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Abstract

Photoexcitation of molecules on metal surfaces can drive chemical reactions within the ex-
cited state along otherwise not accessible reaction pathways. Fast relaxation to substrate
induced dissipation channels, however, significantly reduces the reaction yield. The con-
centration of visible light in the near-field of metal nanostructures has been demonstrated
before to enhance the excitation rate of adsorbed molecules and compensate increased
losses. Quantitative insight into the underlying mechanism at the single-molecule level
within a well-defined nanostructure geometry is nevertheless missing and usually inacces-
sible in ensemble averaging techniques. Low-temperature scanning tunneling microscopy
(STM) is ideally suited to study single molecules, while the junction, formed between a
noble metal tip and and substrate, provides an individual, precisely tunable nano-gap, in
which the electric field of the incident light is dramatically enhanced.

In this thesis, a combination of STM with wavelength tunable laser excitation is used to
investigate single-molecule photochemistry within a tip-sample junction. The molecular
photochemical reactivity is monitored as function of photon energy which provides insight
into the underlying excitation mechanism while comparing optical far- and near-field ex-
citation.

Porphycene molecules on copper surfaces act as multiresponsive, bi-stable tautomeric
switches. Within this work, the optical stimulus is explored through far-field excitation.
We find that photogenerated substrate charge carriers drive the tautomerization via non-
adiabatic coupling of vibrational energy to the reaction coordinate.

By narrowing the tip-sample gap into the range of optical near-field enhancement, the
photochemical reactivity is enhanced by 10%-10%. In the tunneling regime, photogener-
ated charge carriers mediate inelastic tunneling between tip and sample and can attach to
molecule electronic states before thermalization.

As optically induced porphycene tautomerization is found highly responsive to the near-
field magnitude at the apex, it is further employed as a sensitive sensor to study the
plasmonic response of scanning tunneling tips. Microstructured tips are found to exhibit a
spectrally modulated near-field at the apex due to the formation of surface plasmon cavity
resonances which provides a facile tool for customizing the near-field response.

The here presented findings contribute to the understanding of plasmon enhanced chem-
istry at the level of a single metallic nano-gap and molecule which is unattainable in en-
semble averaging techniques and demonstrates a possibility to fabricate tailored near-field
optical probes.
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Kurzfassung

Photoanregung von Molekiilen auf Metalloberflichen kann chemische Reaktionen im an-
geregten Zustand entlang andernfalls nicht erreichbarer Reaktionspfade auslosen. Trotz-
dem wird die Reaktionsausbeute signifikant reduziert durch schnelle Relaxation zu sub-
stratinduzierten Streukanélen. Es ist bereits gezeigt worden, dass die Konzentration sicht-
baren Lichts im Nahfeld metallischer Nanostrukturen die Anregungsrate adsorbierter Molekiile
verstiarkt und die erhohten Verluste kompensiert. Nichtsdestotrotz fehlt ein quantitativer
Einblick in den zugrundeliegenden Mechanismus auf der Einzelmolekiilebene innerhalb
einer wohldefinierten Nanostruktur, welcher normalerweise unerreichbar mit Ensemble-
mittelnden Techniken ist. Niedertemperatur-Rastertunnelmikroskopie (RTM) ist ideal
geeignet um einzelne Molekiile zu studieren. Der iibergang zwischen Edelmetallspitze und
Substrat stellt eine einzelne, einstellbare Nano-Liicke dar, in welcher das elektrische Feld
einfallenden Lichts dramatisch verstarkt wird.

In dieser Dissertation wird eine Kombination aus RT'M und wellenldngendurchstimmbarer
Laseranregung eingesetzt um Einzelmolekiil-Photochemie in einem Spitze-Probe-iibergang
zu untersuchen. Die photochemische Reaktivitit eines Molekiils wird als Funktion der Pho-
tonenenergie aufgezeichnet, was einen Einblick in den zugrundeliegenden Anregungsmech-
anismus gewdhrt im Vergleich zwischen optischer Fern- und Nahfeldanregung.
Porphyzenmolekiile auf Kupferoberflichen stellen vielfdltig ansprechbare, bi-stabile tau-
tomerische Schalter dar. Innerhalb dieser Arbeit wird der optische Reiz durch Fernfeld-
Anregung erforscht. Wir finden heraus, dass photogenerierte Ladungstrager aus dem Sub-
strat die Tautomerisierung auslésen durch nicht-adiabatische Kopplung von Vibrationsen-
ergie zur Reaktionskoordinate.

Durch die Verengung des Spitze-Probe-iibergangs in den Bereich optischer Nahfeld-Verstirkung
wird die photochemische Reaktivitit um 10%-102 verstirkt. Im Tunnelregime kénnen pho-
togenerierte Ladungstrager vor der Thermalisierung durch inelastisches Tunneln zwischen
Spitze und Probe an elektronische Zustinde des Molekiils anheften.

Da optische induzierte Tautomerisierung von Porphyzen hoch sensitiv auf die Stérke des
Nahfelds am Apex reagiert, wird sie als sensibler Sensor zur Erforschung der plasmonischen
Antwort von Rastertunnelspitzen genutzt. Es wurde herausgefunden, dass mikrostrukturi-
erte Spitzen ein spektral moduliertes Nahfeld am Apex aufweisen durch die Bildung von
Hohlraumresonanzen fiir Oberflichenplasmon, was ein einfaches Werkzeug zur individu-
ellen Anpassung der Nahfeld-Antwort darstellt.

Die hier présentierten Erkenntnisse tragen zum Verstdndnis plasmonisch verstérkter Chemie
auf dem Level einzelner metallischer Nano-Liicken und Molekiile bei, welches unzugénglich
fiir Ensemble-mittelnde Techniken ist und demonstriert die Moglichkeit, angepasste optis-
che Nahfeld-Sonden herzustellen.
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Abbreviations

STM Scanning Tunneling Microscopy

STS Scanning Tunneling Spectroscopy

STML Scanning Tunneling Microscopy Luminescence
SPM Scanning Probe Microscopy

SEM Scanning Electron Microscopy

DNA Deoxyribonucleic Acid

LUMO Lowest Unoccupied Molecular Orbital
HOMO Highest Occupied Molecular Orbital
ARPES Angle Resolved Photoemission Spectroscopy
DFT Density Functional Theory

CW  continuous wave

IR infrared

UV  ultraviolet

FIB Focused Ion Beam

TTB Tetra-tert-butyl

SERS Surface Enhanced Raman Spectroscopy
TERS Tip-Enhanced Raman Spectroscopy
SNOM Scanning Near-Field Optical Microscopy
PSTM Photon Scanning Tunneling Microscopy
AFM Atomic Force Microscopy

UHYV ultra-high vacuum

4NBT 4-Nitrobenzenethiol

DMAB p,p’-dimercaptoazobisbenzene

ATP Aminothiophenol

ABT [4-(phenylazo)phenoxy|hexane-1-thiol
LSPR localized surface plasmon resonance

SPP surface plasmon polariton
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1 Introduction

Chemical reactions that occur under light may yield desired products, which are inacces-
sible with thermal excitation, as the light stimulus can drive the reaction in an excited
molecular state. Photochemical reactions of molecules on solid surfaces largely differ from
those in the gas phase or solution as the interaction with the substrate modifies the energy
potential landscape of molecular processes. New excitation pathways also become possible
due to energy and charge exchange between molecule and substrate [1]. However, it also
causes rapid relaxation of the excited molecular states, leading to quenching of photo-
chemical reactions. In order to gain fundamental understanding of elementary processes in
the complex surface photochemistry, it is essential to investigate model systems in a well-
defined environment. Single-crystal metal surfaces under UHV conditions offer a unique
playground to examine adsorbate structures and dynamics at the atomistic level and many
photochemical processes have been investigated |[2].

In order to expand to more realistic catalysts, metal nanoparticle decorated surfaces have
been explored [3]. Metal nanoparticles have unique chemical and optical properties which
are considerably different from flat metal surfaces and which are determined not only by size
and composition of the individual particle but also by the geometry of an entire ensemble
[4, 5]. The strong resonant optical absorption through surface plasmon excitation can be
tuned by varying the above parameters which provides a viable tool to enhance the photo-
chemical performance of adsorbed molecules [6]. Research on such plasmonic catalysts has
attracted increasing attention because of potential applications to clean energy/material
production with the aid of sunlight [7]. It was found that specifically hot-carrier mediated
reactions are of particular interest as charge carrier excitation from plasmonic decay governs
most of the investigated systems [8-13]. However, the complex geometry of nanoparticle
agglomerates makes a direct identification of the spectral plasmonic response and resulting
charge carrier generation at active sites very challenging so that it remains unknown when
using ensemble averaging techniques. Nevertheless, the identification of optimal geometry
and composition of a plasmonic nanostructure is highly desirable [10]. As the nanometer
sized gaps between individual particles, where the near-field is most intense, are hypothe-
sized to be photochemically most active, a detailed understanding of the interplay between
the local plasmonic response and photochemical reactivity at the single-molecule level in
an individual nano-gap is indispensable to design tailored plasmonic catalysts.

STM can probe photochemical reactions of individual molecules located within the tip-
sample junction. In this thesis, a combination of STM with wavelength tunable laser
excitation is employed to study the tautomerization reaction of individual porphycene
molecules on single crystal copper surfaces, induced either by far- or near-field excitation.
The wavelength dependent reaction yield was found to directly correlate with the near-
field intensity and could therefore be used to unravel the interplay between the plasmonic
properties of a nanostructure and the hot-carrier mediated reaction pathway. Structural
modifications of the tip were performed to manipulate the resulting near-field properties in
the junction. Furthermore, insight into the origin and energy distribution of photoexcited
charge carrier in the tip-sample junction could be achieved.

Our findings demonstrate the relation between the local plasmonic response and pho-
tochemical reactivity of a single molecule in a precisely tunable nano-gap. Modifica-
tion of the tip with nanometer precision can yield spectrally sharp and tunable reso-
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nances, which may be employed to tailor plasmonic catalysts to specific demands. Further-
more, we demonstrate a novel approach to control the local spectral response in a scan-
ning probe setup for the reliable application of light coupling into a tip-sample junction.

This work is structured as follows.

Chapter 2 summarizes the physical concepts and precedenting works in the field of pho-
tochemistry. The historical development of the discipline is followed by the explanation
of the mechanism of direct optical absorption by a molecule which governs photochemical
reactions in the gas phase and solution. Subsequently, the explanation is expanded to the
condensed phase. Furthermore, recent studies on plasmon-induced reactions over metallic
nanoparticles are presented. The focus of this section lies on photoexcited charge carrier
generation and its dissipation.

Chapter 3 describes instrumental and experimental methods, in particular STM combined
with a quasi continuous wave (CW) laser system for wavelength variable excitation of the
sample surface. The physical concept of quantum tunneling in a metallic tip-sample junc-
tion and the particular scanning probe system, used throughout this work is briefly intro-
duced with focus on coupling the laser beam to the STM junction to conduct quantitative
measurements of the photochemical reaction. As the structural and material dependent
plasmonic properties of different STM tips is one of the main topics in this work, the tip
preparation procedure is also outlined in detail.

