electronically connected to a

feed through outside.

3.3.2 Molecule deposition

For the molecules with low vapor pressure such as lander, NaCl and CoPc, thermal

sublimation can be employed for molecule deposition.

2The Cu(111) sample was mechanically polished using fine aluminium powder and chemically

etched using 3.5 % H3PO,4 by myself.
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Figure 3.4: Photography of the UHV button heaters (Figure source: Online product cat-
alog of HeatWave Labs Inc.).

Pure molecules (purity > 99%, usually in powder) are introduced into a mouth
which is made of tantalum foil attached onto the top of a button heater (Heat Wave
Labs, Inc., USA, see Figure 3.4) and installed into the UHV preparation chamber on
the evaporation stage. A current is passed through the button heater to heat up the
molecules. While increasing the current slowly (~ 0.1 A/20 min), the evaporation
rate is monitored by the quartz balance. As soon as there is a response (jump) in
the quartz balance signal, currents are reduced by 0.1 ~ 0.3 A and kept for more
than 24 hours to remove the impurities in the powder. Deposition rate is calibrated
to ~ 0.1 ML/min by quartz balance afterwards. The typical powers of 0.1 ML/min
deposition rate for lander, NaCl and CoPc molecules are 2, 4.5 and 4 W, respectively.
After all these procedures, molecules are thermally sublimated at preset evaporation
rate from the evaporator onto the clean surface which is put at the position where
the quartz balance was. During sublimation, the pressure of the preparation chamber
will slightly increase to high 1072 mbar. More precise calibration of the coverage is

carried out by imaging the topography with STM.
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Chapter 4

A Molecular Wire on Metal

Surfaces

The semiconductor industry has seen a remarkable miniaturization trend, driven by
many scientific and technological innovations. The demand for smaller and smaller
devices in microelectronics will lead to the synthesis of molecular scale devices. One
possible approach to implement such circuits is the use of hybrid-molecular and
mono-molecular devices [61], in which a single molecule will integrate the elemen-
tary functions and interconnections required for computation. Using single molecules
as functional units (e.g. diodes) connected to metallic contacts in hybrid molecular
devices has already been proposed 30 years ago [62]. Since then, molecules have been
found useful as wires [63-65], switches [66,67], even diodes or transistors [13, 68, 69).

An inherent problem of all devices where a molecule is to be interfaced to a
surface is whether and how its functionality will be affected by the substrate. Lar-
gish molecules can promote local restructuring [70] or extended faceting of the sub-
strate [71]. Even anticipating the structure of an adsorbed molecule from its gas-
phase or crystalline conformation is far from trivial since different substrates may
favor different conformations, as demonstrated for CuTBPP (Cu-tetra-3,5 di-tert-
butylphenyl porphyrin) [21]. Attaching molecules to atomic steps, e.g. to establish
electronic contact between the molecule and the step, introduces additional degrees

of freedom which affect the structure of the molecule.

29



30 Chapter. 4 A Molecular Wire on Metal Surfaces
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Figure 4.1: Three-dimensional model of the lander molecule in its gas phase conformation.

The four DTP legs are oriented perpendicularly to the central molecular wire.

In this chapter, we will investigate a prototype of a short molecular wire, so-
called lander molecule (CgoHog, see Figure 4.1), adsorbed on different substrates. The
lander molecule consists of a conjugated central polyaromatic board, the conducting
molecular wire because of the delocalized m orbitals of the benzene rings. At both
extremities, the wire is terminated by naphthalene groups assuring a more efficient
contact point. The wire is lifted parallel above the surface by four DTP (di-tert-butyl-
phenyl)-substituents acting as insulating legs, maintaining the intrinsic electronic
function away from the underneath supporting surface. The molecule is suggested

about 1.7 nm long and 1.4 nm wide, and has a HOMO-LUMO gap about 2.3 eV.

The initial concept was proposed by Langlais et al. [63]. The schematics of the ex-
perimental principle together with theoretically calculated STM profiles are shown in
Figure 4.2. The end naphthalene groups are designed to be put in interaction with an
atomic ordered electrode to control the electronic contact between the molecular wire
and the nano-electrode at the atomic scale. And the molecular wire is electronically

decoupled form the lower terrace by using four DTP legs.

Experiments were performed in an ultrahigh chamber (base pressure in the low
107'% mbar range and below 107! mbar for the preparation and STM chamber, re-
spectively). Sample preparation and lander molecule sublimation followed the pro-

cedure described in Section 3.3. The sample was held at room temperature during



31

2 1 0 -1-2
Ax (nm)

Figure 4.2: Schematics of the experimental principle together with theoretically calculated
STM profiles. (a) Double atomic step edges offer a suitable height to adsorb molecular wire.
Calculated STM cross-sectional profile on the double atomic step edges. (b) Molecular wire
electronically coupled to the step. The evanescent wave function from the top terrace leaks
into the wire. The profile shows an alternation of nodes and antinodes of the molecular
orbitals. (c¢) The molecular wire is electronically decoupled from the lower terrace by
using four insulating spacer units, which modify the fine structure of the profile. After

V. J. Langlais [63].

deposition and was transferred to the STM and cooled down to 4.7 K prior to imag-
ing. Electrochemically etched tungsten tips were prepared in situ by electron bom-
bardment and Ar™ sputtering before insertion in the STM. During image acquisition,

the tips were formed by field emission and controlled tip-sample contacts with the
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tip positioned over bare terrace to avoid contamination with molecular fragments.
Owing to this tip sharpening procedure, we assume that the tip apex is comprised of

metal (Cu, Ag, or Au) atoms.

4.1 Lander on Cu(100)

4.1.1 Conformations of lander on Cu(100)

Figure 4.3(a) shows an STM image of lander molecules adsorbed on Cu(100). The
lander decorate atomic steps and adsorb on terraces as isolated units and aggregates
of a few (typically 2-4) molecules. At low coverages (approximately 0.1 ML) the
molecules adsorb exclusively at step edges, indicating sufficiently high diffusion rates
on Cu(100) at room temperature to promote migration to step and kink sites. In ear-
lier experiments with Cu-TBPP equipped with the same DTP substituents as molec-
ular legs, no molecular diffusion on Cu(100) was observed at room temperature [72].
This indicates a lower diffusion barrier for the lander molecule on Cu(100) compared
to Cu-TBPP on this surface. We attribute this difference to a better adaptability of
the Cu-TBPP legs to the surface atomic corrugation. Due to steric hindrance, the
lander legs do not have the possibility of a large rotation around their o-bond attach-
ment to the board in comparison with Cu-TBPP. At the low temperatures used for
imaging in our experiments, molecular diffusion is completely suppressed.

The molecules appear as four bright lobes in STM images. For extracting the
details of molecular conformations and bonding geometries, measured STM images
and cross sections are compared with calculated ones. For the calculations, the elec-
tron scattering quantum chemical method (ESQC) routines [74] were used along with
molecular mechanics optimization of the lander physisorption on the Cu(100) terraces
and step edges. The ESQC routine is based on the calculation of the full scattering
matrix of the tunnel junction of the STM. The description of this junction encom-
passes the surface, the adsorbate, the tip apex, and both bulk material supporting
the tip apex and the surface. The tip apex was described by five layers of Cu atoms

ordered in a pyramidal shape with (111) facets. The lander molecule was described
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Figure 4.3: (a) Lander molecules adsorbed on Cu(100). The steps are completely deco-
rated and excess molecules are adsorbed on the terraces. (I; = 0.1 nA, Vi = 1010 mV, scan
size = 200 x 200 nm?, FILE: 0K23T001.IMG). (b) Two isolated molecules in different con-
formations. (I; = 0.05 nA, V; = 2000 mV, scan size = 9 x 9 nm?, FILE: 0G30T025.IMG).
(c) Ilustration of the schematic conformations. The molecule is symbolized as a board with

four legs (the DTP groups) attached. After J. Kuntze [73].

taking into account all its valence molecular orbitals. For every tip apex position,
695 molecular orbitals were used to describe the electronic properties of the STM
junction containing the lander. All the electronic interactions inside this junction
were calculated using a semi-empirical extended Hiickel approximation with a double
zeta basis set to properly reproduce the tip apex wave function in space away from
the outermost tip atom. The molecular mechanics routine used to optimize the lan-
der geometry in the tunnel junction is a standard MM2 force field routine [75] with
generalized potential for surface metal atoms. According to ESQC calculations, the
tunneling occurs primarily via the DTP substituents, while the central molecular wire
contributes very little to the tunneling current at high junction resistance of typically

10 GS2 in our experiments.

Owing to this intramolecular contrast, three molecular conformations have been
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identified on flat terraces from high-resolution STM images, two of which are pre-
sented in Figure 4.3(b). The schematic drawings in Figure 4.3(c) illustrate the main
differences between the two conformations. Due to the symmetry of the o bond be-
tween the DTP subsistuents and the central wire, the spacer legs can rotate around
the bond axis. In the gas phase, the DTP groups are perpendicular to the central
molecular board, as was found also for Cu-TBPP [21,72]. For adsorbed molecules,
this minimum-energy conformation is altered by molecule-substrate interactions, forc-
ing the bond rotation angles to change. Due to steric hindrance, the legs positioned
on the same side of the central molecular wire always rotate in the same direction,
resulting in two qualitatively different conformations: (i) The DTP legs on both
sides of the central wire rotate in the same direction. We call this conformation the
parallel-legs conformation. It leads to an overall square shape of the molecule in STM
images. (ii) the DTP legs on both sides rotate in different directions. This is called
the crossed-legs conformation. It leads to rhombic shaped molecules as imaged by
STM. The third conformation is a mirror symmetric enantiomer of the later. The

molecule is not chiral in the gas phase, chirality is only induced upon adsorption.

