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Kurzfassung

In der vorliegenden Arbeit werden zwei unterschiedliche Molekiilsysteme auf metal-
lischer Oberfliche, die ein Doppelmuldenpotential aufweisen, mit Hilfe von Rastertunnel-
mikroskopie (STM), Rasterkraftmikroskopie (AFM) und Rontgenabsorption untersucht.
Die Motivation fiir diese Untersuchungen liegt darin, dass Doppelmuldenpotentiale essen-
tiell fir die Realisierung von Bits in digitaler Technologie sind. In beiden Molekiilsystemen

wird auflerdem die Frage nach der Ansteuerung durch elektrischen Strom untersucht.

Das erste Molekiilsystem ist der Ladungstransferkomplex Tetrathiafulvalen(TTF)/Tetra-
cyanoethylen(TCNE) auf der Gold (111)-Oberflache. Mittels atomar auflésendem AFM
konnten zwei Konformationszustande des TCNE identifiziert werden. Wahrend eine
Konformation einen ausgepragten Kondo-Effekt aufweist, ist dieser in der anderen
Konformation nicht vorhanden. Dies wird mit einer Anderung der Parameter des

Anderson-Modells durch eine Anderung der Hybridisierung mit der Oberfliche erklért.

Die Konformationszustiande des TCNE im Ladungstransferkomplex liegen auf entge-
gensetzten Mulden eines asymmetrischen Doppelmuldenpotentials, das mit Hilfe von
Schaltratenmessungen per STM untersucht wurde. Beim Schalten in den thermisch
stabilen Zustand ist ein wahrscheinlich thermischer Relaxationsschritt vorhanden, der
in der anderen Schaltrichtung fehlt. Die unterschiedliche Schaltdynamik ermdoglicht ein

kontrolliertes Schalten in den gewiinschten Zustand.

Das zweite untersuchte Molekiilsystem ist der metallorganische Komplex Dysprosium-
tris(1,1,1-trifluoro-4-(2-thienyl)-2,4-butanedionat) (Dy(tta)3). Die Monolagen-weise und
intakte Adsorption wurde mittels STM tiberprift. Durch STM und Réntgenabsorption
ist eine Koordinationsgeometrie mit zwei tta-Liganden flach auf der Oberfliche und
einem hoch stehenden tta-Liganden evident. Eine uniaxiale magnetische Anisotropie, die
gesuchte Energiebarriere, wurde mit Hilfe von Rontgen-Magnetischem Zirkulardichroismus
nachgewiesen. Diese Anisotropie wird von den negativen Ladungen der zwei flach
liegenden Liganden induziert. Eine Wechselwirkung des magnetischen Moments mit den

Tunnelelektronen wird ausgeschlossen.



Abstract

In the following dissertation two different molecular systems on a metallic surface that
show a double-well potential are investigated by methods of scanning tunneling microscopy
(STM), atomic force microscopy (AFM) and X-ray absorption (XA). The investigation
is motivated by the fact that double-well potentials are essential for the realization of
digital bits in computational technology. In both molecular systems the question of

control or addressing the state by electric current is explored.

The first investigated molecular system is the charge transfer complex tetrathiaful-
valene(TTF) /tetracyanoethylene(TCNE) on the (111)-surface of gold. By means of
atomically resolved AFM two distinct conformational states of the TCNE were identified.
While one state shows a pronounced Kondo effect, the effect is not present in the second
state. This is explained by a change of parameters of the Anderson impurity model due

to a change of the hybridization with the surface.

The conformational states of the TCNE in the charge transfer complex lie in the two
minima of an asymmetric double-well potential that is investigated by measuring of
switching rates with STM. When switching into the thermally stable state, a probably
thermal relaxation process is present that is absent in the other switching direction. The

difference in the switching dynamics allows a controlled switching in the desired state.