Chapter 4 reviews previous STM studies on single-molecule tautomerization of porphycene
on single-crystal copper surfaces which is, in this work, used as a sensitive sensor to the
near-field excitation in the STM junction. General aspects of tautomerization including
an intramolecular hydrogen atom transfer are also discussed. An overview of the stud-
ies on thermally and STM induced tautomerization has stimulated the exploration of the
light-induced processes which is the main topic in this work. A comprehensive picture of
far-field induced photoexcitation in porphycene and the subsequent reaction mechanism
lead up to near-field mediated excitation.

Chapter 5 is comprised of two parts. In the first part, the formerly in the far-field in-
vestigated porphycene tautomerization is translated into the near-field within the STM
junction with primary focus on differences arising between the excitation schemes. The
second part will focus solely on the near-field mediated reaction with emphasis on the con-
trol of plasmonic properties within the STM junction which governs the spectral response
of the reaction which is determined by microscopic structures of an employed plasmonic
tip. An elaborate study of tip engineering sheds light on the plasmonic properties of com-
monly used scanning probe tips.

Chapter 6 describes the study of a photoinduced bi-stable flipping reaction of methanol
derivatives which investigates the energy distribution of photoexcited charge carriers in
the STM junction by introducing differently strong adsorbed molecules to understand the
influence of resonant tunneling to molecule electronic states. The results infer that pho-
toexcited tunneling via plasmon decay may attach charge carriers to the molecule with
energies close to the excitation energy which suggests that tunneling happens before sig-
nificant dissipation in the metal.
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Figure 2.1: Examples of fundamental photochemical processes in nature, driven by sun-
light.

Chernical reactions that occur under light are studied in the field of photochemistry. The
light stimulus can drive reactions in a molecular excited state that may otherwise be forbid-
den in the ground state. Thus, photochemical pathways can reach thermally inaccessible
states and overcome large activation barriers. This principle is fundamental for some of
the most important biochemical reactions. Fig. 2.1 shows a graphic representation of only
a few of the vital photochemical processes in nature. The cis—trans photoisomerization
of the protonated Schiff base of 11-cis-retinal enables the sensation of vision in our bodies
while photosynthesis, which is based on photoinduced electron transfer for water splitting
and carbohydrate synthesis, enables the existence of life on earth itself by harvesting the
sun’s energy. On the other hand, the sun’s ultraviolet (UV) radiation may damage the
Deoxyribonucleic Acid (DNA) via photochemical cycloaddition, which may cause skin can-
cer, however, the same mechanism is responsible for vitamin D synthesis in our bodies.
With regard to the huge potential that the implementation of photochemical conversion in
artificial systems holds, it has become an active research field in science and technology.

2.1 Gas Phase and Solution

Control of photochemical reactions require a basic understanding of the principles that
govern light-matter interaction and detailed knowledge of molecular dynamics in the elec-
tronically excited states. The Grotthus-Draper law states that only absorbed light may
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induce photochemical changes of a compound. It was later found that light absorption by
a molecule is quantized and hence, the absorption of one photon results in the activation of
one molecule, which is described in the Stark-Einstein law. While seemingly obvious today,
these findings were non-trivial at the time and form the basis of a mechanistic description
of photochemical phenomena.

In a gas phase or solution, individual molecules are considered to be isolated, so that pho-
tonic energy may solely be transferred via direct absorption. The fundamental processes
that may occur upon photon absorption are illustrated by considering a simple model of
a diatomic molecule (e.g. Cly or Brg). Fig. 2.2(a) depicts the schematic potential energy
landscape of a diatomic molecule as function of the bond length between the atoms. The
molecule initially resides in its electronic ground state potential at the lowest vibrational
level, if temperature induced effects are neglected. Photon absorption (A) rapidly pro-
motes the molecule into an excited electronic state, before the atomic nuclei can follow
the accompanied rearrangement of electron density and therefore the absorption strength
is governed by wave function overlap of initial and final vibrational level, known as the
Franck-Condon principle. Within a single particle formulation, the excitation rate R; s
between an initial and final state with respective wave function ¢; and ¢; is described by
Fermi’s golden rule:

™

Ry = (&5 [Enl ¢i)|* 6 (AE; 5 — hv) (2.1)

e
mhv
where e and m are charge and mass of an electron, hv is the photon energy, E is the electric
field vector, p the transition dipole moment and AFE; ; the energy difference between the
initial and final states. The d-function enforces the resonance condition AE; ; = hv, while
[eraom ¢;)|* weights the absorption strength which is determined by the wave function
overlap between initial and final state. Following the photon absorption, vibrational energy
may dissipate within the excited state and relax the molecule to the vibrational ground
state level. Radiative decay via fluorescence (F) relaxes the molecule to the electronic
ground state, following again the Franck-Condon principle. This decay path does not in-
volve a chemical change of the reactant. However, as the excited state usually exhibits
an antibonding character, a sufficiently energetic absorbed photon or collisional activa-
tion can populate higher vibrational states and induce scission of the interatomic bond.
For molecule cleavage, the reaction coordinate coincides with the bond length. When a
wavepacket explores a higher vibrational level in the excited state, the bond length increases
to an extent where the bond breaks, thus demonstrating a simple example of photochem-
istry.

For larger compounds which are comprised of more than two atoms, the simple one-
dimensional spatial representation is not retained as the relevant potential landscape be-
comes multi-dimensional, so that the spatial representation of electronic states is neglected.
Fig. 2.2(b) shows a Jablonski diagram which illustrates the relevant states without a spa-
tial coordinate. The molecule is excited from the ground state (Sp) to a higher electronic
state (S;>0) via photon absorption. Internal conversion (IC) drives the system from higher
excited states to the first excited state, according to Kasha’s rule, before radiative via flu-
orescence or non-radiative emission dissipates the absorbed energy. Intersystem crossing
(ISC) describes a spin flip of the excited electron which yields a transition from a singlet
(S) to a triplet state (T), from where the system relaxes via non-radiative or slow radia-
tive decay by phosphorescence (P). All non-radiative decay may occur via intermolecular
energy transfer to surrounding molecules, thus activating these molecules for a chemical
reaction or via intramolecular vibrational relaxation which couples to a specific reaction
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Figure 2.2: (a) Schematic potential landscape of a diatomic molecule as function of the
bond length. Photon absorption (A) excites the molecule from the ground to
the excited state potential energy surface which leads to bond scission or decays
via vibrational relaxation and ends up in radiative decay via fluorescence (F).
(b) Jablonski diagram of a polyatomic molecule. Photon absorption yields
an excitation between singlet electronic states (S;) which can non-radiatively
decay by internal conversion (IC) or radiatively via fluorescence. An electron
spin flip brings the molecule into a triplet state (T7) via intersystem crossing
(ISC) from which slow radiative decay occurs via phosphorescence (P).

coordinate of the molecule.

Many excellent studies have revealed manifold photochemical conversion mechanisms, in-
cluding among others cycloaddition, ring-opening and -closing, isomerization, bond cleav-
age and H abstraction [14-19]. As this work focuses largely on photoinduced H transfer,
one example that illustrates the concept is presented in more detail. The enol-keto con-
version in compounds including an H-chelate ring in their structure is driven by photon
absorption mediated excited state proton transfer [20|. Fig. 2.3 shows an H-chelate ring as
part of a molecule in the enol form (O-H bond), which is stable in the electronic ground
state. Upon photon absorption, the molecule is found in an electronically excited state and
vibrational energy decays to skeletal vibrations, which reduces the reaction barrier for the
enol-keto conversion, thus facilitating a unidirectional excited state conversion [21, 22|. Af-
ter the initial Franck-Condon transition, the wavepacket accelerates along the vibrational
coordinate, thereby causing an in-plane bending of the molecule skeleton which results in a
modulation of the N---H-O distance. This modulation effectively reduces the barrier along
the reaction coordinate and the molecule reacts to the keto form, which is the excited state
potential minimum. Subsequent radiative and non-radiative decay relax the molecule to
its electronic ground state from where it transfers back to the enol configuration, along
the ground state potential which is barrierless along the reaction coordinate |23, 24]. This
example illustrates the capability of light-induced reactions to reach thermally inaccessible
chemical products via excited state pathways.
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Figure 2.3: Photochemical conversion from enol to keto form. Photon absorption (A) pro-
motes the molecule to an excited state potential and vibrational decay dimin-
ishes the barrier along the enol-keto reaction coordinate, thus facilitating a
unidirectional excited state proton transfer reaction. (Non-)radiative decay
(IC, F) and subsequent ground state proton transfer brings the molecule back
to the enol form. (Adopted from [25])

2.2 Photochemistry on Metal Surfaces

When a molecule adsorbs on a metal surface, new degrees of freedom open up for manip-
ulating and controlling photochemical properties.

Depending on the molecule-surface interaction, electronic and structural properties of the
molecule is, however, heavily perturbed by orbital mixing and accompanying molecular
reorientation, thereby altering available excitation and reaction paths. In the rare case
of a very weakly bound molecule, the photon energy dependent excitation rate follows
Eq. 2.1, analogous to the gas phase, thus following a direct excitation between molecular
orbitals. Generally, this premise is not fulfilled and the photochemical process is gov-
erned by substrate mediated channels, which can indirectly excite the molecule via charge
carrier attachment. Fig. 2.4(a) depicts a schematic representation of possible excitations
on a metal surface. While a direct Highest Occupied Molecular Orbital (HOMO)-Lowest
Unoccupied Molecular Orbital (LUMO) transition (mechanism 1) is rarely observed, the
predominant excitation is from an initial state in the metal substrate either directly to a
molecular orbital (mechanism 2), which can occur for very strongly bound molecules, or to
a metal final state (mechanism 3) from which the charge carrier may attach to the molecule
after transport and possible scattering. Since the lifetime of nascent excited charge car-
riers in noble metals is on the order of fs, scattering rapidly relaxes and thermalizes the
initial photoeexcited energy distribution [26]. Fig. 2.4(b) shows the time evolution of the
metal charge carrier distribution upon initial excitation. Directly after excitation, the dis-
tribution reflects the metal density of states but relaxes rapidly via electron-electron and
subsequent electron-phonon scattering. If CW or quasi CW laser excitation is considered,
the time averaged charge carrier distribution is constant as scattering and excitation reach
a steady state. The accessible adsorbate states for charge carrier attachment are depen-
dent on the initial photon energy and the number of scattering events before the charge
carrier reaches the surface, while the generated number depends on the energy, polariza-
tion and incident angle dependent substrate absorption. The initiated chemical reaction in
the molecule by charge carrier attachment can be regarded separated from the excitation
process and relaxation in the substrate. Fig. 2.5(a) represents a model potential surface
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Figure 2.4: (a) Energy diagram of a prototypic molecular adsorbate on a metal surface.
Different mechanisms may excite the molecule on the substrate. (1) direct
HOMO-LUMO transition, (2) direct excitation of metal-adsorbate complex, (3)
indirect excitation between metal states and subsequent scattering to adsorbate
states. (b) Time-dependent photoexcited electron distribution. The initial
Fermi-Dirac distribution (O fs) is perturbed upon initial photoexcitation (0-10
fs) which relaxes primarily via electron-electron scattering (~500 fs) and finally
thermalizes by electron-phonon scattering (~1 ps).

along the reaction coordinate of photo-induced desorption for a diatomic molecule (AB)
adsorbed on the metal surface, as it was proposed by Menzel, Gomer and Redhead (MGR
model) [27, 28]. Any of the above mentioned excitation processes promotes the molecule
to an excited repulsive state potential, which is followed by vibration excitation and relax-
ation along the potential surface. Since the charged state lifetime is short, due to efficient
coupling to substrate mediated relaxation channels, the photochemical reaction does usu-
ally not occur in the excited state, as the molecule returns to the ground state potential,
before the reaction happens. If it gained enough kinetic energy in the excited state to
overcome the reaction barrier, the reaction may occur. Otherwise, the energy is dissipated
in the ground state potential. It should be emphasized that the deposited energy dissipates
through many decay channels which may couple anharmonically in a multidimensional po-
tential. The illustration along one reaction coordinate, however, reduces the complexity
of the problem. The gained kinetic energy of the molecule may, for instance, excite the
AB-stretch vibration. Fig. 2.5(b) shows the vibration harmonic potential as function of
bond length. Upon excitation, the stretch vibration is excited and the molecule returns
to the ground state potential. The desorbed molecule is then detected in a vibrationally
excited state.