According to molecular mechanics calculations the crossed-legs conformation is
lower in energy by 2 kcal/mol (87 meV /molecule) in agreement with the experimen-
tally observed ratio of parallel-legs molecules to the far more abundant crossed-legs
molecules at low temperature (ratios of 1:50 and less are typically observed). Reduc-
ing the STM junction resistance while scanning over a single lander can result in a
change from the parallel to the crossed-legs conformation and vice versa, confirming

that the energy difference between these two conformations is small.

To extract the detailed molecular conformation of the lander, calculated images
of the different conformations are compared with the corresponding experimental im-
ages. If only rotation of the DTP groups around the o bond is allowed in the calcula-
tions, only a poor agreement between experimental and calculated images is achieved.
By considerable bending of the DTP legs towards the central board, accompanied by a
substantial lowering of the board from 0.7 to 0.37 nm above the surface, the agreement

with experimental images and cross sections is improved considerably (Figure 4.4).
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Figure 4.4: Simulated STM images for different conformations. The central molecular
board is oriented along the image horizontal, size of all images is 3.3 x 3.3 nm?. (a) After
optimizing the geometry for the crossed-legs conformation [cf. Figure 4.3(b), molecule ‘B’,
and 4.3(c)] taking into account the experimental data. The central molecular wire is lifted
0.37 nm above the surface by the DTP legs. (b) Same conformation before optimizing,
height of the central wire is 0.7 nm. (c) Ball model of the optimized conformation in (a).
Note the inward bending of the DTP legs towards the molecular board. (d) Image of the
parallel-legs conformation after optimization [cf. Figure 4.3(b), molecule ‘A’, and 4.3(c)].

After J. Kuntze [73].

This deformation of the leg upon adsorption is governed by the van der Waals
attraction of the central board towards the surface. This attraction forces the board
to approach the surface and constrains the leges to be twisted. There are two major
twisting directions per leg: a rotation around the ¢ bond and a bending of this bond.
A full 90° rotation of each leg is forbidden by the steric hindrance of the two legs on
the same side of the board. As a consequence, the constraint is shared between the

bending of the o bond and a rotation around each bond.

The detailed intramolecular contrast also stems from the leg rotation. STM im-
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ages always reveal on bright and one less bright bump on each side of the molecule,
which is explained as follows: Upon rotation, the top CHjs group of one leg is located
above the bottom CHjs group of the second leg on the same side of the molecular
board [cf. schematic drawings in Figure 4.3(c)]. Hence, if the tip is positioned above
this top CH3 group, the tunneling path towards the metal encompasses two such
groups, which reduces the tunneling resistance and makes the tip retract, i.e. the leg
appears higher. For the other leg the tunnel current flows via the molecular orbitals
of the top CHj3 group directly towards the surface, resulting in a high resistance and

a shallow appearance of this leg.

The weak elevation surrounding molecules both in experimental and calculated
images is in part due to molecular features (imaging of the CHjz groups at the bottom
of the legs), but as well induced by the lateral extension of the tunneling tip. When
the atom at the apex has already passed the molecule and the tip starts approaching
the surface, the extended facets at the sides of the apex contribute to the tunnel
current giving rise to these features. This is not to be confused with a double-tip
artifact. In experimental images, the tip-size effects and the molecular fine structure

are indistinguishable and cannot be deconvoluted.

After the extraction of the conformations of the landers adsorbed on a terrace,
it is of special interest to know how the molecule adsorbs at the edge of a step,
since it was designed for establishing an electronic contact between the end of the
central molecular wire and edge of a step stabilized at the substrate surface [63]. In
contrast to Ref. [63], we focus on single instead of double steps, since the former
are the naturally occurring step type on clean Cu(100) surface. While for double
steps on Cu(100) the molecule was proposed to adsorb on the lower terrace with
the central board perpendicular to the step, at single steps on the same surface
we find a completely different adsorption geometry. From comparison of ESQC-
calculated STM images with experimental data of the lander adsorbed on step edges,
we conclude that the molecule adsorbs with the central board parallel to the step.
Two legs remain on the upper terrace and the other tow legs adsorb on the lower

terrace (Figure 4.5).
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Figure 4.5: Molecules adsorbed at monoatomic steps. (a) Calculated image with molecule
in the lowest energy conformation [crossed-legs, central molecular board oriented parallel
to the step with two DTP substituents resting on the upper terrace, cf. (c)]. (b) Calculated
image with the molecule in the parallel-legs conformation. Orientation and leg placement
as in (a). (c) Ball-model used for calculating (a). The molecule is viewed from the front
with its board parallel to the step. (d) Comparison between experimental and calculated
sections across the molecule shown in (a) and (e). Sections on the right are displaced for
clarity. (e) Experimental image of a few molecules in the conformation shown in (a). Due to
the flexibility of the bonds, the respective bond rotation angles of the molecules may differ
slightly, depending on the exact orientation with respect to the step. The lines indicate
the direction of the sections in (d). (I; = 0.1 nA, Vi = 2000 mV, scan size = 8 x 8 nm?,
FILE: 0K17T015.IMG). (f) STM images of three molecules in the conformation shown in
(b). (I; = 0.1 nA, V; = 1000 mV, scan size = 6.7 x 6.7 nm?, FILE: 0G26T007.IMG). After
J. Kuntze [73].

As judged from a comparison of cross sectional profiles [Figure 4.5(d)|, the quali-
tative agreement is good, but small height difference between experimental and sim-
ulated scans still remain. However, since the molecule’s flexibility leads to scatter
in the experimental data of approximately + 0.2 A, indicating a variety of slightly

different adsorption geometries, a further refinement does not appear to be useful.
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Qualitatively, due to the flexibility of the bonds between the legs and the wire,
two conformations can also be distinguished for the adsorption geometry along the
step edge, a parallel and a crossed-legs conformation. For the crossed one, molecu-
lar mechanics indicates a slightly lower van der Waals total energy of -89.5 kcal /mole
(-3.883 eV /molecule) compared to -89.3 kcal/mol (-3.874 eV /molecule) for a parallel-
leg conformation. Judging from the small amount of parallel-legs molecules observed
experimentally along the step, this small energy difference of only 9 meV per molecule
is sufficient at low temperature to trigger an almost exclusive adsorption in the
crossed-legs conformation. Other adsorption geometries are not observed, in agree-
ment with their comparatively high total energies. For example, the conformation
with the central board perpendicular to the step edge and two legs resting on the
upper terrace is next lowest in energy, but already differs by more than 20 kcal/mol
from the parallel-board conformations.

In conclusion, in this section we have investigated conformational changes induced
upon adsorption of lander molecule on Cu(100). The molecule was designed as a cen-
tral molecular board lifted above the substrate by four DTP substituents and should
act as a molecular wire when contacted to an atomic step. Comparison of experimen-
tal and calculated STM images allows the extraction of the detailed conformations of
molecules adsorbed on terraces and at single atomic steps. It turns out that the DTP
legs are rotated and significantly deformed due to the interaction of the molecules’s
central molecular wire with the surface. This results in a lowering of the central board
to only 0.37 nm above the surface, compared 0.7 nm for the unperturbed molecule.
As a consequence, at monoatomic steps, this molecule is stabilized with the wire par-
allel to the edge, preventing good electronic contact between the wire’s end groups

and the step.

4.1.2 Chiral structures of lander on Cu(100)

As mentioned in Section 4.1.1, lander molecule shows two mirror symmetric enan-
tiomers in crossed-legs conformation adsorbed on Cu(100) surface. One may expect

this will lead to a chiral arrangement of lander molecule adsorbed on Cu(100) surface.
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Chiral surface are of great interest due to their importance in enantioselective
catalysis, e.g. in pharmaceutical industry. Using chiral catalysts, the yield of prod-
ucts with the desired handedness can be drastically increased [76]. Apart from this
industrial perspective, the study of chiral molecules is fascinating from a fundamen-
tal point of view. Since the recent determination of absolute chirality of adsorbed
molecules by STM [77], many interesting phenomena involving chiral structures have
been observed over the last few years. E.g., chiral supramolecular assemblies of
nitronaphtalene clusters were found [78] that could be manipulated using the STM
tip [79], chiral recognition at the single molecule level has been reported [79-81] and
the chiral restructuring of surfaces due to adsorption of hydrocarbon molecules has

been observed [70,82].

Chirality can be bestowed onto a surface in a number of ways. One is to
cut the surface along a high Miller-index direction leading to kinked surfaces that
can be chiral [83], another is the formation of supramolecular assemblies of chiral
molecules [84]. Both methods would lead to overall, global chirality. Local chirality
can be observed when a non-chiral molecule creates a chiral motif upon adsorption
and eventually assembles into supramolecular geometries which are chiral themselves.
In this section we show such a case, where lander molecule is adsorbed on Cu(100).
The molecule is found to adopt two mirror symmetric conformations which assem-
ble into enantiomerically pure domains with chiral symmetry. Macroscopically, the
surface is still racemic owing the the presence of tow mirror symmetric molecular

conformations.

Between the two principal conformations — parallel-legs and crossed-legs confor-
mations, the crossed-legs version is energetically preferred and thus far more abun-
dant experimentally. Figure 4.3(c) shows that there are two ways to cross the legs on
both sides of the molecule, namely clockwise or anticlockwise rotation of the legs on
one side of the central board (when viewed from the side), each leading to a nearly
rhombic image. One can define a long and short axis of the molecule (cf. Figure 4.6),
connecting the dim and bright protrusions in the STM image, respectively. Close in-

spection of the cross-legs molecule in Figure 4.6 reveals that the short and long axis
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k2

Mirror image

Figure 4.6: Close view of the crossed-leg lander molecule of Figure 4.3. The lines indicate
the direction of the molecular axes. On the right side, the mathematical mirror image of

the molecule is displayed. After J. Kuntze [85].

are not perpendicular to each other, as they would be in a rhombus. The molecular
outline is rather a parallelogram and thus chiral, since mirror images of this con-
formation cannot be superimposed onto each other by translation or rotation. This

chirality of the individual molecules has implications for molecular assemblies.