The second investigated molecular system is dysprosium-tris(1,1,1-trifluoro-4-(2-thienyl)-
2,4-butanedionate) (Dy(tta)3). The intact and monolayer-wise adsorption of the complex
on the surface are verified by STM. Combined XA and STM studies prove a coordination
geometry with two tta-ligands adsorbed flat on the surface and one tta-ligand standing
upright. A uniaxial magnetic anisotropy, the potential barrier, in the central dysprosium
ion is detected by X-ray Magnetic Circular Dichroism. The anisotropy is induced by the
negative charges of two flat-lying ligands. An interaction of the magnetic moment with

tunneling electrons is ruled out.
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1 Introduction and QOutline

During the last century physical research played a decisive part in digital technology’s
advance to smaller length scales. In magnetic hard drives the storage density has been
increased by orders of magnitude with the implementation of readout mechanisms using
magnetic tunnel resistance [1] and giant magnetoresistance [2, 3]. Half a century before
that the invention of the transistor started the development what we now know as the

modern digital computing technology [4, 5, 6]

To increase the computational speed and the storage density the devices are made
smaller to put more on a smaller surface [7]. As the miniaturization enters atomic scales,
material properties change fundamentally. Collective phenomena like magnetic domains
or semiconducting band bending loose their meaning when talking about a small number

of atoms.

In order to develop digital memory devices with molecular-sized bits, two-state devices
composed of single molecules need to be found within basic research. In these molecules
the two states need to have different properties, e.g. electric or magnetic, to enable a
readout of the state. The potential landscape of the molecular system needs a sufficiently
large energy barrier that ensures that the system stays on one side of the potential when
not excited by external stimuli. In the case of magnetic memory in magnetic hard drives

the barrier of the double well potential is facilitated by magnetic anisotropy.

For single magnetic atoms one might ask, what can create a suitable magnetic anisotropy
in a single magnetic metal center, when the magnetic moment is not stabilized by the
exchange coupling of other metal atoms. In general, one might look for alternative

realizations of two-state devices or energy landscapes with a double-well potential.

The surface science of adsorbed molecules is suited for the research of alternative digital
systems. Organic molecules are very versatile and can be synthesized with a wide range
of properties. Molecules adsorbed on a metal surface are automatically contacted by an

electric lead, which would be important for reading and writing a memory device.

The field of surface science made a breathtaking progress during the last decades. Building

on the well established Scanning Tunneling Microscopy technique [8] that revolutionized



1 Introduction and Outline

the field of surface science, allowing the imaging of surfaces with atomic resolution, the
non-contact Atomic Forces Microscopy has been developed [9, 10]. The technique allowed
for the first time atomically resolved imaging of single molecules that are adsorbed flat
on the surface [11]. Not only did the images look like the familiar Lewis formulas of the
molecules, but they opened up new methods of research. The measurement of the Local
Contact Potential Difference (LCPD), for instance, allowed the determination of atomic

and molecular charges and even partial charges within molecules [12].

In the present work two molecular systems on a metal surface are evaluated as candidates
for two-state devices according to two criteria. First, the realization of an energy
landscape of two-state devices, a double-well potential. Second, the accessibility by
electric tunneling current of the object in the double-well potential, either the center of

mass of a molecule or the magnetic moment in a central ion of a metal-organic complex.

The thesis has the following structure. In chapter 2 the basic experimental methods
are presented as well as some basic concepts about the investigated physical systems.
Scanning Tunneling Microsopy and Atomic Force Microscopy as well as the corresponding
spectrosopies are briefly sketched. Here, the interpretation of STM data as a measurement
of local density of states is discussed. How to obtain a measure of local electric potential
on the sub-molecular level is laid out. Basics concepts and phenomena that occur when
molecules are adsorbed on metal surfaces are presented. Briefly, the basic definitions
and notations are introduced that are necessary to discuss the magnetism of localized
electrons on the atom. Certain X-ray absorption spectroscopy methods are presented.
Finally, in section 2.6 a review of the literature on the donor molecule Tetrathiafulvalene
(TTF) and the acceptor molecule Tetracyanoethylene (TCNE) adsorbed on different
noble metal surface is presented. Some predictions for the charge transfer complex
TTFEF/TCNE on the gold Au(111) surface can be made from the known literature that

will be confirmed in this thesis.