The resulting reaction yield, which quantifies the average number of reaction events per
excitation attempt, is commonly expressed in photochemistry by means of a cross section,
specific to a reaction product of interest, in this case the desorbed molecule. This cross sec-
tion is dependent on excitation energy, adsorbate coverage, surface structure, composition
and many other factors [2|. It may be determined by measuring the change in concentra-
tion of the reactant d[AB] as function of incident photon fluence n,p, provided that the
reaction obeys a first-order rate law, i.e. the reaction yield is dependent on a single reac-
tant concentration and linearly dependent on photon fluence. Regardless of the involved
excitation mechanism, only the final reaction product is considered, which is here the des-
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Figure 2.5: (a) Schematic of potential energy surface as function of the molecule-metal
bond distance d. The molecule AB is excited to a repulsive potential and
efficiently quenched to the ground state. If enough kinetic energy was gained,
it may desorb from the surface. (b) Harmonic potential along the AB bond
length r. Vibrational energy is gained by dissipation of the inital excitation.
(Adopted from [2])

orbed molecule. Therefore, the change in adsorbate concentration is solely dependent on
photon fluence:

d[AB]
d[npn)

= —o[AB] (2.2)

where ¢ is the photodissociation cross section. Experimentally, it is determined from the
initial reactant concentration [AB]° and the measured concentration at different photon
fluences:

e (ﬁ) (2.3)

The presented concept is transferable to other reactions, given that the above premises are
fulfilled.

2.3 Surface Plasmons for Chemical Energy Conver-
sion

Departing from the mature field of photochemistry on flat metal surfaces, more recently,
the possibility of exploiting plasmonic excitations of metallic nanostructures for photo-
chemical processes, specifically photocatalysis has sparked large interest to transfer the
presented concepts to the emerging field of plasmon-driven photochemistry [7, 8, 10].

This section focuses on the physical concept of plasmonic excitation in metallic nanostruc-
tures and the resulting generation of photoexcited charge carriers which drive chemical
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reactions on the surface. A brief overview of precedent-setting studies in the field provides
a broader context for the research presented in this work.

2.3.1 Localized Surface Plasmon Resonance

Eoc(w)
Ein.(W)

» 2R<<A

Figure 2.6: Schematic of an illuminated metal nanoparticle (radius R) by an oscillating
incident electric field E;p,.(w). The particle and surrounding medium are char-
acterized by the dielectric constant e(w) and €, respectively. The induced dipole
moment oscillation creates an evanescent field Ej,.(r, w)

The easiest and most instructive way to understand the interaction of light with metallic
nanostructures is to consider an illuminated metallic particle, which is much smaller than
the incident wavelength A. In this situation, all surface valence electrons in the particle
oscillate collectively at the frequency of the incident field and we can use the quasi-static ap-
proximation. The interaction of the particle with an incident electromagnetic field E;,.(w)
is readily understood by approximating the particle with an effective dipole located at the
center (Fig. 2.6). The induced dipole is described by [29]:

p(w) = ea(w)Ejnc(w) (2.4)

where € is the dielectric constant of the surrounding medium (e=1 in air/vacuum) and
a(w) the light frequency dependent polarizability:

e(w) —e€

=4 3
aw) = dmeoR €(w) + 2¢

(2.5)
where € is the vacuum permittivity, e(w) the incident frequency dependent dielectric con-
stant of the particle material and R the particle radius.

The interaction of the induced dipole with the incident electric field results in a spatially
confined local electric field in the particle vicinity:

1 3(p(r,w)r)r — p(r,w)

dmeg r3 (2:6)

Eloc(ra w) = EinC(I‘, (.U) +

where r describes the radial position from the dipole center and r the corresponding scalar
distance. Substitution with 2.4 yields:

- ew)—e€e (R 3 ‘ ‘
Ejoe(r,w) = Ejpe(r,w) + m (7’) [B(Einc(r,w)r)r — Ejpe(r,w)] (2.7)
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The local field intensity therefore rapidly decreases with distance from the particle, thus
creating an intense, non-propagating near-field in its vicinity. The evanescent field results
in a field enhancement which depends on the distance from the particle:

[Broc(r, )l _ R \* e(w)—e
[Bine(r,w)| b2 (R + 7“> e(w) + 2¢ (2.8)

The resonance condition of this simple shape is obtained from e(w) 42 = 0. This localized
surface plasmon resonance (LSPR) is in the visible spectral range for noble metals [30]. For
free electrons in metals, €(w) is approximated under negligence of damping by the Drude
model, where w,, is the bulk plasma frequency:

ew)=1— (ﬁ)Q (2.9)

w
The LSPR frequency is therefore given by:

Wp
WLSPR = —= 2.10
V3 (2.10)
At the resonance frequency, scattering and absorption are largely increased, which may
be employed for focusing light into the nano-scale, thus overcoming the Abbe limit in
conventional optics. This principle has been exploited in a number of applications including
spectroscopy, non-linear optics, photodetection and solar energy harvesting [31-35].

2.3.2 Surface Plasmon Polariton

surface plasmon polariton (SPP) is the collective coherent oscillation of conduction elec-
trons at a metal/dielectric interface which is coupled with an electromagnetic wave. It
propagates along the interface but is confined along the normal direction [36]. Fig. 2.7(a)
shows a schematic representation of an SPP propagating in x-direction along the metal
boundary with an electric field E:

B, — Eyeilkerthenlzl—wt (2.11)
Kz i(kpztha n|z|—wt)

E. =+ e : (2.12)
zZ,n

where Ej is the electric field amplitude of the surface plasmon wave, k, and k, the wave
vector in x- and z-direction, w the wave angular frequency and t the time. The material
interface is located at z = 0, while z < 0 is in the metal (n =1, £ is +) and z > 0 is in the
dielectric (n = 2, £ is -). It follows from Maxwell’s equations at the material interface:

kz 1 kz 2
— 4+ == =0 2.13
6((4))1 €9 ( )
and
w2 2 2
€n (Z) — 24k, (2.14)
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Figure 2.7: (a) Schematic of a propagating SPP with wavelength Agpp along a
metal /dielectric interface. €1(w) and ez are the dielectric constant of the metal
and dielectric, respectively. Surface charge oscillation induces a bound elec-
tromagnetic field which penetrates into both media. (b) Dispersion relation of
the SPP (kgpp) with the light line (w = ck,) indicated. The SPP dispersion
approaches w,/ V2 at large k,. Direct coupling between light and SPP mode
may be achieved by a particle LSPR at the resonance frequency wrspg-

The dispersion relation of the SPP along the interface follows from the above conditions
as:

P OOl (2.15)
c\ e(w) + e
By assuming a real valued €3 and complex €(w);, then k; = k; + zk:;
Koo @ | @he (2.16)
c\ ew); + e

oo (i ) o o1
Toe \ew)] +e 2( |

Fig. 2.7(b) depicts the real part of the dispersion relation as function of angular frequency.
The surface plasmon does not directly couple to light, as the dispersion of free propagating
light (w = ck;) never crosses the SPP dispersion (kspp), it is therefore a non-radiative
mode which asymptotically approaches wy/ V2, where wp is the plasma frequency, when
the surrounding dielectric is air/vacuum (e2 = 1). In order to excite an SPP with light,
the wave vector mismatch at the given excitation frequency has to be overcome which may
be achieved by different means, e.g. grating diffraction, attenuated total reflection, closely
positioned metallic scanning tips, surface roughness or other structural inhomogeneities
[36]. The LSPR of a metallic particle directly on the surface or within the particle near-
field may also provide the necessary momentum to couple to the propagating SPP mode.
Spatial confinement within the nanometer sized particle broadens the localized resonance
in momentum space and may therefore transfer energy to the propagating mode, when
excited at the resonance frequency (wrspr).

11
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2.3.3 Photocarrier Generation
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Figure 2.8: Decay channels of excited LSPR, generated in metallic nanoparticles. Radia-
tive decay leads to photon re-radiation whereas non-radiative decay yields a
non-thermal charge carrier distribution which may drive reactions in molecular
adsorbates or be harvested at a semiconductor interface.

Surface plasmons decay rapidly on a few femtosecond timescale both radiatively via photon
emission and non-radiatively via electron-hole pair excitation [26, 37, 38|. Fig. 2.8 depicts
schematically the decay from a plasmonic particle. Radiative decay may be used to en-
hance the emission of nearby emitters, while non-radiative decay which proceeds both via
inter- and intraband transitions in the metal provides energetic charge carriers which can
be harvested by molecular adsorbates to drive chemical reactions or by semiconductors for
use in photovoltaics and photoelectrochemical systems |7, 39-42|. Landau damping leads
to dephasing of the initial plasmonic excitation and the formation of a photoexcited charge
carrier distribution, similar to the scheme depicted in Fig. 2.4(b) after tens of femtoseconds.
The created energy distribution of hot carriers depends on the plasmon frequency, the par-
ticle size, plasmon mode symmetry and material electronic structure [43]. Scattering of
excited charge carriers gradually leads to a thermal distribution and energy dissipation to
the nanoparticle lattice or the substrate which supports the particle. However, as the sur-
face to bulk ratio is large in nanoparticles, a significant fraction of non-thermalized charge
carriers reach the surface with high energies and can be transferred to electronic states
at an interface formed by molecules or by a semiconductor. For noble metals, the initial
charge carrier distribution is dominated by interband transitions, if those are available at
the specific plasmon resonance. Below the interband threshold, either phonons need to
provide the necessary momentum to excite electrons within the sp-band or the spatial con-
finement of electronic states in nanoscopic systems leads to an inverse effect in momentum
space, thus softening the restrictions imposed by the uncertainty principle. Above the
interband threshold, direct d- to sp-band transitions dominate. Fig. 2.9 shows the calcu-
lated charge carrier distribution from surface plasmon decay for the materials Au and Cu,
which were used throughout this work. The transition from deep-lying d-bands at ~-2 eV
to the conduction band creates high-energy holes and low-energy electrons in this regime
while the distribution is similar below the interband transition which must be taken into
account for subsequent charge carrier harvesting [44]. In the reproduced study, the decay
was calculated from a traveling surface plasmon polariton but the results are transferable
also to localized resonances as geometric effects were found to only be significant below

12
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Figure 2.9: Photoexcited charge carrier distribution resulting from plasmon decay via in-
traband (indirect) or interband transitions (direct) as function of plasmon fre-
quency (w) and carrier energy (€) for (a) Au and (b) Cu. (Reprinted figure with
permission from Brown et al., ACS Nano 2016, 10(1), 957-966 [26]. Copyright
2016 by the American Chemical Society. Adapted with permission of the au-
thor.)

a particle radius of ~10 nm. Even though charge carriers are generated primarily at the
positions of highest surface electric field, they may travel ballistically and diffusively within
the metal. Energetic charge carriers have a shorter lifetime and mean free path, so that
scattering dissipates their energy after only ~10 nm [31|. The maximum carrier mean free
paths of ~50 nm are similar in all noble metals so that photoexcited carriers within this
spatial range may attach to an adsorbate of interest to induce a chemical reaction before
thermalization [26]. It is therefore highly desirable to collect charge carriers within ~10
nm to make use of their high energies in molecular reactions or photoelectrochemical cells

7).