At increasing coverage, the molecules arrange themselves in short chains along
[012], [021], [012] and [021] directions [Figure 4.7(a), (b)]. The crystallographic (110)
directions as determined from low-energy electron diffraction (LEED) and extended
straight atomic steps produced by tip-sample contact are indicated in the figure.
The molecular chains are oriented at an angle of 18 + 2° with respect to these high-
symmetry directions. Care was taken to exclude image distortion by thermal drift or

piezo creep.

Interestingly, only molecules of like symmetry align in the same chain. This finding
is consistent with previous observation for other racemic mixtures of chiral molecules
(either intrinsically 3D-chiral or 2D-chiral after adsorption) [86,87]. In most cases,
chiral discrimination can be traced back to functional groups interacting via hydrogen
bonding, e.g. hydroxy groups [84,88] or carboxylic groups [81]. The lander molecules,
however do not exhibit such groups and can be expected to interact predominantly via
Van der Waals forces. Since there are small partial charges associated with the CHj

groups on the DTP-legs, weak local dipole moments exist on the legs, but they are
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Figure 4.7: Assembly of (a-b) short chains and (c-d) extended supramolecular domains.
The orientation of all images is identical, as indicated by the arrow in (a). Only molecules
of identical symmetry are observed to align. The domains in (c-d) are mirror symmetric
with respect to the [011] direction. Two more equivalent domain orientations which are
symmetric with respect to the [011] direction, are not shown here. FILE: (a) 0K22T004.IMG
(b) 0K23T007.IMG (c) 0K20T013.IMG (d) 0K20T005.IMG. After J. Kuntze [85].

oriented mainly perpendicular to the plane of the molecular board and will contribute
only little to the in-plane molecular arrangement. A similar case of spontaneous
resolution into conglomerates for van der Waals dominated interaction was reported
for Naphto[2,3-a]pyrene [89].

The molecular chain directions do not correspond to symmetry directions of the
sample, which makes the assembly itself chiral, without taking into account the chi-
rality of the individual molecules. At higher coverages the molecules assemble into
domains along the same directions as the short chains. Figure 4.7(c), (d) show two
such domains which are mirror symmetric with respect to the [011] direction [cf. ar-
row in Figure 4.7(a)]. One readily verifies that also the molecular units are mirror
images of each other. For the domains, the distance between molecular centers in
adjacent rows is (1.63 £ 0.1) nm and the distance between molecules in a row is

(1.56 + 0.1) nm, with an angle of approximately (84 + 2)° between these two di-
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Figure 4.8: Close view of the structure within a domain and corresponding overlayer
registry. The model is rotated to match the crystallographic orientation of the experimental
image. The small and big red circles represent the dim and bright lobes of lander molecule.
And the slim red rectangle represents the wire board. Solid green circles represent the
copper atoms on Cu(111) substrate.(I; = 0.1 nA, V; = 1000 mV, scan size = 5.3 x 5.3 nm?,
FILE: 0K20T017.IMG). After J. Kuntze [85].

rections. The angle between molecular chains in mirror symmetric domains as in
Figure 4.7(c), (d) is (36 & 2)°. The other two equivalent domains symmetric with
respect to the [011] direction are not shown here. We note that extended disordered
regions remain between the domains, predominantly with shorter chains and few iso-
lated molecules which have either assembled into chains nor domains. The size of
ordered domains is of the order of 15 nm in diameter. We suggest that by fine-tuning
the growth conditions as deposition rate and substrate temperature, the size may be
increased.

Figure 4.8 shows a closeup of a molecular domain with the unit vectors of the
overlayer and the corresponding model. The unit vector 51 along the direction of

molecular rows is oriented along [012] for the domain orientation shown, and the unit
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vector across the rows by is oriented along [031]. In terms of the substrate unit vectors
a1 = ag/2[011] and dy = ag/2[011], ag = 0.362 nm being the Cu lattice constant, the
overlayer can be given in matrix notation as (6 -2, 3 6). In this thesis, the overlayer
matrix notation with preferred vectors will be used [86]. The lengths of by and by
are 1.62 and 1.72 nm, respectively, and the angle enclosed by the vectors is 82°. The
angle between b, vectors in mirror symmetric domains is 36.8° (each is 18.4° with
respect to the symmetry directions (110)). This agrees well with the experimental
values within the estimated uncertainties. As the molecular adsorption site cannot
be determined from our STM images, the unit vectors in Figure 4.8 are arbitrarily
chosen to connect top sites. The matrix notation for the mirror symmetric domain
[cf. Figure 4.7(c)] is (6 2, 3 -6), for the other two domains we find (-2 6, 6 3) and
(2 6, -6 3). The overlayer unit vectors are always chosen according to the model
in Figure 4.8, with by pointing along the chain direction and b pointing across the
chains, with an angle of less than 90° between the unit vectors. The overlayer unit

vectors are always expressed in terms of the substrate unit vectors @y, ds given above.

The question why the molecules order along the given directions is still open.
Formation of the directed molecular chains is natural consequence of a fixed orienta-
tion of a single molecule with respect to the substrate and a preferred intermolecular
alignment. Electrostatic interactions should favour a close packing of the molecules
to increase the attractive forces. The configuration which maximizes molecular inter-
actions will then be energetically preferred and result in a specific intermolecular ar-
rangement. This may also explain the spontaneous resolution into homochiral phases,
provided that homochiral interactions dominate. Such a scenario was indeed observed
previously [80]. On different substrate, such as Cu(111), adsorbed lander molecules

show a complete different arrangement, this will be discussed in Section 4.2.2.

In this section, we have observed chiral arrangements of lander molecules on
Cu(100). At low coverage, the molecules assemble in enantiomerically pure molec-
ular rows along the [012], [021], [012] and [021] directions. These rows arrange into
enantiomerically pure domains at higher coverage, for which an overlayer model is

presented. The overlayer geometry is also chiral by itself but due to the presence
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of mirror symmetric molecules the surface is racemic on a macroscopic scale. The
molecular interactions responsible for the chiral arrangements are proposed the be
mainly due to van der Waals forces and steric effects, since no substantial partial

charges or strong hydrogen bonds exist for these molecules.

4.1.3 Lander on films of NaCl on Cu(100)

Besides evaporating lander molecules directly on pristine Cu(100) surfaces, we also
explored the adsorption of lander molecules on thin films of NaCl grown on Cu(100).
NaCl is one of the candidates for thin insulating films useful for the assembly of future
experimental molecular devices.

NaCl crystals were first melted by heating and then evaporated onto Cu(100) bare
surface. Figure 4.9(a) shows a NaCl island on Cu(100). NaCl grows with fcc(100)
termination on Cu(100) at a sub-monolayer coverage and covers substrate steps in
a carpet—like fashion. The step height is 0.36 nm for the first NaCl-Cu step, and
0.11 nm for the second NaCl layer. The STM image of such a structure was calculated
by the Toulouse group to identified the chlorine atoms as the imaged protuberance.
After adsorption of lander molecules, an atomic square lattice of approx. 0.4 nm and
anomalous corrugation of 0.18 nm [Figure 4.9(b)] were repeatedly observed at 1 V
sample bias and 20 pA tunnel current, indicating the trapping of a molecule under
the tip, acting as an amplifier of the atomic corrugation [90].

Figures 4.9(c) and 4.9(d) show the situation after room-temperature adsorption
of lander molecules onto this surface. The molecules do not stick on NaCl layers and
the NaCl islands remain free of molecules. However, images of anomalous corrugation
as shown in Figure 4.9(b) indicate that there may be molecules on the NaCl islands.

Since tip-molecule interactions is greatly reduced at low tunnel currents (hence
large tip-sample separation), the electronics and wiring of the STM were modified
as to minimize our detectable tunnel current. We are now capable of tunneling at
currents as low as 500 fA, whereas before it was limited to approximately 10 pA.
Despite this effort, we could not acquire stable images of Lander molecules adsorbed

on NaCl. In view of the rapid diffusion and/or low sticking probability of lander
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Figure 4.9: (a) NaCl island on Cu(100), image size 86 x 86 nm?. Defects are due to
residual impurities in the NaCl powder (early stage of cleaning). FILE: 3D10T006.IMG.
(b) Atomic resolution on a NaCl island due to molecular amplification (see text), image size
5.7 x 5.7 nm?. FILE: 3D11T009.IMG. (c),(d) Surface after adsorption of lander molecules,
image sizes 129 x 129 nm? and 14 x 14 nm?, respectively. NaCl islands apparently remain

free of molecules. FILE: 3D11T013.IMG & 3D11T018.IMG.

molecules, the NaCl surface does not seem to be a suitable substrate for lander

molecular assembly.

4.2 Lander on Other Substrates

4.2.1 Lander on Cu3Au(100)

In Section 4.1.1, we conclude that on Cu(100), the lander molecule adsorbs with the

central board parallel to the step, preventing good electronic coupling between the
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Cu,Au(100)

0.38 nm

_~Au

Figure 4.10: The crystal structure of CugAu. This alloy has an ordered structure made up

of an alternating stacking Cu planes and of CuAu planes with a lattice constant of 3.75 A.

wire’s end groups and the step. The single step height of Cu(100) is 0.18 nm and
the distance from the central board to the surface is 0.37 nm, it is too large for a
good overlap between the wire’s and metal’s electronic wavefunction. In early work
of lander adsorbed on Cu(100) it was asserted that electronic coupling is achieved on
double steps of this substrate. Since the height of double atomic steps of Cu(100)
(~ 0.36 nm) ideally matches the height from the central board to the flat terrace of
Cu(100) (~ 0.37 nm), one may conclude that this geometrical feature is an essential
property for good overlap of the electronic wavefunction of the molecular wire and of
the metallic step edge. However, the extreme low density of double steps of Cu(100)
substrate has limited further observation of such a coupling. Hence experimental

evidence is too scarce to allow definitive conclusion.