Chapter 3 deals with the two-state system TTF/TCNE on the Au(111) surface. Two
conformational states that are an implementation of the sought-after two-state device are
identified by AFM. The presence of the many-body Kondo state in one of the states and
the absence in the other state hints at different charges of the states. This is disproved

by LCPD measurements.

Chapter 4 continues the investigation of the molecular system TTF/TCNE but focuses



on the switching dynamics and its relation to the tunneling current. After finding a
difference in the switching process for the two directions, a way to controllably switch

the TCNE molecule into the desired state is presented.

In chapter 5 the ligand-field-induced uniaxial anisotropy is utilized as a potential barrier
for the magnetic moment of a metal center in the metal-organic complex dysprosium-
tris(1,1,1-trifluoro-4-(2-thienyl)-2,4-butanedionate) (Dy(tta)3). It is shown that the
ligand-field induced anisotropy is uniaxial due to the adsorption on the surface. An

addressing of the magnetic moment by the tunneling current will be discussed.

Chapter 6 gives an overview of the results presented in previous chapters.






2 Experimental and theoretical details

The investigation of chemical adsorbates on metal surfaces can be done either by detecting
a strong signal from an ensemble of molecules, e.g. using an optical technique, or by
observing the individual molecules with a scanning probe setup. This thesis focuses on
the latter approach in particular in Chapter 3, while also using the former approach in
a combined investigation presented in Chapter 5. In the following chapter the working
principles of the used methods, namely the Scanning Tunneling Microscopy (STM) and
Spectroscopy as well as the Atomic Force Microscopy (AFM), will be explained in detail.
In addition, the near edge X-ray absorption fine structure (NEXAFS) and the X-ray

magnetic circular dichroism (XMCD) will be introduced.

2.1 Scanning Tunneling Microscopy

The measurement of conductivity (more precisely the differential conduction) of single
atoms and small molecules gives access to a plethora of quantum-mechanical properties
such as electronic and vibrational energy levels. To perform the measurement the
molecules have to be contacted by electrodes which is achieved in this thesis with STM. A
conducting tip is moved over the flat surface of a single crystal with molecules of interest
on it and the tunneling current is measured. The surface is scanned line by line keeping
either the distance to the surface in the constant height mode of operation or keeping
the electric current constant in the constant current mode via an electric feedback. The
resulting image of either the current in the constant height mode or the constant current
topography is used to identify the individual molecules on the surface and to note their

position for further experiments.



2 Experimental and theoretical details

2.1.1 The tunneling current

The principal part of a tunneling microscope is the tunneling junction between the
probe tip and the metal sample surface. As we will see in the following the size of the
electrical tunneling current depends exponentially on the tip-surface distance and on the
local density of states on the surface under the tip. This allows precise imaging with

sub-molecular resolution.

The tunneling of a particle with mass m and energy E over a barrier of width d in z-
direction with energetic height U can be described by the transmission coefficient formula
within the quasiclassical approximation (also known as the Wentzel-Kramers—Brillouin
or the Liouville-Green method) [13]. Under the assumption that the barrier width d
is bigger than the wave length of the particle wave function, the interaction between
the two sides of the barrier can be regarded as very low and the states on each side of
the barrier are approximated by their eigenstates as if they were isolated. For a free
particle tunneling through a one-dimensional barrier the transmission probability takes

the well-known exponential form

T x exp(—z /Od dz\/Qm(U(z) —F)). (2.1)

Using the approximation of a trapezoidal barrier with an average height ® = (U(0) +
U(d))/2 this reduces to

T x exp(—;d\/Qm(Q — F)). (2.2)

In the case of conduction electrons in two metallic leads that are separated by a non-
conducting barrier, ® is the energy difference between the Fermi level and the vacuum
level, which is roughly the work function of the two leads. Assuming a typical metal
work function value of 4eV gives an increase of tunneling probability by an order of
magnitude for a decrease of the barrier by 1 A. In the setup of a vacuum barrier between
a flat surface and a rough-textured tip the tunneling current is therefore dominated by

the tunneling from the tip atoms closest to the surface. Tips with the effective sharpness
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of one atom are therefore likely, resulting in lateral resolution of scanning imaging of the

length scale of a single atom.