2.3.4 Plasmon Mediated Chemistry

The possible resonant enhancement of both physical and chemical processes within the
concentrated surface electromagnetic field of a metallic nanostructure has attracted in-
creasing attention because of its application for surface-enhanced techniques. Coupling
and energy transfer to the nanostructure environment can be exploited through differ-
ent surface plasmon relaxation channels. Resonant light-induced heating due to energy
dissipation to lattice phonons is used to locally confine a heating source. However, this
process only leads to considerable temperature increase at high radiation intensities and
does not offer the advantage to drive thermally inaccessible processes, which is a great
benefit of photochemical processes [10]. It is therefore only briefly mentioned here that
plasmonically enhanced heating has primarily impacted medical applications, where local-
ized heat-induced destruction of carcenomas in the vicinity of nanoparticles was reported,
thus offering the possibility to locally destroy cancer cells while leaving healthy tissue un-
harmed [45-47].

The electric field on the surface of the nanostructure further directly increases light-matter
interaction of nearby absorbers and emitters. It was demonstrated that this concept can be
used to tune the absorption and fluorescence of molecules via coupling and hybridization
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Figure 2.10: Schematic of nanoparticle (NP) LSPR mediated reactions (a) Hy dissociation
occurs via transfer of an electron from a non-thermalized photoexcited elec-
tron distribution in the gold nanoparticle to an antibonding molecular orbital
(adopted from [40]). (b) Ag nanoparticle growth by photoexcited hole trans-
fer from the Ag to the citrate HOMO, thus oxidizing the citrate and reducing
Ag™ ions at the particle (Photo-Kolbe reaction) (adopted from [9])

with the LSPR [48-51|. Perhaps the most important application is the development of Sur-
face Enhanced Raman Spectroscopy (SERS), in which Raman scattering from molecules
adsorbed on nanostructures is increased by as much as ~ 10'° on plasmonic nanostructures
[52-55]. While the exact enhancement mechanism is still under debate, it is commonly ac-
cepted that both electromagnetic enhancement from LSPR excitation as well as chemical
enhancement through the formation of a charge transfer complex contribute to the Raman
process |56]. The High enhancement factor is achieved as both incoming and scattered light
are magnified, resulting in a quartic scaling of the Raman signal with electric field. For
chemisorbed molecules, metal-adsorbate charge transfer, similar to the situation depicted
in Fig. 2.4, can further lead to a population of molecular states, from where spectroscopic
transitions may occur [57, 58].

While spectroscopic applications benefit primarily from the near-field itself, most pho-
tochemical reactions on metal nanostructures are mediated by charge carriers that are
generated via plasmon decay. The combination of noble metal particles with semicon-
ducting layers has been employed since early experiments of photochemical water splitting
on metal-oxide electrodes which was first demonstrated with UV light and expanded to
the visible spectrum via metal-semiconductor charge transfer [59-63]. Based on the ob-
servation of non-thermal optically excited reaction pathways on flat metal surfaces, the
adoption of photochemical concepts for selective catalysis has furthermore been a driv-
ing force for departing from well-defined flat to particle decorated surfaces [3]. Plasmon
mediated reactions are generally able to be path selective due to specific population of
adsorbate resonances as non-thermal charge carrier distributions can be maintained with
a longer lifetime than on extended surfaces [43, 64, 65]. It is therefore possible to toggle
between reaction mechanisms like desorption, dissociation or translation by tuning prop-
erties of the catalyst or the excitation [§].

Two examples of photoexcited electron- or hole-induced reactions are presented here.
Fig. 2.10(a) shows the schematic reaction mechanism of Hy dissociation at a Au nanopar-
ticle [40, 66]. As the molecule only weakly interacts with the surface, it is kept close to
the particle by the presence of a porous oxide layer of either TiO2 or SiO9, which is only
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uninvolved in the reaction and therefore not depicted in the schematic. The non-thermal
electron distribution that follows an initial plasmon resonant photoexcitation reaches en-
ergies as high as the Hy antibonding orbital to which it may attach to induce the dissoci-
ation reaction. There are no competing reaction pathways for this very simple molecule.
Fig. 2.10(b) depicts the photoexcited hole driven reduction of a Ag nanoparticle which re-
sults from the citrate ion oxidation within the surrounding solvent (Photo-Kolbe reaction)
[9, 67]. The negative charging of the nanoparticle upon optical excitation brings Ag™ ions
into solution which attach again to particles due to Coulomb interaction. While the elec-
tron driven Ho dissociation was observed to follow the plasmon resonant absorption, the
plasmon induced Ag particle growth does not image the absorption but increases monoton-
ically with incident energy. It was argued that holes with higher energies are more strongly
oxidizing and thus counteract the off-resonant decreasing absorption with larger excitation
energy. Even though the mechanism is not entirely understood, both hole and electron har-
vesting may prove useful in future applications, as it was demonstrated that devices which
combine plasmonic metal nanoparticles and semiconductors in a photoelectrochemical cell
can use both carrier polarities in the half-reactions of water splitting and are therefore
able to mimic photosynthesis [42]. However, the understanding of fundamental steps in-
volved in photochemical reactions remains far from complete as yield, energy distribution
as well as dynamics of photoexcited charge carriers and the resulting reaction yield within
a molecular adsorbate remain unclear [8]. As nanoparticles form complex agglomerates
with usually unknown geometry, the spatial and spectral variation of the plasmonic re-
sponse and photoexcited charge carrier distribution is merely observable within an average
by monitoring the reaction product yield. Microscopic access at the fundamental level of
single nanoparticles and molecules has not been achieved and it remains a challenging task
to relate the plasmonic response with the resulting charge carrier distribution and excited
reaction pathways within single molecules [10].
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3 Method: Combination of STM with Op-
tical Excitation

This section outlines the working principle of STM, combination with laser excitation, and
sample/tip preparations employed in this work.

3.1 Electron Tunneling in an STM

Shortly after its development by Binnig and Rohrer in 1982, scanning tunneling microscopy
has developed into one of the most important surface science tools due to its ability to
resolve single molecules/atoms [68]|. Related techniques, such as local spectroscopy, poten-
tiometry and atom manipulation have since then expanded its capabilities and provide a
large tool set to investigate surface properties at the fundamental level [69-72].
The STM relies on electron tunneling to image conductive surfaces. At sub-nanometer
distance between the STM tip and a metal substrate, electrons can tunnel through a fi-
nite barrier formed by the vacuum gap between an atomically sharp tip and a conductive
surface. In this situation, a measurable current is obtained when a bias voltage is applied
between the tip and sample.

The one dimensional current between a spherical STM tip and a planar sample can
be calculated when weak coupling is assumed (~9 A separation) by using a first-order
perturbation theory [74, 75]:

_ 2me

I'=—=) (F(Bu) - f(B] = f(E) L~ f(EW]) (M |*6(E, +V —E,)  (3.0)

[TRY
where f(F) is the Fermi distribution function, V' the applied voltage, M, the tunneling
matrix element between states of tip 1, and surface ¢, and E,,/E, the energy of ¢, /1,.
In the low temperature limit, the Fermi distribution functions can be replaced by a step
function. At low applied voltage, the formalism further reduces to:

2T
I= h&v% |M,,|* 6(E, — Ep)§(E, — Er) (3.2)

where Er is the Fermi energy. In order to understand the fundamental factors that gov-
ern the tunneling process, the tip is approximated by a point probe at position 7y with
arbitrarily localized wave function, so that My, o ¢, (7). The tunneling current is within
this approximation solely dependent on the tip and surface local density of states at the
Fermi energy and position 74 [76]:

I o< pr(Ep) Y [ (70)|)3(E, — Er) = pr(Er)ps (7o, Er) (33)

Modeling the tip by a spherical potential with radius R yields the well-known exponential
current dependence with regard to tip-sample distance d:

T o [, (7)) o exp(—2k(R + d)) (34)
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Figure 3.1: (a) Energy diagram of biased STM junction with adsorbate. (b) Tip scanning a
surface with different adatoms (blue and red sphere). In constant current mode,
adatoms appear as protrusion and depression in topography, according to their
induced variation in local density of states. (c) Schematic representation on an
STM. ((b),(c) adopted from [73])

2mao
where k is the inverse decay length, m the electron mass and ¢ the effective local work
function. The tunneling current within an applied bias window is roughly estimated from

the above relations [77]:

EF+€V
To [ priE = V)psumpie(E)T(d. V. E)IE (3.6)
Er

+—-F

. 5 5 (3.7)

T(d,eV,E) = exp (—2d\/% ¢s+or | eV )

where T'(d, eV, E) is the transmission function and ¢r, ¢g the local work function of the
tip and sample, respectively. Fig. 3.1(a) depicts the energy diagram of a negatively bi-
ased metallic sample with tunneling current flowing from tip to sample. The local density
of states is modified by an adsorbate on the surface, which induces a spatially confined
variation of the tunneling current, hence creating a contrast between the recorded current
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at different positions. Fig. 3.1(b) shows a schematic of an STM. The scanning motion
of the tip is controlled by a piezo tube scanner, which provides precise motion in three
spatial dimensions to scan the tip across a sample. The tip is scanned over a conductive
surface while the vertical motion is controlled by a feedback loop to obtain a topography
of the surface. In the constant current mode, the tunneling current, which flows upon
bias application, is checked against a set value and the vertical tip position is adjusted to
match them, while in the constant height mode, the vertical tip position is fixed and only
the spatial variation in tunneling current is recorded. Real-space topographic imaging is
realized in this way by monitoring the feedback voltage or tunneling current as function of
applied voltages to lateral scanning piezos. Fig. 3.1(c) represents a sketch of the atomistic
details in the STM junction, where the tunneling current is dominated by the foremost
tip apex atom and individual surface atoms. During surface scanning, the variation in
tunneling current and resulting vertical tip displacement is induced by variation in topog-
raphy and local density of states, e.g. from adsorbed atoms or molecules. The recorded
image is thereby not a directed representation of the surface topography but convoluted
with available electronic states to tunnel into, which is directly apparent from Eq. 3.6.
Therefore, different adsorbed species may result in protrusions (red sphere) or depressions
(blue sphere) in the acquired image.

3.2 STM Setup

Figure 3.2: (a) Low-temperature Omicron SPM system with main components labeled 1:
cryostat, 2: SPM chamber, 3: preparation chamber, 4: manipulator, 5: air
damped stage. (b) Close-up of dismantled SPM head with main components
labeled 1: cryostat bottom, 2: sample reception, 3: scan piezo, 4: suspension
springs, 5: eddy current damper.