To overcome this problem, we employed an alloy substrate CuzAu(100). The
crystal structure of CugAu is shown in Figure 4.10. This alloy has an ordered structure
made up of an alternating stacking of Cu planes and of CuAu planes with a lattice
constant of 3.75 A. After an adequate preparation, the CuzAu(100) surface yields
single step of 0.18 nm and double steps of 0.37 nm which perfectly matches the wire
height on Cu(100) and should favour the electronic coupling of lander to double step
edge.

After sublimation of lander on CuzAu(100) substrate at submonolayer coverage,
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Figure 4.11: (a) Lander molecules adsorbed on the single step edge and double step edges
of CuzAu(100). (I, =1 nA, V, = 300 mV, scan size = 20 x 20 nm?, FILE: 1J10T005.IMG).
(b) Cross-sections of landers adsorbed on the double step edges of CuzAu(100).

high resolution STM images were routinely acquired. Figure 4.11(a) shows lander
molecules adsorbed at single and double steps of CugAu(100) substrate. The adsorp-
tion geometry of lander at steps of both heights closely resembles the one on single
step of Cu(100): two DTP legs are on the top terrace and the other two on bottom
terrace for both single and double steps. The cross-section profiles [see Figure 4.11(b)]
of molecules at both steps of CugAu(100) are similar to that of lander at single step
of Cu(100). This resemblance points to the central board parallel to the steps edge
of CuzAu(100) and hence an absence of good electronic coupling between molecu-
lar wire and the step edge. Meantime it is also found that it’s easier to diffuse for
lander on CuzAu(100) than on Cu(100) which suggests a weaker interaction between
molecule and CuzgAu(100) substrate compared to Cu(100). So if the matching of the
wire height with the step height is indeed a crucial parameter for establishing good
electronic coupling, this could explain the absence of electronic coupling of lander to

double step edges of CuzAu(100).
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Lander molecular
chain Step of Cu(111)

Figure 4.12: Lander molecules adsorbed on Cu(111). The steps are completely decorated
and excess molecules form molecular chains about 10 ~ 50 nm long along [112], [121] and
[211] directions on the terraces. The orientation of [110] is indicated by arrow. The white
scratches are due to the fact that the tip drags the lander molecule during scanning. (I; =

0.05 nA, V, = 1000 mV, scan size = 207 x 233 nm?, FILE: 3E28T008.IMG)).

4.2.2 Lander on Cu(111)

Figure 4.12 shows an STM image of lander molecules adsorbed on Cu(111) surface
at submonolayer coverage. Lander molecules arrange themselves in molecular chains
about 10 ~ 50 nm long on Cu(111) surface. The chains align along three distinct
directions which are 120° between each other. To determine the directions of the
molecular chains, we also intentionally made tip-sample contact to produce straight
atomic steps of the closed-packed (110) directions of Cu(111) which is indicated
by arrow in Figure 4.12. The chains are found to be perpendicular to these high-
symmetry directions. Thus the lander molecular chains aligning along [112], [121]
and [211] directions can be concluded.

Close inspection of the images reveals that some molecular chains are made of
two different chains which are formed with two parallel mirror symmetrical molecules
(see Figure 4.13), namely the “right-hand” molecular chain and “left-hand” molecular
chain [The “right-hand” and “left-hand” molecules are defined as follows: the long

axis (see Figure 4.6) should be rotated anti-clockwise to match the direction of the
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Figure 4.13: Close view of the structure with the connection of “right-hand” and “left-
hand” molecular chains and corresponding overlayer registry. The molecule in the chain is
clear as a four-lobe pattern. d; and do are the distances defined in the text. The model is
rotated to match the crystallographic orientation of the experimental image. The arrows
indicate the crystallographic orientation and molecular chains orientation. The small and
big red circles represent the dim and bright lobes of lander molecule. And the slim red
rectangle represents the wire board. Solid green circles represent the copper atoms on

Cu(111) substrate.

short axis via sharp angle corresponds the “left-hand” molecule, while via blunt angle
corresponds the “right-hand” molecule.]. This finding is consistent with previous
observation of lander on Cu(100) that only molecules of like symmetry align in the

same chain.

To seek the model of the lander molecular arrangements on Cu(111), we have
measured the distance (d;) between molecular centers in a row (1.67 £ 0.2) nm which
is ~ 7% larger than that on Cu(100) surface, the distance (dy) between the centers
of “right-hand” molecular chain and “left-hand” molecular chain at the connection
(1.82 £ 0.2) nm (cf. Figure 4.13). Figure 4.13 also shows a structural model. Lander
molecules are assumed to be adsorbed on the top site of Cu(111), so that the DTP
legs are adsorbed on the hollow site of Cu(111) [91]. This model gives the “right-
hand” and “left-hand” molecular chains align along [112], [121] and [211] directions.
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The distance between molecular centers in a row of 1.76 nm and between the centers
of two handed molecular chain at connection of 1.84 nm can also be extracted from
this model. They also agree well with the experimental data within the estimated
uncertainties. From the model one can conclude that the central boards of the lander
molecules do not connect to each other when there is lander adsorbed on Cu(111).
In summary, on Cu(lll), we have observed at low coverage two different
enantiomerically pure lander molecular rows assembling by two mirror symmetry
molecules connect into supramolecular chains about 10 ~ 50 nm long. The molecu-
lar chains align along [112], [121] and [211] directions. We have proposed a model of
lander adsorbed on Cu(111) surface which agrees well with the experimental data.
The model shows that the central boards are not connected to each other when lander

molecules are adsorbed on Cu(111) surface.

4.2.3 Lander on Au(788)

Vicinal surfaces are natural templates for growing nanostructured solids with low-
dimensional properties [92-95]. Au(788) is vicinal with respect to Au(111) by a
miscut angle of 3.5° towards [211] and presents {111}-like steps. Most of Au(111)
vicinals undergo facetting [96], but Au(788) is a stable orientation.

Figure 4.14 shows an STM image of a Au(788) surface on a large scale. At the
bottom right, the insert shows a dI/dV map zoom in a few terraces which enhances
the discommensuration lines running perpendicular to the step edges. This indicates
the characteristic reconstruction of alternating fcc- and hep-packed domains within
the same terrace is similar to the reconstruction of Au(111). The broad dark stripes
correspond to fcc domains |, the smaller ones to hep domains [97]. The average terrace
width value of Au(788) is (39 & 4) A and the periodic fcc-hep reconstruction distance
is (72 &= 2) A. The different atoms of these two sites reflects the low energy of Au
atoms on fcc sites [98].

The reconstructed Au(788) surface offers inequivalent adsorption sites (fcc do-
mains, hcp domains and bridge sites) and preferred interaction of lander molecule

with specific sites may be expected. Figure 4.15 shows the STM picture of lander
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Figure 4.14: STM image of Au(788) showing straight monatomic steps. The insert is the
dI/dV map of Au(788) which shows the detailed structure. Bright and dark areas indicate
the presence of alternating fcc- and hep-packed domains within the same terrace. (I =

0.3 nA, V, = -600 mV, scan size = 30 x 30 nm?2, FILE: 3103T022.IMG).

molecules adsorbed on Au(788) substrate at low coverage. The lander molecules
are adsorbed along step edges. The steps are not uniformly decorated with lander
molecules, rather the Au(788) reconstruction determines sites of preferential adsorp-
tion at steps. Step segments which intersect fcc domains are decorated with lander
molecules while segments which intersect hcp domain are uncovered except a few
molecules which indicated by arrows in Figure 4.15. The bridge sites are depleted
of molecules. Because the experiments were performed under low temperature and
thermodynamic growth condition, the distribution of lander onto the inequivalent
adsorption sites of the reconstructed Au(788) surface can be directly interpreted in
terms of the local molecule-substrate interaction. Lander molecule is most strongly
bound to the step segments which intersect fcc domains. This suggests that the
molecule-substrate interaction is larger within fcc domains than in hcp domains and

the weakest on bridge sites.
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Figure 4.15: Lander molecules adsorbed on Au(788). Landers prefer to adsorb on the
step edges which intersect with fcc domains while only a few molecules which indicated by
arrows adsorb on hep domains. (I; = 0.01 nA, V; = 1600 mV, scan size = 60 x 60 nm?,

FILE: 3104T003.IMG)

4.3 STS of Lander on Different Metal Substrates

A very important surface tool with STM is spacially resolved spectroscopy. Current-
voltage (I — V') curves are recorded at different points on a molecule to determine
the more electronically transparent region of a molecule. This helps in understanding
STM images. This is also a formidable tool when lander molecule is connected at one
end to a step edge and the tip apex of the STM positioned as a second ultra clean
electrode at the other end of the molecular wire. In our experiments, all spectra were
acquired under conditions of 5 mV (rms) modulation and 10 kHz frequency and 1 ms
time constant in the lock-in. The tunneling spectra on a bare terrace of the substrates
provide a solid reference to check the status of the STM tip, allowing to perform
reliable spectra and to discard tip artifacts affecting the lander spectra. All the raw
data of the spectra were treated as following: the acquired I (V') curve was numerically
differentiated to determine the zero point and maxima of the corresponding dI/dV

curve acquired from the lock-in.
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Figure 4.16: (a) The tunneling spectra (dI/dV’) of lander on single step of CuzAu(100).
(b) dI/dV spectra of lander on double steps of CuzAu(100). The sample voltage was set
to 1 V before cutting the feedback loop.

4.3.1 STS of lander on CuzAu(100)

The CuzAu(100) substrate is ideal for STS on the lander molecules adsorbed at single
and double steps. As shown in Figure 4.16, both spectra exhibit a gaped region,
estimated at ~ 2.3 eV. No difference is evidenced in the spectra of lander molecules
adsorbed at single and double steps.