To obtain the electric current between tip and sample with the voltage V' applied across
the barrier, all matrix elements M, for the transition between all tip states ¢, and all
surface states 1, multiplied by the occupation of the respective state (as described by

the Fermi-function) have to be summed up. This results in the current being

27re

5 Z fE v+ V)| M [*o(E, — E,). (2.3)

As the experiments are mostly done at room temperature or below, the Fermi function
can be approximated by a step function. In order to further simplify the equation and to
obtain a formula that is easy to discuss, the case of very low voltages can be considered,
in which only the states close to the Fermi level contribute to the tunneling conduction.
The expression for the current then simplifies to the Ohmic product of the applied voltage,

a physical constant and the sum of all transition matrix elements at the Fermi level.

I= 2;62\/ > M, |*6(E, — Ep)d(E, — Er). (2.4)
o,V

It has been shown by Bardeen that the matrix element for transition M, can be obtained
by integrating the quantum mechanical current over any surface S that lies entirely in

the tunneling barrier and is perpendicular to the current [14].

This has been used by Tersoff and Hamann [15] to develop an expression of the current
that separates the states of the tip and the surface. Since the integral in equation 2.5 is
performed only over some surface in the barrier region, the assumptions for the particular
wave functions need only be accurate at this surface. An exponential decay towards the

direction of the gap is plausible for both wave functions. The state wave functions of
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the sample surface material v, can be expanded as general surface Bloch waves that
exponentially decay into the gap region and the tip states v, as asymptotically spherical
and also exponentially decaying. Then the current is obtained to be proportional to the

following expression.

[ o< Dy(Ep)V - Y |1 (ro)|*6(E, — Er)

Here, the density of states of the tip at the Fermi level is represented by D,(Er), while
the density of states of the sample pg(rg) is evaluated at the center of the tip sphere ry.
With & as the work function of the two metals and d the tunneling barrier width, the

exponential dependence of the current on d enters via the exponential decay of the sample

density of states pg(rg) o< e . ps and d are the two quantities of interest that are

simultaneously probed by the tip via the tunneling current.

An STM image of an adsorbed molecule on the surface contains contributions from
both quantities d and pg. Typically, the frontier orbitals of the molecule hybridize with
the Fermi level of the metal surface, effectively extending the surface to the molecule.
As a consequence, the current image in a constant height scan of a molecule at low
bias voltages for a non-varying ps(F) will resemble the frontier orbital closest to the
Fermi level. Typically, the symmetry and the nodal planes of the orbital are clearly
distinguishable. The topography signal in a constant current scan (d at constant I(d)) is

essentially the logarithm of the constant height image.

For the characterization of surfaces and adsorbates the constant current imaging is the
most popular scanning regime. Its main drawback is the limited scanning speed due to
the bandwidth of the constant current feedback. The practical advantage is that there
is no need to determine the plane of the surface, which would require an additional

measurement procedure.

2.1.2 Spectroscopy

Beside STM imaging, an extremely valuable tool for studying surfaces and adsorbates

originates in the dependence of the tunneling current on the density of states localized
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under the tip at a particular point on the surface. It is possible to obtain the information
on the energetic position of the adsorbate states with respect to the Fermi-level of the
surface by measuring the current and differential conductance while varying the bias
voltage. The tunneling probability is proportional to the surface density of states, as
seen in equation 2.6. However, the equation was derived under the condition of small

voltages and constant pg. It can be extended to higher voltages for a variable pg [16, 17].