All work presented here was performed on a customer modified, commercial low-temperature
Omicron SPM system with Nanonis control electronics from Specs GmbH |78, 79]. Fig. 3.2(a)
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shows a photograph of the employed setup, situated in our lab at the basement in order
to reduce vibrations that stem from structural vibrations of the building. The system
consists of a cryostat (label 1) for liquid He and liquid N cooling, a main chamber, where
the SPM head (label 2) is located, a preparation chamber (label 3) for sample preparation,
a manipulator (label 4) for sample transfer from the preparation to the main chamber and
an air damped stage (label 5), to isolate the SPM from external mechanical noise. ultra-
high vacuum (UHV) conditions of ~ 1070 mbar are realized by pumping the preparation
chamber with a turbo-molecular and an ion pump and pumping the main chamber with
another ion-pump. Titanium sublimation may further reduce the pressure via gas adsorp-
tion whereas the cryostat surface acts as a cold trap for residual gases.

The preparation chamber is equipped with a load-lock for tip and sample transfer into
UHYV while it is separated from the main chamber by a gate valve to keep contaminations
from transfer and sample preparation located in the preparation chamber. Samples and
tips are transferred with a motorized manipulator into the main chamber, where they are
passed to a wobble stick and stored in a sample garage. Within the main chamber, the
SPM head is thermally isolated with two cooling shields which can be opened to insert
samples and tips, where they are cooled down to cryogenic temperatures via thermally
conductive contact to the cryostat and may subsequently be used for measurements.

Fig. 3.2(b) shows a photograph of the dismantled SPM head. The head is closely attached
to the bottom of the cryostat (label 1) to ensure optimal thermal contact. Sequential cool-
ing with liquid He and liquid N results in a temperature of ~5 K, while radiative heating
from the surrounding surfaces is suppressed by encapsulating the head with two surround-
ing shields, which are detached in the photograph. After transfer of a scanning tip into
the sample reception (label 2), it may be placed onto the piezo crystal (label 3), which
facilitates precise three dimensional motion of the scanning tip. A sample of interest is
then placed into the sample reception for measurement. Vibrational isolation of the SPM
head from the cryostat is ensured by a spring suspension (label 4) at the cryostat bottom
and eddy current damping (label 5). Higher frequency noise is damped by the rigid design
of the SPM head itself. The springs may be toggled between a clamped and unclamped
configuration. The former pushes an attached Cu block against the cryostat for efficient
cooling whereas the latter releases it for optimal vibration isolation during operation.

3.3 Sample Preparation

We employed single-crystal copper surfaces with 0.1° accuracy and 10 nm roughness from
MaTeck GmbH [80]. Fig. 3.3(a) and (b) depict the atomic structure of the (111) and (110)
surface orientation, respectively, including important crystallographic parameters. After
entry of the samples into the preparation chamber from the load lock, they are transferred
onto the manipulator. The metal surfaces are cleaned on the manipulator heating stage by
repeated cycles of sputtering and annealing. A sputter gun is attached at the preparation
chamber together with an Ar gas pressure bottle. For sample sputtering, an Ar partial
pressure of 5x1076 mbar is let into the chamber via a needle valve. Gas atoms ionize and
accelerate in direction of the sample surface upon application of 1.5 kV high voltage for
about 20 minutes. The resulting ion bombardment removes the topmost atomic layers and
contaminations from the sample surface and creates a restructured surface morphology,
which is converted back to an atomically defined configuration by heating the sample to

20



Method: Combination of STM with Optical Excitation

(b) Cu(110)

Figure 3.3: Schematic illustration of the (a) Cu(111) and (b) Cu(110) surface atomic struc-
ture. The unit cell with lattice constants ag and bg is indicated. High symmetry
axes are marked with their crystallographic directions.

700-800 K for another 20 minutes. This procedure is repeated until surface contaminations
are almost completely removed and the surface appears clean in STM images.

The subsequent evaporation of investigated molecules onto the clean Cu surface is per-
formed differently for the relatively heavy porphycene molecule, which is available in form
of a powder and the lighter HoO and CH3OH molecules, which are liquid at room tem-
perature. Porphycene is evaporated from a Knudsen cell of a UHV temperature controlled
Kentax evaporator [81]. The evaporation onset was found to be about 160°C but depends
strongly on the amount of molecules in the crucible. For direct monitoring of the evapo-
ration rate, a quartz micro-balance which oscillates at about 6 MHz is positioned in front
of the crucible opening. The oscillation resonance frequency shifts upon molecular ad-
sorption, thereby indirectly indicating the amount of molecules with evaporation duration,
which is subsequently referenced to an obtained molecular coverage, observed by STM
imaging. The sample is kept at room temperature during evaporation.

H>0O and CH30H are deposited by direct evaporation into the main chamber. The clean
sample is introduced into the SPM head and cooled down to cryogenic temperatures to
increase the sticking coefficient for small deposited molecules. After opening the cooling
shields, the temperature rises to ~12 K. A flask of the respective liquid is attached via
a valve to a turbo-molecular pump. The contained liquid is frozen with closed valve by
using liquid nitrogen and subsequently the flask volume is pumped to reduce the partial
pressure of contaminants with higher melting point. This is repeated for purification of
the precursor molecules which are then dosed from a needle valve into the main chamber
at a partial pressure of ~5x10~8 mbar for 30-60 seconds to obtain a coverage much below
a monolayer.

3.4 Tip Preparation

Scanning tips from polycrystalline W and Au wire were fabricated by electrochemical
etching. Furthermore, tips were subsequently polished and structured by focused ion beam
treatment to engineer the tip geometry and achieve desired optical properties.
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3.4.1 Electrochemical Etching

(a) voltage control
.

counter electrode

Figure 3.4: (a) Schematic of setup for electrochemical tip etching. W and Au tips were
etched with KOH or HCI electrolyte solution, respectively. SEM micrograph of
an etched (b) W tip with apex radius ~20 nm and (c) Au tip with apex radius
~20 nm. ((a) adopted from [82])

Usually, W or PtIr(80:20) are used as scanning tip materials for STM experiments, as these
stiff metals provide mechanical stability for low-noise operation and a flat density of states
around the Fermi level. However, for optical applications that exploit plasmonic resonances
of the scanning tip, it is desirable to employ noble metals which exhibit resonances in the
visible regime [30]. STM operation and Tip-Enhanced Raman Spectroscopy (TERS) was
demonstrated with Au and Ag tips, obtained from specifically optimized electrochemical
etching methods [83, 84]. In this work, PtIr(80:20), W and Au scanning tips are used in
experiments, which were fabricated by following established procedures [85, 86].

Fig. 3.4(a) schematically depicts the electrochemical setup to etch sharp tips from polycrys-
talline wire. Mostly, a wire diameter of 125 pym is used for both Au and W tips. The wire
is immersed in an electrolyte solution of potassium hydroxide (KOH) or concentrated hy-
drochloric acid (HCI) for W or Au, respectively. An applied voltage between the contacted
wire and a Mo ring as counter electrode drives an electrochemical process that dissolves
the immersed wire, while the meniscus that forms around the wire due to the electrolyte
surface tension gradually tapers the tip towards the apex. Within ns after the lower wire
part separates from the etched tip, the voltage is turned off to prevent further etching of
the apex. The exact tip morphology further depends on electrolyte concentration, wire
diameter, immersion depth and alignment and the applied voltage. Fig. 3.4(b) shows an
SEM micrograph of a W tip, which was etched from a 125 pym wire in a 1.5-molar KOH
solution at 9 V DC applied voltage and 2 mm immersion depth. The apex radius is ~20
nm. Fig. 3.4(c) shows a micrograph of a Au tip, which was etched from a 125 pum wire in
a 1:1 solution of 37% concentrated HCl and ethanol at an immersion depth of 2 mm. The
applied voltage was dynamically adjusted, with regard to an empirically found optimum
etch current of 6 mA to achieve as sharp tips as possible. The PtIr(80:20) tip was bought
commercially from Omicron and the fabrication procedure is unknown.
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3.4.2 Tip Engineering by Focused Ion Beam Bombardment

Figure 3.5: SEM micrographs of a Au scanning tip. (a) Side view of electrochemically
etched tip, fabricated by following the described procedure. (b) Top view of
the tip with the FIB exposed area indicated (yellow shaded). (c¢) Side view of
FIB polished tip. The polished part is 50 um long.

FIB milling is a technique which employs a focused beam of, in this case, gallium ions
for directed material ablation with nanoscale precision. The system is incorporated in an
SEM which allows both electron as well ion imaging. The combined FIB/SEM at the
Fritz-Haber Institute for Inorganic Chemistry is the Helios NanoLab G3 UC from Thermo
Fisher Scientific [87].

Fig. 3.5(a) shows an SEM micrograph of an electrochemically etched Au tip before FIB
treatment. The tip is positioned to directly face the gallium ion source with minimal
misalignment to manufacture a radially symmetric shape. Fig. 3.5(b) shows a micrograph
of the tip facing the electron source before it is positioned towards the gallium source. The
roughness is clearly visible on the tip shaft, which originates from differences in the etching
rate, e.g. due to etch rate differences of different crystal faces. The yellow indicated area
will be exposed to the ion beam, which yields a continuous ablation along the tip axis
and minimum ion implantation into the remaining tip material, which may influence the
plasmonic properties of the metal. Fig. 3.5(c) shows a micrograph of a FIB polished tip
with a length of the polished part of 50 pm. The tip opening angle is usually below 5°
at the shaft and increases at the apex, which is given by the fabrication procedure, while
the tip apex diameter can be loosely controlled during the process and chosen minimal for
our experiments. It ranges regularly below 20 nm. The polished length is only dependent
on the sputtering time and may, in principle, be chosen arbitrarily. Structures in the tip
shaft like grooves are achieved in a similar way by focusing the ion beam perpendicular to
the tip axis.
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Figure 3.6: Top-hat shaped beam profile from an (a) 446 nm diode laser and (b) supercon-
tinuum source at 640 nm. Dashed squares indicate a defined 1 mm? region of
interest. (c),(d) Respective histogram of pixel intensity on the beam profiler as
function of sample impinging photon flux. A Gaussian fit (black curve) yields
the mean photon flux with standard deviation for 446 nm: 2.89(=40.30)x10'°
cm 257! and 640 nm: 1.19(£0.05)x 100 cm =271

3.5 Spectrally Tunable Optical Excitation in Combi-
nation with STM

In order to provide quantitative insight into STM probed photochemical reactions, precise
control of the incident photon flux which impinges on the investigated sample is indispens-
able. As controlled positioning and alignment of an incident light source to the tip-sample
junction is complicated, we have chosen a different approach.