The gap between two peaks marked in the spectra is actually extremely close to the
HOMO-LUMO gap of the lander in the gas phase (2.3 eV), suggesting a nearly zero
molecular orbitals mixing between the board part of lander and the CugAu(100) sub-
strate. This viewpoint may be consistent with the absence of an electronic coupling of
lander with the double step edges of CuzAu(100), since if the lander molecule is less
deformed by the substrate it must yield a wire height close to the gas phase height
of ~ 0.7 nm and may therefore not be suited to electronically couple to CuzAu(100)
double steps of ~ 0.37 nm. No significant change is evidenced in the spectra for set
point currents ranging from 0.1 nA to 10 nA.

We also performed spatially resolved spectroscopy over various positions of lan-
der. In Figure 4.17, we present the typical spectra recorded over five different parts
of a lander on a single step of CuzgAu(100): the center of lander and the four DTP-
legs which appear as four bright lobes in the STM images. The spectra show little
spatial dependency over the lander. Since the 2.3 eV gap is inconsistent with the

high-energy gap expected for DTP-legs, all the spectra are dominated by the molec-
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Figure 4.17: Spatially resolved spectra of a lander on a single step of CugAu(100) (image
size 12 x 12 nm?). The spectra shown are shifted for clarity and were acquired at 0.1 nA

with a sample voltage set to 1 V before cutting the feedback loop.

ular wire wavefunction. This means that there is a substantial leakage of the wire’s
wavefunction over the four DTP-legs. This is also proved by the investigation of the
standing wave patterns of lander molecules [99]. However, when comparing spatially
resolved spectra over various lander molecules we note that there is a random varia-
tion in the height of the left peak flanking the gap, suggesting a dependence of this

peak’s intensity on the lander orientation with respect to the atomic step.

4.3.2 Comparison of lander STS on different metal surfaces

This section will make a comparison of the STS of lander on different metal substrates.
Since the spectra show little spatial dependency over lander molecule, we concentrate
on the spectra on the center of lander. Figure 4.18 shows the spectra of lander on
the step edge of Ag(111), Cu(111) and Au(111). The spectra of lander on Ag(111) is
noisier than that on Cu(111) and Au(111) is due to the fact that we use less averaging
times during the experiment on Ag(111).

Similar to that on CuzAu(100), all the spectra exhibit a gaped region. Compared
with CugAu(100) (2.3 eV), the gaps in spectra are considerably larger on Ag(111)
(2.9 + 0.1 eV), Cu(111) (2.7 + 0.1 eV) and Au(111) (2.8 + 0.1 eV).

To understand the differences between the dI/dV spectra of lander at the step

of Ag, Cu, Au and CuzAu substrates, the work function differences between these
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Figure 4.18: STS of center lander molecules adsorbed on the step edge of Ag(111)
(image size 18 x 18 nm?), Cu(111) (image size 14 x 14 nm?) and Au(111) (image size
38 x 38 nm?), respectively. The spectra shown were acquired at 0.1 nA with sample volt-

age set to 1 V before cutting the feedback loop.

substrates are first considered. Since lander molecules are most likely to be in the
physisorbed regime, work function differences can be expected to play an important
role in determining molecular properties. The work function values of CugAu(100),
Ag(111), Cu(111) and Au(111) are 4.48 eV, 4.74 eV, 4.94 ¢V and 5.31 eV, respec-
tively [48]. If we assume that the electron affinity of lander is not strongly changed
by adsorption to these substrates, we expect the LUMO state for lander to locate at
the energy above Er which equals to the substrate’s work function subtracted by the
electron affinity [100,101]. From Figure 4.16 and Figure 4.18, we can extract the lan-
der LUMO states increase from (0.78 + 0.15) V for CuzAu(100) to (1.04 4+ 0.20) V,
(1.24 £ 0.15) V and (1.66 + 0.10) V for Ag(111), Cu(111) and Au(111), respectively.
Thus lander LUMO states are experimentally 0.26 V, 0.46 V and 0.88 V higher for
Ag(111), Cu(111) and Au(111) than for CuzAu(100). These values coincide with the
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work function differences between Ag(111) (0.26 ¢V), Cu(111) (0.46 ¢V), Au(111)
(0.83 V) and CuzAu(100). This provides a rough explanation as to why the lander
LUMO states are experimentally shifted to higher energy relative to Er with bigger
work function. The electron affinity of lander can be calculated to be 3.7 eV.

The lander HOMO states are experimentally located at (-1.56 £ 0.15) V, (-1.86
+0.05) V, (-1.43 £ 0.05) V and (-1.11 & 0.05) V for CuzAu(100), Ag(111), Cu(111)
and Au(111), respectively. The substrates work function differences are not adequate
to explain the different HOMO states in the dI/dV spectra for these substrates. The
HOMO-LUMO gap observed experimentally, however, may arise from the differences
in lander charging energies for these molecule/substrate systems. The HOMO-LUMO

gap seen by tunneling can be found to be expressed as [102]:
AEq., = cLumo — €nomo + U

where AEg,, is the HOMO-LUMO gap in the dI/dV spectra, epumo and exonmo are
the LUMO and HOMO states of molecule, U is the charging energy arising from
Coulomb repulsion between electrons.

The difference epumo-enomo has been found to be 2.3 eV for lander in gas
phase [103] which is extremely close to the HOMO-LUMO gap in the spectra of lan-
der on CugAu(100). Assuming that the presence of the surface does not significantly
change erumo-cnomo [104], the value of lander adsorbate charging energy can be
found by subtracting 2.3 eV from the experimentally measured HOMO-LUMO gaps.
This procedure leads to almost the same U value of (0.5 £+ 0.1) eV for lander at
the step of Ag(111), Cu(111) and Au(111), and of course, zero charging energy for
CuzAu(100). The difference in lander charging energies that we observe for noble
(111) and CuzAu(100) substrate is attributed to the screening behavior induced by
noble (111) substrates [102] and the weak influence of CuzAu(100) surface on lander
molecule properties.

In this section, we have found an increase of the LUMO states for lander on
CuzAu(100), Ag(111), Cu(111) and Au(111). This is due to the work function
differences between these substrates. We also observe a HOMO-LUMO gap increase
of 0.5 eV for lander molecule on noble (111) substrates compared with CuzAu(100).
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This difference is explained as the result of increasing charging energy due to the
screening behavior for lander on noble (111) substrates.

The results of the conformations and chiral structures of lander molecules ad-

sorbed on Cu(100) were published in Ref. [73] and [85].
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Chapter 5

Cobalt Phthalocyanine on Cu(111)

The use of individual molecules as functional electronic devices was first proposed in
the 1970s by Aviram and Ratner [62]. Since then, molecular electronics, one of the
major fields in nanoscience, involving the exploration of the electronic level structure,
response and transport, together with the development and applications of electronic
devices at molecular scale, has attracted much interest. Its major application areas
include sensors, displays, smart materials, molecular motors, molecular scale transis-
tors, logic and memory devices [105-111].

Metal(IT) phthalocyanines (MPc) are square planar complexes with great techno-
logical and fundamental interest because of their own properties and their similarity
to other classes of compounds. A schematic structure of a typical MPc is presented
in Figure 5.1. The phthalocyanines are extensively used as pigments and dyes, and
they are models for biologically important species such as porphyrins, hemoglobin,
and chlorophyll. They can serve as the active elements in chemical sensors, especially
for the detection of NOg [112,113]. They have interesting semiconductivity and can
be used to form well-behaved field effect transistors [114,115]. Their catalytic prop-
erties have been studied for some time [116], especially for redox catalysis such as in
fuel cell applications [117-119]. They are of great interest for use in optoelectronic
devices [120] and solar cells [121].

Theoretical studies of the electronic structure of MPc including density

functional treatments (DFT) [122-124], unrestricted (open-shell) Hatree-Fock

59
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Figure 5.1: Molecular structure of a typical MPc.

calculations [125], multiconfiguration self-consistent field (SCF) calculations [126],
and extended Hiickel MO based ESQC calculations [74] have been made.

An understanding of the interaction between MPc and surfaces is a critical el-
ement required for optimizing their use in the applications listed above. This can
be addressed by obtaining submolecularly resolved images of MPc adsorbed on the
substrate of interest. Until now, however, only limited information about the nature
of the adsorbed MPc was extracted by STM studies.

Actually phthalocyanines were among the first organic molecules to be stud-
ied by STM. STM images of individually distinguishable copper phthalocyanine
(CuPc) molecules have been presented by a number of researchers. Gimzewski and
co-workers studied CuPc adsorbed on polycrystalline silver [127]. Lippel et al. ob-
served excellent submolecular resolution images of CuPc adsorbed on Cu(100) [11].
Moeller and associates reported single molecule of CuPc on GaAs(110) [128]. Lud-
wig et al. found highly resolved images of CuPc can be obtained on graphite and
MoS, [129]. Fritz et al. studied hetero-epitaxial layers of CuPc on Au(111) [130], as
did Petracek [131]. Kanai and co-workers studied CuPc on Si(100) and Si(111) [132].
The transition from three-dimensional to two-dimensional faceting of Ag(110) induced
by CuPc was found by Bohringer and associates [71]. The electron transport through
CuPc molecule on NiAl(110) was studied by Nazin et al. [133]. In addition, images of
the free acid (HyPc) co-adsorbed on graphite with a liquid crystalline carrier have also
been published by Freund and associates [134]. There have been reports of STM study
of PbPc by Pester et al. [135] and Hamann et al. [136]. Gopakumar investigated the
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Figure 5.2: Structure of CoPc. Two axes orthogonal to each other are assigned L, and
Ly, and four benzene rings as Bi-B4. Nj and N, are the bridge nitrogen atom and pyrrolic
nitrogen atom, respectively. Light blue sphere: cobalt atom. Deep blue spheres: nitrogen

atoms. Grey spheres: carbon atoms. Pink spheres: hydrogen atoms.

adsorption property of PdPc on graphite [137]. The adsorption and two-dimensional
phases of chloro[subphthalocyaninato]boron(III) (SubPc) on Ag(111) was found by
Berner and associates [138]. Self-assembly of CuPc and ZnPc on pyrolytic graphite
were observed by Qiu and co-workers [139]. Stohr et al. studied the co-adsorption
of CuPc and Cgy on Au(111) [140], as well as Fendrich et al. [141]. Hipps and co-
workers distinguished CuPc and CoPc on Au(111) in STM images [142,143]. Re-
cently, Zhao et al. observed Kondo effect of CoPc on Au(111) after cutting the hy-
drogen atoms from the molecule by STM tip [144]. Takada et al. reported adsorbed
CoPc molecules on Au(111) and Cu(100) [145-147].