Ep+V
I x dE ps(E) Dy(E —eV) T(EFp + eV, d), (2.7)

Er

with  T(Ep + eV, d) = ¢ 205 V2 Er—E) eV (2.8)

where T'(Er + €V, d) is the transmission coefficient that mostly depends on the geometry
of the junction. Using the lock-in technique that will be explained in detail in the next
section, the differential conductance g—{/ can be conveniently obtained. That in turn,
again assuming a constant density of states on the tip, is proportional to the density of
states on the surface at the applied voltage, modified by the slowly varying transmission

term

CCZZ‘I/(V, d) x ps(Ep+eV)T(Er +eV,d). (2.9)
Typically, the density of states observed in spectroscopy originates from surface states
of the metal leads or states of the adsorbate such as the highest occupied molecular
orbital or the lowest unoccupied molecular orbital. Aside from this elastic tunneling
process an inelastic tunneling process can also take place. Such a process is sketched in
Figure 2.1 a). An electron from an occupied level in the negatively biased lead can loose
the energy hwy to the excitation of a vibration wg while tunneling into the unoccupied
level with the energy Eo =E; — hwy in the other lead. The possibility of the excitation
opens an additional tunneling path increasing the tunneling current. Since the required
occupation of levels occurs for bias voltages V' that correspond to higher electron energies
than the vibration energy, the effect is visible as a kink in the tunneling current diagram
that is plotted against the bias voltage at eV = hwy, which is shown in 2.1 b). Also
shown is the second derivative of the current with respect to the voltage, which has a

peak shape with the width that is in most cases dependent mostly on the temperature.
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Figure 2.1: Taken from [18]: a) electron tunnels from energy E; to E; — hwy =Eg across a
barrier with thickness d with potential difference -eV'; b) resulting kink in the current I and
the corresponding peak in its second derivative I”

As is the case for imaging, spectroscopy is recorded while maintaining either a constant
tip height or a constant current. Constant current spectroscopy has the advantage of
compensating the exponentially increasing transmission coefficient of the junction. It
is therefore used in the voltage range between some 200 meV and the work-function
energy. Constant height spectroscopy, in turn, is useful around the Fermi-energy at

voltage magnitudes smaller than 1V.

2.1.3 Lock-In detection

The exponential dependence of the current on the distance and the billion-fold ampli-
fication of the current by the measurement electronics does not only provide detailed
images on the atomic scale but also makes the measurement setup highly susceptible
to mechanical and electronic noise. While the STM feedback loop keeps the tunneling
junction intact thereby making the imaging possible. In the case of open feedback
spectroscopy an additional method to compensate noise is used, namely the lock-in

technique.

The operational principle of the lock-in detector relies on the orthogonality of trigonomet-
ric functions of different periodicity. Multiplying the measured signal by a reference sinus
wave and integrating over an integer multiple of the reference sine periods leaves only a
part of the signal in a narrow bandwidth around the frequency of the reference wave.

All contributions to the signal from frequencies outside the narrowed bandwidth interval

10



2.1 Scanning Tunneling Microscopy

including the noise vanish. Therefore, if the signal of interest has the same periodicity as

the reference, it is amplified with respect to its noise level.

Let us consider a resistor that is measured for a time n - T" while it is traversed by current
Iy at an applied voltage Vj to which a modulation voltage Vi, sin(27 ft) is added, with
f= % being the frequency and inverse period of the modulation as well as the reference
wave. Along with the signal of interest I(V') also some noise Inoise is measured. Since
I(V) is for all practical purposes a real analytic curve, it can be expanded in a Taylor

series. The lock-in operation then becomes

n-T 1
/ I(Vi + Vag - sin(27f£) + Inowo(t)) X = sin(27 f1) dt
0 7r
neT dr _ 1d21 . L.
:/0 (1o + W‘VOVM' sin(2w ft) + iw\VO(VM- sin(27r ft))* + ...) x = sin(2x ft) dt

nT 1

¥ / Inoe(£) = sin(27 f1) dt
0 i

dI

1 -~
:Wh/zvo Vi + ;[nNoise(f”f:% + O(VJ\?})- (2-10)