Incident laser beams are shaped into a square top-hat, which redistributes the intensity
from a Gaussian beam homogeneously across a broad spatial range, thus eliminating the
prerequisite of precise junction alignment. The desired beam shape is achieved by using
a Topag top-hat shaper with antireflective coating for visible and near-infrared (IR) laser
beams (model GTH-3.6-1.75). Fig. 3.6(a) shows an exemplary beam profile from a 446
nm laser diode from Thorlabs, while Fig. 3.6(b) shows a profile from an NKT Photonics
supercontinuum white light laser source at 640 nm [88]. At 446 nm, the shaped beam
size is about 2.5 mm? while it is about 2 mm? at 640 nm. For evaluation of the incident
photon flux, a spatial region of about 1 mm? in the beam center is selected (dashed square
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in Fig. 3.6(a),(b)), which is easily aligned to the tip-sample junction, but also excludes
the outer part of the beam that accumulates higher intensity due to slight misalignment
of the incident beam to the top-hat shaper. Fig. 3.6(c) and (d) depict a histogram of
intensity that impinges on each beam profiler pixel for 446 nm and 640 nm, respectively.
The intensity is recalculated to the photon flux on the sample by taking into account the
total emitted power into the SPM chamber and the experimental geometry:

nph(l‘,g) — I('r? y) 008(650) ‘PZTLCT(CGFQ) (38)
till Zr,y I(l‘, y) Api:z:el Eph

where nyp(z,y)/ti is the photon flux on the sample per beam profiler pixel in x- and y-
direction and t;; is the duration of exposure. I(x,y) is the recorded intensity on each pixel
and Az its area. T'(CaFy) =~ 0.9 is the transmittance of the SPM chamber viewport win-
dow and cos(65°) accounts for the unidirectional elongation of the beam, due to its incident
angle, relative to the scanning tip axis (see Fig. 3.7(c)). Epp is the spectrally dependent
incident photon energy and Fj,. the total measured power in front of the SPM chamber.
From the intensity histogram, it is possible to derive a mean photon flux on the sample
and its standard deviation by fitting the distribution to a Gaussian. For the exemplary
profiles at 446 nm and 640 nm, the photon flux is determined as 2.89(=+0.30)x10'® cm~2s~!
and 1.19(40.05)x 106 cm~2s~!. The incident photon flux is used to relate the measured
photochemical activity to the incident intensity with an appropriate error, thereby a nor-
malization is achieved when different laser sources are used.

Fig. 3.7(a) depicts a top-view of the laser table. For accessing a broad spectral range,
different sources are employed. The supercontinuum laser source (super K) provides co-
herent quasi CW light in the entire range between 400-2400 nm (Rep. rate: 2-78 MHz),
which is selectively filtered to pick out single laser lines with a spectral width of 6-10 nm,
depending on the wavelength. With the current appliances, a spectral range of 480-1100
nm may be accessed. Through frequency doubling, the UV range 330-380 nm is further
available. Light is coupled out to free space with a Gaussian profile from a non-polarizing
fiber and subsequently polarized by a Glan-laser calcite polarizer. The arrangement of the
beam expander is depicted in the grey shaded box in Fig. 3.7(a). Lens 1 (f=-50 mm) and
2 (=175 mm) expand and collimate the Gaussian beam to a diameter of ~3.6 mm, as
the optimum input diameter of the top-hat shaper is 3.6(40.15) mm. After the top-hat
shaper, lens 3 (f=1000 mm) focuses the beam onto the sample or the beam profiler, which
is positioned, so that the distance flip mirror - profiler is the same as flip mirror - sample.
Therefore, the focus position at the beam profiler is considered approximately equal to
the sample position. Frequency tripled and quadrupled CrysLas Nd:YAG lasers provide
intense single-line UV light at 355 and 266 nm (Rep. rate: 1-10 kHz, Power: 40.3 mW
and 7.3 mW, respectively), however, the latter does not overlap with the top-hat shaper
working range. It is therefore strongly defocused in measurements to achieve a nearly
homogenous intensity across a mm? spatial range. Thorlabs diode lasers with single-line
wavelengths of 405, 446, 532 and 780 nm (Power: ~4 mW) were further employed. The
emitted beam profile from Nd:YAG and diode lasers, as opposed to the supercontinuum
source, shows a strong astigmatism which is accounted for by a modified beam path which
spatially filters the incoming beam (Fig. 3.7(b)). Lens 1 (f=100-175 mm, depending on
source) focuses on a Mo pinhole (diameter: 25 pm), while lens 2 (f=75 mm) recollimates
the filtered beam at the right distance from the pinhole to achieve a beam diameter of
~3.6 mm. At a 65° angle, the shaped beam is directed towards the CaFs viewport of
the SPM main chamber, which provides high constant transmittance from UV to near-IR
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Figure 3.7: (a) Schematic top-view of the optical table with various light sources. (Flip)
mirrors are represented by solid (dashed) lines that represent the beam (red).
(b) Spatial filter for diode and Nd:YAG lasers. (c) Schematic side-view of a
cross section of the SPM chamber. The incident top-hat beam impinges at
the tip-sample junction and is reflected towards a camera outside the chamber.
(d) Snapshot of the junction, illuminated with a 640 nm top-hat beam (red
dashed). The tip (black dashed), its reflection on the sample (grey dashed)
and partially the sample edge (orange dashed) are visible.

(Fig. 3.7(c)). IR windows in the cooling shields around the SPM head provide optical ac-
cess to the tip-sample junction. The beam is visually aligned to the junction by observing
its reflectance in a camera. Fig. 3.7(d) shows a snapshot of the junction, illuminated by
a 640 nm top-hat beam (red dashed). The image of the tip (black dashed) is reflected on
the sample (gray dashed), while the sample edge (orange dashed) is only partially visible.
Visual alignment with precision of a few hundered micrometer is sufficient to estimate the
incident photon flux, due to the homogenous intensity distribution.
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4 Photoinduced Porphycene Tautomeriza-
tion on Cu(111)

Interactions of molecules with their environment leads to complex functionality in nature,
based on molecular switching to alter physical, chemical and biological properties. Impor-
tant examples are signal conversion in vision or the bacterial energy production [89, 90].
In order to emulate and design this functionality to a specific purpose, the integration of
molecular switches into controllable systems is indispensable. By anchoring molecules to
surfaces, one can achieve highly ordered systems that are addressable by external stim-
uli like light, heat or electrical current. However, photochemically induced molecular
bi-stability is specifically advantageous as it is a non-invasive process with high spatio-
temporal precision [91, 92]. Especially in information technology, the quest of designing
next-generation devices that operate faster and more efficiently at massively reduced pro-
duction cost and functional unit size down to individual molecules has drawn increasing
interest towards responsive molecular systems and established the field of molecular elec-
tronics, where switches may perform logic and memory operations [93]. Furthermore, pho-
tonic elements that carry information in nano-electronic circuits at THz frequencies may
be readily integrable in devices that consist of coupled photoresponsive molecular units,
thus reducing operation time and length scales to the very limit [94]. Despite the promising
capabilities of all-optical operation, no working device has been demonstrated yet. Surface
science techniques are capable to unravel the electronic structure as well as the interplay of
molecule-substrate and molecule-molecule interaction in well-defined geometries, even at
operation conditions by applying external stimuli, which provides the necessary basis for
functional design and STM has been proven a useful tool to access elementary processes
in single molecules under photoexcitation [95-101]. Nevertheless, most studies so far have
focused on photoisomerization reactions that include drastic confirmational changes of the
molecule. One of the major challenges towards device integration is, however, the cou-
pling of molecular units while maintaining their individual functionality during operation
[93]. The rapid and controllable conversion of tautomers between physically distinguish-
able forms has gained increasing attention as this class of molecules provides the ability
to perform operations within an extremely small space (~1 nm) at a high efficiency, while
the skeletal structure is maintained [102-105]. Albeit the demonstration of the working
principle via electronic and thermal excitation, there has been no study yet focusing on
the operation of a photoresponsive tautomeric switch.

Here, we present the photoexcited tautomerization of individual porphycene molecules
on a Cu(111) surface which is investigated by low-temperature STM and wavelength tun-
able laser excitation. The thermodynamically stable {rans form is found to unidirectionally
convert to the metastable cis tautomer. Photogenerated charge carriers from the Cu sub-
strate drive the reaction via attachment to the molecule and subsequent vibration excita-
tion which initiates the reaction by intermode coupling to the tautomerization coordinate.
The reaction mechanism is elucidated by combining photoexcitation and inelastic tunnel-
ing electron excitation of isotope substituted molecules. It is further demonstrated that
the photoreaction is hindered at higher molecular surface coverage.
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4.1 Introduction to Photoinduced Molecular Switch-
ing Studied by STM

The following section provides an overview of previous work on bi-stable conversion at the
single-molecule level by external stimuli and specifically optical excitation. Focus of this
review is laid on STM studies, which provide fundamental insight into molecular properties
and operation performance at fundamental spatial resolution.

4.1.1 Single-Molecule Switching

Interconversion of molecules between bi- or even multi-stable states can be achieved with
various external stimuli, which may be readily applied in an STM setup while differ-
ent molecular states can be probed with atomic-scale resolution. The stimuli that were
demonstrated to initiate molecular switching include light, electric field, temperature, cur-
rent or even chemical stimuli. External excitations are usually not selective at the single-
molecule level but applied to the molecular ensemble and probed by comparing initial and
final states of the molecule, discriminated by their appearance in STM imaging, except
for direct injection of the tunneling current. Depending on the individual molecule, the
switched property includes molecular confirmation, dipole orientation, spin or charge state
and chemical bonding [106-116|. Hlustrative fundamental examples of this wide research
field are selected here to demonstrate the capabilities of molecular functionality on solid
surfaces.

A strong electric field may be generated by withdrawing the STM tip from the surface
and applying a bias between tip and sample, which may distort the reaction potential
landscape via dipole coupling up to a point where the reaction barrier is lowered so much
that the stability between states is inversed. This mechanism was demonstrated to drive
the reversible trans <> cis conversion of Tetra-tert-butyl (TTB)-azobenzene on a Au(111)
surface (see Fig. 4.1) as well as the transition of Zn(II) Etioporphyrin T on NiAL(110) from
a saddle to clover shaped conformation [106, 117]. The STM tip is retracted during the
experiment from the surface beyond the tunneling regime to discriminate the mechanism
from direct charge carrier injection and a linear reaction threshold voltage dependence is
observed with distance.

Thermal excitation of molecular switching may be achieved for low reaction barriers where
the process is mediated by hopping diffusion and may only drive reversible conversion
unless one state is energetically much more favorable so that the system is converted to
its energetic ground state, as exemplary depicted for T'TB-azobenzene in Fig. 4.1, where
the molecule recovers to the thermodynamically stable ¢rans state upon heating. TTB-
azobenzene is a conformational switch that can be operated by various external stimuli to
drive the same reaction. It was further observed that thermal excitation is responsible for
interconversion between the achiral meso-form and chiral enantiomers of 1,4-bis|(5-tert-
butyl-3-formyl-4-hydroxyphenyl)ethynyl|benzene on the Au(111)-(22x+/3) surface [118].
Electron induced reactions are excited in STM by charge carrier injection from a localized
tunneling current which induces chemistry via inelastic scattering or dissociative electron
attachment. Several studies have applied this concept to study switching both locally and
non-locally on metal surfaces, where injected carriers can travel along the surface state
[108, 113, 119-124].
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Figure 4.1: T'I'B-azobenzene isomerization between the thermodynamically stable trans
and the metastable cis state. The reaction is selectively initiated by various
external stimuli, i.e. light at different energies (hv, hv*) and heat (kpT) |95,
128]. On a metal surface, electric field (E) and light induces reversible isomer-
ization [117].

Organometallic complexes consist of a m-conjugated systems and a metal ion center which
acts as a local reactive site for chemical stimuli. Various molecular properties may be
altered upon gas molecule adsorption. This concept was applied to control the molecular
spin of manganese phtalocyanine on Au(111) upon CO or H adsorption [125, 126].