In this chapter, the investigation of CoPc molecules adsorbed on Cu(111) surface

by LTSTM will be presented.

Figure 5.2 shows the geometric structure of the CoPc. The length between the
central cobalt atom and the pyrrolic nitrogen atom (N,,) is 1.92 A and the distance
between cobalt atom and the bridge nitrogen atom (N3) is 3.36 A. The two molecular

axes orthogonal to each other are assigned as L, and L,, and four benzene rings as

Y
Bi-Bs. L, and L, are treated equivalently. In CoPc an excess of negative charge is
found on the eight electronegative nitrogen atoms [N, (atomic charges () =-0.50) and

Ny (@ = -0.33)] which surround the cobalt atom. The negative charge is compensated
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by the eight most central carbon atoms (@ = +0.32). All the numbers given above
are adopted from Ref. [124].

The Cu(111) surface was prepared using standard procedure in the preparation
chamber. CoPc (Aldrich [148], > 97.0%) was heated at 200°C for 24 hours to remove
the impurity with high vapor pressure and then deposited onto the Cu(111) surface
which was kept at room temperature from the molecule evaporator monitored by
a quartz balance in the preparation chamber (cf. Section 3.3.2). The sample was
transferred into the STM chamber and cooled down to 4.7 K. Tungsten tips were

used for STM observation.

5.1 Coverage Dependent Supramolecular Struc-

tures of CoPc

The bonding and ordering of molecules on surfaces are generally controlled by a
subtle balance between the competing molecule-molecule and molecule-substrate in-
teractions. For supramolecular self-assembly, three kinds of noncovalent interactions
are usually believed to be the most important molecule-molecule interactions: dipole—
dipole [149], metal-ligand [150], and hydrogen bonding interactions [88,151,152]. The
metal surface is often considered as a static checkerboard that provides bonds and
specific adsorption sites to the molecules [153-156].

We find a coverage-dependent evolution for CoPc supramolecular structures on
Cu(111) with a range of coverages from submonolayers to more than 1 ML. We
attribute this dependence to the delicate balance between local molecule-molecule

interactions and molecule-substrate interactions.

5.1.1 Low coverage

Figure 5.3(a) shows a constant current topography of CoPc on Cu(111) at low cover-
age (© =~ 0.3 ML). Single CoPc molecules are visible and the molecular diameter is

(16.8 & 2.0) A in agreement with the molecular dimensions in the gas phase (around
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Figure 5.3: (a) STM image of CoPc molecules on Cu(111) surface at low coverage. Insert
shows individual CoPc molecules, solid lines indicate the L, axis, broken lines indicate the
L, axis. (I; = 0.1 nA, V5 = -600 mV, scan size = 110 x 120 nm?, FILE: 5K13T009.IMG).

(b) Line profiles along L, axis (solid line) and L, axis (broken line).

15.0 A). This confirms the expected planar adsorption of CoPc. The apparent height
of CoPc molecules in the STM images is (1.60 # 0.15) A.

A closer inspection of the STM images reveals an internal molecular structure with
high resolution as shown in the insert of Figure 5.3(a). The CoPc molecules are easily
identified. The phthalocyanine ring appears like a four-lobe pattern and in the center
the cobalt atom appears as a bright (high) spot, as reported by Hipps et al. [142,143].
The protrusion in the center is due to the 3d orbital of cobalt. The axis of CoPc (L)
[as indicated by the solid lines in the insert of Figure 5.3(a)] orients parallel to the
closed-packed (110) directions of Cu(111) surface. This preferential orientation of
molecular axis obviously reveals that molecule-substrate interactions determine the

adsorption geometry of CoPc on Cu(111) at low coverage.

Note that although L, and L, are equivalent in gas phase, they appear different
in the STM image. From the line profiles along L, and L, axes [Fig 5.3(b)], L, is
higher and longer than L, in STM image. We attribute this geometric difference to
the registry of CoPc on Cu(111) surface. Figure 5.4 presents a possible real space
structural model of single CoPc adsorbed on Cu(111). In this model, all nitrogen

atoms are located on the top of copper atoms. L, and L, axes are not equivalent
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Figure 5.4: Possible real space structural model for single CoPc adsorbed on Cu(111).

Open circles indicate the copper atoms on Cu(111) surface.

with respect to the Cu(111) substrate since the benzene rings in the L, and L, axes

are located on the bridge site and the three-fold hollow site on Cu(111), respectively.

Another visible feature in Figure 5.3(a) is that no dimers, chains, islands or or-
dered domains are found at this coverage. This feature is different with CuPc on
Ag(110) in which CuPc molecules aggregating into dimer and trimer and short chains
at coverage of 0.3 ML was found [71]. This suggests that molecule-substrate interac-
tions dominate the adsorption of CoPc on Cu(111) while attractive molecule-molecule
forces basically seem to be absent at low coverage. And the interaction between CoPc
and copper substrate is stronger than that between CuPc and silver substrate because

silver surface is more inert.

5.1.2 High coverage

Upon further CoPc deposition to a coverage of 0.6 ML, the first ordered structure
of CoPc (chain phase) appears. In this phase, CoPc molecules are connected into
chains orienting nearly along (110) directions. A second ordered phase of CoPc
(trimer phase) appears once the CoPc coverage approaches = 0.8 ML. In trimer phase,
three CoPc molecules first organize into trimer that further assemble into hexagonal

structures. When the coverage increases to 1 ML, a saturated phase (square phase)
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5.1. Coverage Dependent Supramolecular Structures of CoPc

Figure 5.5: (a)—(c) STM images of three kinds of supramolecular structures of CoPc

trimer, and square phase,

molecules adsorbed on Cu(111) at high coverage, namely chain,

Shaded areas are the unit
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Structures | Chain phase | Trimer phase | Square phase
by (A) 145405 | 28.8+0.3 15.0 + 0.5
by (A) 209 £ 1.2 28.8 + 0.3 145 £ 0.5

0 (100 + 2)° (120 £ 2)° (90 £ 2)°

Table 5.1: Primitive vector parameters of the adsorbed CoPc supramolecular structures
on Cu(111). by and by are the primitive vectors lengths, 6 is the angle between the primitive

vectors.

appears. The CoPc molecules aggregate into square mesh on the Cu(111) surface.

Molecularly resolved STM images of these three different supramolecular struc-

tures are shown in Figure 5.5(a)—(c).

The large-scale supramolecular assembly is due to the balance of molecule-
molecule and molecule-substrate interactions. We attribute the molecule-molecule
interaction to hydrogen bonding. According to the effective atomic charges calcu-
lation of CoPc molecule, an excess of negative charge is found on the eight elec-
tronegative nitrogen atoms (N, and N;) which surround the cobalt atom [124]. If
the coverage is high enough to force N, atom and the hydrogen atom of neighboring

molecule very close, the formation of hydrogen bond can be achieved [Figure 5.5(d)].

In order to investigate the adsorption geometry for the observed structures, it is
instructive to consider possible model of the adsorbate structure. However, it was
not possible to simultaneously image the atomic resolution of the Cu(111) substrate
together with the molecular resolution of the CoPc molecules which would allow us to
determine directly the exact adsorption registry. Nevertheless, the experimental data
available together with symmetry arguments allow us to propose a feasible model. To
seek the structural model of these ordered structures, several parameters are measured
in the STM images. They are shown in Table 5.1. b; and bs in Figure 5.5(a) are
the primitive vectors of chain phase, and they are (14.5+0.5) A and (20.9 4+ 1.2) A,
respectively. In Figure 5.5(b), the distance(d;) between two molecules in the trimer
is (14.5 4 0.2) A. Four trimers form a unit cell for this supramolecular structure,

by and by are the primitive vectors in trimer phase. They are both (28.8 4 0.3) A.
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Structures Chain phase Trimer phase Square phase
) 1 6 11 0 3.5 =35

Matrix
-1 =5 0 11 —5.5 5.5

Packing Density | 0.31 molecules/nm? | 0.36 molecules/nm? | 0.47 molecules/nm?

Table 5.2: Structural parameters of the proposed models for adsorbed CoPc supramolec-

ular structures with respect to Cu(111)

Figure 5.5(c) gives the primitive vectors by and bg of the square phase. They are

(15.0 & 0.5 A) and (14.0 £ 0.5 A), respectively.

Based upon the STM data, the molecular packing model for the chain phase
was proposed in Figure 5.5(e). CoPc molecules form hydrogen bonds running along
the [156] direction of Cu(111). From this proposed model, the matrix notation of
(16, -1-5) for the chain phase can be made. In Figure 5.5(f) a molecular packing
model for the trimer phase was proposed. Three hydrogen bonds dominate the for-
mation of the trimer. Three molecules in one trimer are twisted 0°, 30° and —30°
with respect to [011] direction, respectively. From this proposed model, we obtain
the matrix notation of (11 0, 0 11) for the trimer phase. Figure 5.5(g) gives a molec-
ular packing model for the square phase. In one unit cell, four CoPc molecules form
a square with eight hydrogen bonds. The matrix notation of the square phase is
(3.5 -3.5, -5.5 5.5). Simple rotations of +120° of the above phases give the remaining
six possible configurations. All these configurations are observed in experiments. The
structural parameters of the proposed models for these ordered phases are summa-

rized in Table 5.2.