As all odd powers of the sine function vanish after integration over one period, all terms
with even powers of V), vanish leaving only odd numbered derivatives. Assuming that
the first derivative is bigger than the third and higher derivatives (which they are if V) is
small compared to the energy resolution of the setup) the lock-in signal gives essentially
the first derivative with respect to the applied voltage multiplied by the modulation
voltage represented by the first term of the last line in the above equation. The in-going
noise is transformed to the nth sine Fourier coefficient at the frequency f = % and is not
multiplied by the modulation voltage. Since the first derivative is the interesting part of
the signal, the signal to noise ratio (SNR) of the lock-in signal is the ratio of these first

two terms

%‘I/W:vo -V
%[nNoise(f) ‘f:%

SNR = (2.11)

For modulation widths that are small compared to the energy resolution of the experiment

the signal to noise ratio can be increased by increasing V), for higher modulations however,

11
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the higher orders of the expansion in equation 2.10 become significant and contribute to
the systematic (non-stochastic) part of the measurement error. Therefore V), is typically

set to some low integer fraction of the resolution.

The main reason to use the lock-in detection principle in the first place lies in the
denominator of equation 2.11. Noise outside the narrow bandwidth window of ﬁ
(here as always f = %) around the modulation frequency is filtered away by the lock-in
technique. Integrating over a higher number of periods n decreases the width of the
frequency interval and therefore the measured noise. To increase n while the overall
measurement time is kept the same, the modulation frequency can be increased up to the
bandwidth limit of the instruments, making a higher bandwidth useful. This contrasts
the alternative method of simple averaging for a longer time, where the bandwidth has
to be reduced to increase the SNR. The frequency can be chosen to lie far away from

frequencies of known external noise sources, such as streetcars.

Electrical conductance measurements in particular have an additional advantage for
measuring at a higher modulation frequency. The current over a resistor exhibits a pink

noise, a noise that has a lower magnitude at a higher frequency, typically modeled as
1
fe
understood, pink noise occurs in many different types of conductors [19, 20] including

with roughly 0.8 < a < 1.5. While its physical origins can vary and are not fully

tunneling junctions. As a convenient consequence for lock-in detection a measured

bandwidth window at higher frequency contains significantly less noise.

To illustrate the advantage of the lock-in technique over simple averaging of a longer
signal trace, the results of a simulation are presented in Figure 2.2. The simulated current
in this example is obtained by summing the integral of the two arc tangent steps that are
seen as kinks in Figure 2.2 a) and a simulated noise with a ﬁ power spectral density
(Figure 2.2 d)). To obtain the derivative of the current with respect to the bias voltage
with a high signal to noise ratio either the lock-in technique can be applied or the current
can be averaged for some period of time which would lead to a decrease in noise for longer
measurement times. In the first case the lock-in modulation would appear in the current
as seen in Figure 2.2 b) while in the second case a step-wise bias voltage ramp might be
used and the dI/dV obtained from the mean value of one current step that is shown
in Figure 2.2 ¢). The resulting derivatives strongly differ in noise performance as seen
in Figure 2.2 e), with the lock-in signal exhibiting a much cleaner signal. Admittedly,

the presented example shows the noise in the case of the arbitrarily chosen modulation

12
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Figure 2.2: a) Simulated current vs. voltage behavior of a hypothetical resistor; dI/dV can be
obtained either using lock-in modulation b) or step-wise ramping and differentiating after
averaging c); d) power spectral density of a modeled 1/f%® noise added to the simulated
current (averaged over 128 trace samples); e) dI/dV obtained from step-wise ramping (pink)
and from the lock-in technique (green); f) signal to noise ratio performance vs. invested time
for lock-in (green squares) and averaging (red circles) .

amplitude of 1mV at 1kHz modulation frequency. Nevertheless, one can obtain the
evolution of the signal-to-noise ratios upon increasing the measurement duration. As can
be seen in Figure 2.2 f), where the ratio of the feature size of the test signal and the root
mean square of the noise are plotted as a function of increased measurement time, the
lock-in technique gains a better noise performance much faster than simple averaging.

The higher power law dependence is even stronger for higher pink noise power exponents.
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2 Experimental and theoretical details

2.2 Non-contact atomic force microscopy

For the investigation of charge transfer complexes within this work, the non-contact
frequency-shift atomic force microscopy (AFM) is utilized. The operation principle of the
imaging technique as well as the measurement of the local potent