4.1.2 Photoresponsive Molecular Switches

Studies of photoactive molecular bi-stable conversion, investigated with STM, are strongly
focused on conformational isomerism of azobenzene derivatives on metallic and insulating
surfaces. Photochromism in azobenzene compounds is an established and well investigated
phenomenon which has more recently gained increasing interest in the field of photome-
chanical energy conversion [127-129]. Upon UV light absorption in gas or liquid phase, the
trans isomer converts to the cis form, while the reverse reaction is induced by visible exci-
tation (hv and hv’ in Fig. 4.1). Anchoring azobenzene to surfaces can strongly modify the
molecular geometry and electronic structure due to molecule-substrate interaction, thereby
quenching the isomerization process. To circumvent this effect and reduce the coupling,
ligand groups were attached to the molecule which lift it from the surface and reduce the
molecule-substrate coupling. It was successfully demonstrated that switching functional-
ity is preserved in this way on a Au(111) surface, however, the photoisomerization was
reversibly induced both by UV and visible light, in dramatic departure from gas and liquid
phase behavior [95, 97, 98]. This is attributed to the still strong electronic and geomet-
ric modification, affecting both the behavior as well as the photoreaction cross section
which decreases by about three orders of magnitude upon adsorption (o =~ 10723 — 10722)
[97, 130]. The cross section could be increased by one order of magnitude by using a
different derivative (4-Anilino-4’-nitroazobenzene) on Cu(111), but the desired gas phase
functionality and efficiency remains unachieved [99]. Further decoupling of the molecule
from the substrate is achieved by growing a thin insulating layer of NaCl between Ag(111)
and deposited azobenzene derivative (4,4’-dihydroxyazobenzene) [100]. Even though the
molecular electronic structure is less perturbed, the interaction with the polar surface led
to a blockage of the reverse cis — trans pathway, which was rationalized by electrostatic
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interaction.

Similar studies have been carried out on nitro-spyropyran which may undergo a ring-
opening-ring-closing photoreaction and was demonstrated to reversibly switch under blue
light excitation on Au(111) and Bi(110) at dramatically reduced cross sections, compared
to solution (o ~ 10722) [101, 131].

Albeit the extensive effort that is directed towards the transfer of photoresponsive molecu-
lar functionality to metal surfaces, the realization of a selectively addressable and efficient
molecular photoswitch is yet to be realized. The exploration of conceptually different
chemical mechanisms could hold the potential to overcome the inherent difficulties of con-
formational isomerization on metal surfaces.

4.2 Introduction to Tautomerization

This section provides an overview of the abundant tautomeric reactions that govern im-
portant processes in nature and introduces the special case of prototropic tautomerization.
Recent studies that show the feasibility to implement tautomeric switches for applications
in nanotechnology are further presented.

4.2.1 Prototropic Tautomerization in Chemistry and Biology

Tautomerization is a special case of structural isomerism and defined as the process of
intramolecular atom or functional group migration. It leads to molecular structure change
and electron density redistribution which is accompanied by a change of chemical and
physical properties. Since structural isomerism often includes the rearrangement or ro-
tation of whole functional groups, it is difficult to induce and can be sterically hindered,
whereas tautomerization is rapid and sensitive to suddle environmental changes which in-
fluence the dynamic equilibrium between tautomeric forms. The most common subclass of
tautomeric reactions and focus in this work is prototropic tautomerization which describes
the intramolecular migration of a hydrogen atom (proton). Albeit the limited number of
molecules in which it can occur, prototropic tautomerization represents a fundamentally
important process in organic chemistry and biology as it is directly related to thermo- and
photochromism [132, 133], enzymatic reactions [134| and base-pairing mutation [135]. It is
therefore of vital importance for understanding biological systems and chemical processes
therein such as mutagenic transformations in DNA replication which is determined by the
ability of different tautomers of DNA bases to bind to specific acceptors/receptors [136—
138]. One illustrative example for tautomerization induced thermo- and photochromism is
depicted in Fig. 4.2 where the uncolored enol form of N-salicylidene aniline in (a) converts
into the yellow cis-keto in (b) upon heating while it can convert to the red trans-keto form
in (c) via UV photoexcitation [139]. The intramolecular migration of a single H atom is
here accompanied by electron redistribution in the aromatic system and therefore changes
the physical properties of the molecule as manifested in a color change which may be
exploited in view of potential applications in sensor or display technology [140].
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Figure 4.2: Thermo- and photochromism pathways of N-salicydilene aniline. (a) Uncolored
enol form converts to the (b) Yellow cis-keto form via thermal excitation or the
(c) red metastable trans-keto form. Photoexcitation converts the enol and cis-
keto form to the red metastable trans-keto form (bottom). (Adapted figure with
permission from Robert et al., Chrystal Engineering Communications 2012, 14,
4396-4406 [139]. Copyright 2012 by the Royal Society of Chemistry. Adapted
with permission of the author.)

4.2.2 Tautomerization on Surfaces

Recently, the rapid and controllable conversion of tautomers between physically distin-
guishable forms has gained increasing attention in nanoscale science as it seems promising
to implement tautomers as functional building blocks for future molecular electronic de-
vices, where all device functionality stems from single interacting molecules [141-143].
Tautomers resemble here the behavior of molecular switches which form a functional unit
in molecular electronics analogous to logic and memory components like transistors in
modern solid state electronics as demonstrated in STM studies. The reversible intercon-
version between tautomeric forms is induced through vibrational excitation by inelastic
electron tunneling, as depicted in Fig. 4.3(a) [102, 103, 105, 144]. The pioneering works,
reproduced in Fig. 4.3(b) and (c), demonstrate the working principle based on STM probed
conductance switching upon tautomerization of individual free-base naphtalocyanine and
porphyrin derivative molecules. Upon adsorption of the molecules and cooling to cryogenic
temperatures, one tautomeric form is stabilized on the surface and then reversibly intercon-
verted between two stable conductance states by electron injection above the LUMO of the
molecule as observed in the current trace in Fig. 4.3(b). Here, the two intracavity H atoms
within the naphtalocyanine molecule switch between two bonding sites which corresponds
to a trans<>trans conversion. Analogous to this experiment, tautomerization in free-base
tetraphenyl-porphyrin was demonstrated on a Ag(111) surface (Fig. 4.3(c)). These classes
of molecules provide the ability to perform logic and memory operations within an ex-
tremely small space (~1 nm) without undergoing drastic confirmational changes like other
isomerization based molecular switches, e.g. azobenzene derivatives [117, 119, 121]. They
are therefore readily integrable into molecular electronic circuits where functionality and
coupling to other units may be preserved during operation. Moreover, tautomeric single
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Figure 4.3: (a) Measurement schematic of STM induced switching. The molecular reaction
is induced by energetic tunneling electrons and detected in the STM current
trace. (b) Naphtalocyanine on a NaCl bilayer on Cu(111). The structure model
shows the inner cavity H atom tautomerization upon electron injection. The
recorded current trace exhibits two levels that correspond to the tautomeric
forms. (c) Tetraphenyl-porphyrin (TPP) on Ag(111). Structure model and
STM images show two equivalent states. The tautomerization is induced and
detected as in (b). ((b) is adapted by permission from Liljeroth et al., Science
2007, 317(5842), 1203-1206 [102], copyright 2007, (c) is adapted by permission
from Auwirter et al., Nature Nanotechnology 2011, 7, 41-46 [103], copyright
2011)

molecule switches can potentially not only replace but extend the functionality that is
known today from solid state devices since not only two-state but multi-state switching
between tautomeric forms has been demonstrated [103, 145].

4.3 Porphycene

Porphycene (Fig. 4.4(a)) is a structural isomer of porphine (free-base porphyrin) (Fig. 4.4(c))
with comparable chemical properties [146]. However, the inner cavity of porphycene has
a rectangular shape (Fig. 4.4(b)) in contrast to the square shaped porphine inner cavity
(Fig. 4.4(d)). The rectangular geometry in porphycene leads to a more favorable ar-
rangement of the N-H-. - -N configuration to form intramolecular H bonds in the cavity as
compared to porphine [147]. The distance between neighboring N atoms is reduced from
2.89 A to 2.63 A and the N-H- - -N bond angle is increased from 115° to 152° [146, 148,
149]. Formation of H bonds in the cavity further yields a significant modification of the
tautomerization potential energy surface which is manifested in a lower reaction barrier.
The transition between the doubly degenerate trans states, where the H atoms are located
at opposite N atoms (Fig. 4.4(e)) was observed in gas phase at room temperature at a
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Figure 4.4: Porphycene and porphine trans state structure model (a),(c) and gas phase
inner cavity geometry (b),(d) respectively. (e) trans, (f) cis-1, (g) cis-2 por-
phycene tautomer.

rate of 2 x 10 s7! and 5.8 x 10! s~! for porphine and porphycene, respectively, hence
demonstrating the influence of H bond formation on the tautomerization dynamics [150,
151]. Besides the trans state, porphycene can exist in two other doubly degenerate tau-
tomeric forms, the cis-1 (Fig. 4.4(f)) and cis-2 (Fig. 4.4(g)) state, where the H atoms are
located at neighboring N atoms. Porphycene tautomerization has been extensively studied
in gas phase, solution and polymer films [147, 148, 152, 153]. It was demonstrated that
porphycene tautomerization is mediated by proton tunneling and coherent delocalization
in the cavity which results in state splitting both in the electronic ground and first excited
state [151, 154, 155]. The investigation of porphycene derivatives has revealed the crucial
role of the H bond strength for the tautomerization dynamics which is readily understood
by the exponential dependence of the tunneling rate on barrier width, modulated by the N
atom distance in the cavity . Furthermore, population of low-frequency vibration modes
of the molecule may either promote or hinder the reaction, since the tautomerization is
described by a multi-dimensional model where vibrations may couple to the reaction coor-
dinate [156]. However, upon condenstation on a substrate, the molecule potential surface
may be drastically influenced due to molecule-substrate interaction and the functionality
needs to be evaluated directly in the condensed phase at the single-molecule level. Tau-
tomers are highly sensitive to subtle changes in environment which can determine the
thermodynamic stability of one tautomeric state over another and the potential surface for
interconversion between stable and metastable forms. Upon adsorption on a substrate, the
molecule-substrate interaction determines the relative potential energy of the tautomers.
During the course of this work, porphycene tautomerization was studied on the (111) and
(110) surface of copper. Fig. 4.5 shows the total calculated energy of the tautomers in gas
phase and on the copper surfaces. The trans state is predicted to be more stable in gas
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Figure 4.5: Calculated relative total energies for (a) trans (b) cis-1 and (c¢) cis-2 configu-
ration in gas phase [157, 158], on Cu(111) [159] and on Cu(110) [158].

phase and on Cu(111) with a slightly lower energy than the cis-1 state which is stable on
the Cu(110) surface. The cis-2 state is considered unstable in all configurations, due to
steric hindrance, which is why the cis-1 state will be referred to as the cis state from here
on.