The STM images of individual CoPc molecule in the supramolecular structures
show different contrast. In the chain phase, all the molecules show same contrast on
both axis. In the trimer phase, the molecule with L, axis parallel to [011] direction
show unequal contrast between L, and L, axis, while the other two show the same
contrast. In the square phase, the molecule marked as “A” shows a dim axis and a
bright axis while the molecule “B” shows same axes. This difference can be explained

by the adsorption sites with respect to Cu(111) surface. According to the packing
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Figure 5.6: STM image of CoPc molecules adsorbed on Cu(111) surface at © > 1 ML.
Single CoPc molecule, the first and second layer of CoPc molecules are indicated as (s), (1)

and (2), respectively. A zoom in the dashed rectangle is shown in the insert. (I; = 0.1 nA,

Vi = +1000 mV, scan size = 106 x 122 nm?, FILE: 5J25T067.IMG)

structural model, the molecule showing same contrast is adsorbed on the unsymmet-
rical site, and the molecule showing different contrast is located on the symmetrical

site (bridge site).

5.1.3 Coverage > 1 ML

Figure 5.6 shows a STM image of CoPc films on Cu(111) substrate at coverage
© > 1 ML. The regions marked with (1), (2) and (s) correspond to the first, second
layers of CoPc molecules on the substrate and isolated CoPc molecule on first layer,
respectively. The monatomic steps of the underlying Cu surface are clearly visible.
From the image we can find that CoPc molecules in the second layer aggregate into
islands. The edges of the island run along the direction perpendicular to [011]. This
can be understood that the interaction between the substrate and the second layer
molecules is decoupled by the first monolayer, thus the molecule-molecule interaction
dominates the adsorption geometry of second layer and the influence of the substrate
is negligible.

In this section, we have found the coverage-dependent phase evolution of CoPc ad-

sorbed on Cu(111). At low coverage (© < 0.3 ML), dominating of molecule-substrate
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(a) a(x) polymorph (b) stacking direction (¢) a(+) polymorph

Figure 5.7: (a) Molecular stacking of the a(x) polymorph of MPc films. (b) Stacking
direction of the v polymorph. (c) Molecular stacking of the a(+4) polymorph.

interaction leads to a sparse adsorption geometry, no dimer, chain, island or other or-
dered domains can be found. When coverage increases high enough (6 > 0.6 ML) so
that adjacent molecules are very close, the combination of molecule-substrate interac-
tion and molecule-molecule interaction (hydrogen bonding) determines the adsorption
geometry. We have found chain and trimer phases. Square phase will appear if the
coverage is saturated to 1 ML. When the coverage exceeds 1 ML, in the second layer,
the molecule-molecule interaction dominates the adsorption geometry because of the
decoupling of molecule-substrate interaction by the first CoPc monolayer, thus the

second layer molecules aggregate into islands at this coverage.

5.2 Stacking Pattern of CoPc

There are two well-known polymorphs in MPc crystals. One is called a-type which
has been believed, since the report by Ashida et al. [157], that undoped molecules are
stacked along the L, + L, direction (see Figure 5.2). The stacking pattern is shown
in Figure 5.7(a) which the neighboring rings are slipped and the angle () formed
between the molecular symmetry axis and the stacking direction [Figure 5.7(b)] ranges
in MPc’s from ~ 26° to ~ 45°, depending on their polymorphic form. On the basis of

transmission electron diffraction studies, Hoshimo et al. [158] have recently proposed
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........

(a) 8 polymorph (b) stacking direction

Figure 5.8: (a) Molecular stacking of the # polymorph of MPc films. (b) Stacking direction
of the 8 polymorph.

that molecules are stacked along the direction of L,, as shown in Figure 5.7(c).
They called this new polymorph «(+), while that in Figure 5.7(a) is called a(x).
The doped compounds are stacked instead in the form of metal-over-metal columnar
stacks [Figure 5.8(a)], which is called §-type. As shown in Figure 5.8(b), successive
rings in the stacks assume a conformation with a rotation angle between two L, axes
¢ ~ 40° [159].

Submolecularly resolved STM images of double layers of CoPc molecules on
Cu(111) give us direct information about the stacking property of CoPc molecules.
Figure 5.9 shows an STM image recorded at sample voltage of —1.0 V, in which both
the first and second layers are observed. From Figure 5.9(a), we can see that first
layer molecules under the second layer have the same orientation with the second layer
molecules. Figure 5.9(b) is a cross section of the broken line A-B in Figure 5.9(a).
The central Co atoms in the second layer, as indicated by arrows, are observed to be
brighter than surroundings. The spacing between the arrows is equal (13.8 +0.2) A,
indicating that the CoPc molecules in the second adsorb in the same pattern as first
layer. Figure 5.9(c) is a cross section of the broken line C-D along L, axis of the
molecule in the second layer in Figure 5.9(a). The benzene ring labeled in the figure
as B; (see Figure 5.2) is found to be higher than that labeled Bs. Although the
topography gives the information of LDOS of the sample and can not be directly in-
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Figure 5.9: (a) STM image of the first and second layers of CoPc molecules on Cu(111)
surface. (I; = 0.1 nA, V; = -500 mV, scan size = 10.6 x 12.2 nm?, FILE: 5J27T013.IMG)
(b) Line profile along the line A — B in (a). Arrows indicate the positions of Co atoms. (c)
Line profile along the line C — D in (a). B; and Bj indicate benzene rings. Arrows indicate

the positions of Co atoms. (d) Stacking of the second layer of CoPc¢ molecules.

terpreted into the real vertical height of the molecule, however, this apparent height
difference is independent of the sample bias voltage and since the electronic struc-
tures of B; and B3 are equal to each other, this apparent height difference can be
regarded as the real height difference between B; and B3. The molecules are likely
to be inclined with respect to the substrate surface. The average tilt angle from the

surface plane is (3.0 £ 0.4)°. With high resolution of the STM images, we can identify
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[111]

Figure 5.10: Possible model for CoPc molecular stacking on Cu(111) surface. (a) Projec-

tion in the [111] direction. (b) Projection in the [211] direction.

the stacking type of CoPc molecules on Cu(111). Figure 5.9(d) shows the molecular
structure model mapping on Figure 5.9(a). It is clear from this mapping that the
CoPc molecules are stacked with a(x) type. The lateral distance between the central
Co atoms of the first and second layers is ~ 2 A, and the apparent vertical height
between the first and second layer is ~ 3.3 A. From these results, we can get the
stacking angle 6 is ~ 31°.

Figure 5.10 shows a possible model for molecular stacking of CoPc bilayer films
on Cu(111) based on the discussion above. The view of Figure 5.10(a) is projected
in the [111] direction. The molecules are stacked with a(x) type. Figure 5.10(b) is
projected in the [211] direction. CoPc molecules of the second layer are tilted along

the [011] direction of Cu(111).

5.3 Adsorption-site Dependent STM Images

Individual CoPc molecules in the second layer have fine structures [cf. Figure 5.9(a)].
The benzene rings are divided into two parts, and porphyrin rings are clearly recog-
nized. In contrast to the low resolution of single CoPc molecule directly adsorbed on

Cu(111), the spatial resolution can be much enhanced by imaging an isolated CoPc
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Figure 5.11: Top: STM images of isolated CoPc on the first layer acquired at Vs =
-1.5 Vand Vs = +1.5 V. (I; = 0.1 nA, scan size = 4.7 x 5.4 nm?, FILE: 5J28T011.IMG &
5J28T012.IMG). Bottom: Calculated HOMO (left) and degenerate LUMOs (right) of free
CoPc molecule using Gaussian03 with DFT (B3LYP/6-31G*).

molecule on the first layer of CoPc molecules. The top row of Figure 5.11 shows
typical STM images of an isolated CoPc molecule on the first layer acquired at sam-
ple bias voltages of -1.5 V and +1.5 V. The benzene rings and porphyrin rings are
clearly visible. The central Co atom shows as a depression at negative bias, while
as a protrusion at positive bias. These two STM images very closely resemble the
native HOMO and LUMO of the free molecule in gas phase, which are calculated
using Gaussian03 [160] with DFT (B3LYP/6-31G*) by the group of Prof. R. Herges

in University Kiel and shown in the bottom row of Figure 5.11.

When a molecule is adsorbed onto a metal surface, its molecular orbitals are
not only influenced and broadened by a direct coupling to the electronic states of
the substrate, but there is also a electronic coupling of different molecular states
through the surface [161,162]. This effect usually results in a strong distortion of the
molecular states, thus there is hardly any resemblance to the native orbitals of free

molecule in gas phase. However, adsorbed on CoPc molecular monolayer, the isolated
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(a) (b)

Figure 5.12: STM images of two identical CoPc molecules on the first layer. Molecule 1
shows HOMO-LUMO feature at Vs = -1 V and V5 = +1 V, while molecule 2 doesn’t. (I,
= 0.1 nA, scan size = 13.8 x 15.9 nm2, FILE: 6C09T021.IMG & 6C09T022.img)

CoPc molecule has to interact with the metal surface through CoPc layer. The direct
correspondence between the experimental STM images and the molecular orbitals
of the free molecule clearly demonstrates that the electronic decoupling provided by
the CoPc layer is sufficient to preserve the inherent electronic properties of the free
molecule. This situation is similar to pentacene on NaCl films [27].

Apart from the isolated molecules which show MO-like STM images, there are
also some isolated molecules do not change significantly in STM images with different
bias. Figure 5.12 shows two identical molecules which appear different images under
negative and positive sample bias voltages. The left molecule (molecule 1) shows
HOMO-like topography at negative bias [Figure 5.12(a)] and LUMO-like topogra-
phy at positive bias, while the right molecule (molecule 2) does not change [Fig-
ure 5.12(b)].

By mapping the positions of these two molecules to the monolayer underneath,
we find that the center of molecule 1 is on the middle of the square lattice formed by
four molecules beneath and we call this position “on hollow site”. While the center
of molecule 2 is almost on the top of the center of the molecule beneath and we
call this position “on top site”. This adsorption geometry is schematically shown in
Figure 5.13. One could guess that the images of second layer molecules depend on

their adsorption sites with respect to the CoPc molecules beneath.
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Figure 5.13: Different adsorption sites of molecule 1 (on hollow site) and molecule 2 (on
top site). The black molecular structures indicate the isolated CoPc¢ molecules and the blue

crosses indicate the molecules beneath.

This effect maybe due to the axial interactions of the CoPc molecules. When the
second layer molecule is on the top site, there are interactions between the second-
layer CoPc molecule and CoPc beneath, thus it is less electronically decoupled from
the substrate than that on the hollow site, because those molecules adsorbed on
hollow sites are lifted by four benzene rings beneath. That is the reason why the
MOs of CoPc in gas phase can be highly resolved by STM in the molecules adsorbed

on hollow sites, while those molecules on top sites do not.

We intentionally manipulated the molecule on the hollow site to the top site
using STM tip (I; = 1 nA, V; = 0.5 V). The results are shown in Figure 5.14. Before
manipulation, the two molecules in the left column of Figure 5.14 are both on hollow
sites, thus show MO-features at negative and positive bias. After manipulating the
right molecule from hollow site to top site as shown in the right column of Figure 5.14,
this molecule loses its HOMO and LUMO-features while the other one still shows
MO-features at different bias. Another phenomena to note is that at positive sample
bias, the center of the molecule at top site appears brighter than that at hollow site.
During manipulation, we found that it is much easier to manipulate CoPc molecule
from hollow site to top site than wvice versa. This implies the top site is energetically
more stable than hollow site. All these phenomenons strongly support the fact that

there are strong interactions in CoPc dimer of the two layers. Due to the interactions,
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Figure 5.14: Manipulation of CoPc molecules on the first layer. Left: Before manipulation,
both molecules are on hollow sites and show HOMO-LUMO feature at Vi = -1.5 V and
Vs = +1.5 V. Right: After manipulating the right molecule from hollow site to top site,
this molecule does not show HOMO-LUMO feature at Vs =-1.5 V and V; = +1.5 V, while
the other remaining on hollow site still shows. (I; = 0.1 nA, scan size = 12.5 x 14.4 nm?,

FILE: 6F21T007.IMG — 6F21T010.IMG)

all CoPc molecules in the islands of the second layer adsorb onto the top sites of the
first monolayer.

One may guess the interactions may due to the Co-Co bonding, since for MPc
dimers, Ru=Ru [163, 164], Os=0s [165], Mo-Mo [166], Rh-Rh [167,168], Ir-Ir [169],
Re=Re [170] and In-In [171] bondings have been reported. However, detailed analysis
of the STM images reveals that the on-top STM images is not exactly “on-top”
position, there is a lateral distance between the cobalt atoms in the second-layer and
first-layer CoPc molecules about (2 + 0.5) A. This distance is long enough to prevent
a Co-Co bonding forming. Until now, we have no explanation for the interactions

and need further theoretical calculation.
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Figure 5.15: dI/dV spectra of CoPc on Cu(111). Black line: acquired on cobalt atom.
Red line: acquired on Pc rings. Arrows indicate the positions of peaks and steps in the
spectra. Insert is the zoom in the spectra of energy near Ep. (The y axis of the insert is in

log scale.)

In conclusion, by investigating the adsorption of CoPc molecules on Cu(111) sub-
strate with STM, we found remarkable change of images. The image of CoPc molecule
directly adsorbed on Cu(111) surface has lowest resolution which only shows a four-
lobe pattern. The image of second layer molecule on top site of first layer shows
more resolution. And the second layer molecule on hollow site amidst four first layer
molecules has highest resolution which can represent the HOMO, LUMO-features
at negative and positive bias. These could be explained as to the electronic cou-
pling between the molecule and substrate since the electronic coupling strength is
the strongest when the molecule is directly adsorbed on surface, the weakest when it
is located on hollow site because it is almost completely decoupled from the substrate
by the four benzene rings beneath, and stronger when it is on top site because of the

interactions in the dimer of two CoPc¢ molecules.

5.4 STS of CoPc on Cu(111)

Electronic properties of the CoPc molecule on Cu(111) are probed with STS. All

spectra were acquired under f,,,q = 10 kHz, V,,,s = 10 mV, and time constant =
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3 ms conditions of lock-in. The raw data of the spectra were treated as the STS of
lander molecules (cf. chapter 4). The results of the measurements are presented in
Figure 5.15(a), where dI/dV spectra taken at cobalt atom is given in black curve
and dI/dV spectra taken at phthalocyanine macrocycle is given in red curve. Both
positive-bias and negative-bias, corresponding to unoccupied and occupied states of
the sample, are presented. The dI/dV spectra show a peak and a wide gap. In
the center of the CoPc molecule, the peak is located at (3.35 £+ 0.10) eV below Er
with a gap between (-2.06 £ 0.30) V and (+1.16 £ 0.30) V. At the periphery of the
molecule, the spectra show a peak with lower intensity at (3.35 & 0.15) eV below Er
and a narrower gap between (-1.76 + 0.30) V and (40.90 + 0.30) V. The spectra

obtained for the clean Cu(111) surface do not show these features.

The dI/dV spectra can be interpreted in terms of orbital mediated
tunneling [100,172]. Figure 5.16 illustrates the energies of the upper occupied and
lower vacant MOs for the ground states of CoPc in gas phase [124] using DFT method.
The orbitals are labeled according to the irreducible representation of Dyy,. The Co-3d

populations of some MOs are reported in parentheses.

The strongest peak in the spectra is the peak at -3.35 V. This is the basis for
interpreting our dI/dV results in terms of MOs of CoPc. Since the intensity of this
peak in the spectra on Pcs is larger than that on cobalt atom, the orbital should be
predominated by Pc rings rather than the metal. And because the step at negative
bias should be assigned around HOMO, the energy difference between HOMO and
this orbital must be less than 2.5 V. Thus the peak at 3.35 eV below Er should be
related to ag, which is located predominantly on the Pc rings. For clarity, we can
convert the orbital energy values of CoPc in vacuum level to the energy level relative

to Er by adding 3.12 eV [-3.35-(-6.47)]. The results are shown in Table 5.3.

The step at -1.8 V in the spectra on Pc rings may be assigned to the HOMO (a1,
-1.88 V), and the step at -2.06 V in the spectra on cobalt atom must be due to the
HOMO++1 (ay,, -2.01 eV) because this orbital is dominated by Co-3d,2 (88%). The
bay (-2.64 €V) is in the background of the spectra. The LUMO (2e,) is difficult to

assign because it is at 0.17 eV, and no peaks and steps are distinguishable in the
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spectra. However, close inspection reveals there is a slight increase near Fermi-level

at positive bias in the spectra (cf. Figure 5.15). We attribute this slight increase

to the LUMO, and we have no explanation as to why the 2e, would be so small.

The next steps in dI/dV are at 0.9 V for the spectra on Pc rings and 1.1 V for the

spectra on cobalt atom. These steps can be assigned to the by, (0.95 eV). Taking
the work function of Cu(111) to be 4.94 eV [48], the electron affinity of CoPc is then

(4.04 £ 0.30 eV) in good agreement with values obtained for other phthalocyanines

[101,173,174].
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An assumption for this assignment is that the CoPc molecule is undisturbed by
the substrate when adsorbed on Cu(111) because we relate the dI/dV features to
the MOs of CoPc in gas phase. However, this is not rigidly fulfilled since there
are strong molecule-substrate interactions when CoPc adsorbed on Cu(111) which is
evident because the molecules can hardly be moved by the tip when imaging even at
1p A. To get full understanding of the STS of CoPc adsorbed on Cu(111), a further
theoretical calculation accounting for the molecule-substrate interaction is needed.
This may explain why the step in the spectra of CoPc on Pc rings is at lower positive

bias than that on cobalt atom although they are assigned to the same by, orbital.



Chapter 6

Conclusion

In this thesis the adsorption of organic molecules on metal substrates is studied by
a home-made STM at low temperature (4.7 K) in UHV. Some of the most relevant
achievements accomplished are summarized as follows:

In the first part, based on submolecularly resolved STM images, it is possible to
determine different conformations of lander molecules adsorbed on Cu(100) surface.
The experimental findings are in excellent agreement with theoretical prediction by
ESQC. A detailed investigation demonstrates that lander adsorbs at the step edge
of Cu(100) with its conducting board parallel to the step, preventing good elec-
tronic contact between molecule and the step. The same geometry has been found
for CuzgAu(100) surface even if it yields steps whose height perfectly matches the
molecular wire height on terrace. Through the analysis of STM images it is possible
to propose models for explaining the chiral structure of lander on Cu(100) and the
molecular chains of lander on Cu(111).

Moreover, the study of STS reveals an increase of LUMO states for lander on
Cu3zAu(100), Ag(111), Cu(111) and Au(111) which is due to the fact of work function
differences between these substrates. The wider HOMO-LUMO gap in the spectra of
lander on noble (111) surfaces compared with CuzAu(100) is explained as the result
of increasing charging energy due to the screening behavior for lander on noble (111)
substrates.

CoPc adsorbed on Cu(111) are thoroughly investigated in the second part. The

81
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analysis of STM images reveals the adsorption phase change within a range of
coverages. This change is the result of delicate balance between local molecule-
molecule interaction and molecule-substrate interaction. A detailed examination of
submolecular-resolution STM images of double layers of CoPc allows to determine
the a(x)-type stacking of CoPc. A reasoning based on first principle calculations,
semiempirical and molecular dynamics simulations, provides the frame for under-
standing the origin of adsorption-site-dependent STM images of individual CoPc
molecule on CoPc layers. The STS results of CoPc on Cu(111) are assigned to the
MOs of CoPec.
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