Porphycene Tautomerization on Cu(111)

Porphycene adsorbs on the Cu(111) surface as isolated molecules in the ¢rans state as de-
termined from the appearance in STM images (Fig. 4.6(a)). Fig. 4.6(b) shows a schematic
of the molecule structure on the surface [159-161]. Two point symmetric protrusions are
observed in the image in agreement with the trans configuration. The molecule adsorbs
around a hollow site and appears in six different orientations, resulting from the three high
symmetry axes of the (111) surface and two mirror symmetric {rans tautomers (Fig. 4.6(e)).
There is no island formation which may be explained by strong bonding between the por-
phycene N atoms and the substrate Cu atoms. Upon adsorption, all molecules are found in
the trans state, thus confirming its thermodynamic stability. However, by injecting ener-
getic tunneling electrons from the STM tip into the molecule, the unidirectional conversion
to the metastable cis state is induced, which may also appear in six different adsorption
configurations (Fig. 4.6(c)). The asymmetric appearance in the STM image with a single
protrusion and axis symmetry infers the conversion by comparison with the calculated cis
structure (Fig. 4.6(d)). The trans molecules in (Fig. 4.6(e)) can be individually converted
to the cis tautomer by applying a short voltage pulse at the indicated tip position, while the
cis tautomers only interconvert between the mirror symmetric cis states (Fig. 4.6(g)-(h)).
Due to the symmetry mismatch between molecule and substrate, the molecule laterally
moves by ~ 0.14 nm (ap/2v/2) along the high symmetry axis during cis — cis conver-
sion (ap: Cu lattice constant [162]). From STM studies it was revealed that porphycene
tautomerization is induced both via inelastic tunneling electrons and thermal excitation.
Fig. 4.7(a) shows the bias voltage dependent tautomerization yield (observed reactions
per electron) for the trans — cis and cis <> cis reaction. The reaction yield exhibits a
bias polarity independent onset threshold at about +150 mV for both reactions, which
indicates that the reaction is induced via excitation of molecule vibrations by inelastic
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Figure 4.6: STM images and calculated adsorption geometry of a porphycene molecule
adsorbed on Cu(111) in the (a),(b) trans state and (c),(d) cis state. (e)
Porphycene molecules after adsorption in the thermodynamically stable trans
state. Upon energetic electron injection from the STM tip (black star, Vs =
-280 mV, I; = 100 pA, 6t = 100 ms), the molecule converts to the metastable
cis state (f) and aligns along one of the substrate high symmetry axes, indi-
cated by white lines. (g) Conversion of a second molecule to the cis state but
oriented along a different high symmetry axis. (h) cis — cis conversion of
the same molecule to the mirror symmetric cis state. The conversion involves
the movement of the molecule along the high symmetry axis by ~ 0.14 nm
(a0/2v2) (Image parameters: V, = 100 mV, I; = 100 pA). ((b),(d) is adapted
by permission from Novko et al., J. Phys. Chem., 145, 244701, 2016 [159].
Copyright 2016 by the American Institute of Physics. Adapted with permis-
sion of the author. (a),(c),(e)-(h) is reproduced by permission from Ladenthin
et al., ACS Nano 2015, 9(7), 7287-7295 [161], copyright 2015)

tunneling electrons. Resonant electron tunneling to a well defined HOMO or LUMO state
can be excluded due to the small gap between the reaction thresholds in comparison with
the gas phase calculated HOMO-LUMO gap of 2.2 eV [163]|. However, a clear signature of
the electronic structure of porphycene on Cu(111) has not been observed in experiments
with Scanning Tunneling Spectroscopy (STS) and Angle Resolved Photoemission Spec-
troscopy (ARPES). This may be attributed to a strong hybridization of molecular orbitals
with the surface electronic system through the interaction of imine N atoms in the molecu-
lar cavity with surface Cu atoms as suggested by calculations [159]. It was found susequent
to the cited study that the calculated attractive forces between molecule and surface were
initially overestimated which had to be revised, thus questioning the obtained results [160].
Furthermore, it should be noted that the choice of employed functional crucially influences
the obtained molecular electronic structure in Density Functional Theory (DFT) calcula-
tions and it remains challenging to address this problem theoretically.

Fig. 4.7(b) shows the temperature dependent tautomerization rate in an Arrhenius plot
of R x exp(—FE,/kpT), where E, is the reaction activation energy, kp is the Boltzmann
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Figure 4.7: (a) STM bias dependence of the tautomerization yield for the trans — cis (red

circles) and cis <> cis (blue squares) reaction. The polarization independent
threshold voltage is determined as about +£160 mV for the trans — cis and
+150 mV for the cis <> cis reaction. (b) Arrhenius plot of the thermally in-
duced tautomerization rate R, measured at Vy= 50 mV, I;= 50 pA, far below
the in (a) indicated threshold. Thermal excitation interconverts the molecules
between the energetically degenerate cis states and from the metastable cis to
the thermodynamically stable trans state. The activation energies are deter-
mined as E, = 42(4+3) meV and E, = 35(+9) meV respectively. (¢) Schematic
depiction of the interconversion between the porphycene tautomers on Cu(111).
The selective unidirectional {rans — cis conversion is induced via energetic tun-
neling electrons (e™) and can be reversed via thermal excitation (kgT'). The
reversible cis > cis conversion is induced by both stimuli. ((a),(b) is adapted
by permission from Ladenthin et al., ACS Nano 2015, 9(7), 7287-7295 [161],
copyright 2015)

constant and T is the temperature. During the experiment, the applied voltage was kept
below the threshold for electron induced tautomerization to exclusively access the thermal
reaction channel. The directionality of the unidirectional frans — cis is reversed upon
thermal excitation with regard to electron induced tautomerization. The activation en-
ergies for the cis — trans and cis <> cis reaction are determined as E, = 42(£+3) meV
and E, = 35(£9) meV, respectively. The conversion between observed porphycene tau-
tomers on Cu(111) by thermal and energetic tunneling electron excitation is summarized in
Fig. 4.7(c). It is revealed that molecule vibration excitation via electron attachment yields
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Figure 4.8: Schematic representation of the tunneling electron induced selective trans —
cis conversion. (a) Initial potential energy surface along the tautomerization
coordinate at zero bias with corresponding zero-point energies (solid lines), ex-
cited vibrational states (dashed lines) and the vibrational ground state nuclear
probability density of the H atoms (blue shaded area). (b) Distorted potential
due to quasi-thermal excitation of skeletal vibrations by non-adiabatic coupling
to the metal electrons above 150 mV applied bias. 7g7as is the inverse exci-
tation rate from ground to first excited vibrational state by electron tunneling
from the STM tip. 79, 71 are the trans — cis tunneling times in the ground and
first excited vibrational state. The molecule relaxes almost instantaniously to
the ground state in the cis configuration with time 7,¢j4,. (¢) After conversion,
the molecule remains in the cis configuration at zero bias, as manifested in the
nuclear probability density (red shaded area). The tunneling time 7. for cis —
trans conversion becomes infinite. (Adapted by permission from Novko et al.,
Journal of Physical Chemistry 2017, 8(5), 1053-1059 [164], copyright 2017)

a unidirectional conversion from the thermodynamically stable trans to the metastable cis
form, while this process is reversed by thermal excitation. The interconversion between
mirror syminetric c¢is tautomers is induced by both stimuli. Since the time resolution in
STM is limited to us, the missing observation of trans — cis tautomerization via thermal
excitation is rationalized by the rapid back-conversion, which lowers the lifetime of the
cis state below the detection limit. The mechanism of selective electron induced trans —
cts tautomerization was examined theoretically using DFT calculations by taking into ac-
count non-adiabatic coupling between molecular vibrations and electron-hole pairs in the
substrate [164]. Since the exact molecular structure on the surface is still ambiguous, mech-
anistic insight into porphycene tautomerization can only remain qualitative at this point.
Fig. 4.8(a) shows a schematic representation of the potential energy surface along the trans
— cis reaction coordinate for a single molecule which is found in the #rans configuration
after deposition on the surface. STM electron tunneling indirectly distorts the potential
non-uniformly along the reaction path via intermode coupling due to non-adiabatic cou-
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pling between hot surface electrons and molecular vibrations (Fig. 4.8(b)). In the voltage
range below 350 mV, only skeletal vibrations are accessible as the H-H stretch mode at
about 350 meV is inaccessible. The stability inversion between the trans and cis form is
rationalized by stronger bond formation between the cis tautomer with surface Cu atoms.
In the trans configuration, porphycene is planar, at about 3.5 A above the surface while the
cis tautomer is buckled at about 2.5 A above the surface. Therefore, electron mediated
vibrational excitation is dissipated faster to substrate electrons and the excitation rate
decreases while the potential remains relatively undistorted. Skeletal mode lifetimes are
calculated to decrease significantly along the reaction path (¢rans : 5-10 ps and cis : 2-5
ps). Below the experimentally observed threshold voltage of 150 mV for trans — cis tau-
tomerization, the skeletal vibrations may not inverse the stability and the molecule remains
in the trans state. Above the threshold, resonant tunneling from the ground state or the
first vibrationally excited state shifts the probability density between the two tautomers
to the cis state due to fast relaxation of the vibrational excitation. After recovery of the
initial conditions at zero bias, the molecule is trapped in the local potential minimum of the
metastable cis state, which is reflected in the nuclear probability density which has shifted
after excitation. The reverse reaction rate due to thermal fluctuations at 5 K is negligible
and can only be triggered at higher temperatures where it is mediated by hopping diffusion.
While porphycene tautomerization in the gas phase is mediated by proton tunneling and co-
herent delocalization in the cavity, on Cu(111) it is driven by molecule vibration excitation
which modifies the tautomerization potential surface and transfers energy via intermode
coupling to the reaction coordinate. The thermodynamic stability of the tautomers is gov-
erned by substrate interaction, so that the ¢rans tautomer is stable on Cu(111) while on
Cu(110) the cis tautomer is stable. Inelastic electron tunneling from the STM tip drives
the tautomerization reaction to the metastable cis state and between mirror symmetric
cis states on Cu(111). Thermal excitation can react the molecule back to the thermody-
namically stable tautomer via hopping diffusion.

4.4 Photoinduced Porphycene Tautomerization

Porphycene molecules are adsorbed on the Cu(111) surface which is prepared as described
in section 3.3. The molecules adsorb homogeneously distributed on clean surface terraces
in the thermodynamically stable trans state (Fig. 4.9(a)), isolated from each other and
without the formation of clusters and islands. Upon laser irradation, the molecules con-
vert to the metastable cis state (Fig. 4.9(b)) in a unidirectional fashion. Fig. 4.9(c) shows
a typical STM image of a 25x25 nm? section on the surface directly after molecule evapo-
ration at a surface coverage of ~0.08 nm~2. STM imaging is performed at an applied bias
below the threshold for tunneling electron induced tautomerization so that all molecules
appear stationary in the frans configuration (see section 4.3). After imaging, the STM
tip is retracted by ~2 pm from the surface and the entire sample is exposed for 2 min
to 405 nm wavelength CW laser radiation with a total power of 2.7 mW. The same spot
on the sample is imaged again which reveals that a fraction of the trans molecules has
converted to the cis state (white circled in Fig. 4.9(d)). In order to convert all molecules
back to the trans state, the sample is heated up to ~35 K (Fig. 4.7). Reversible cis <> cis
conversion was also observed upon photoexcitation (red circle in Fig. 4.9(d)) but no cis
— trans or trans — trans reaction, analogous to the tautomerization reactions which are
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trans CiS

Figure 4.9: STM images of a single porphycene molecules in the (a) trans and (b) cis
configuration on Cu(111) at 5 K (size: 1.75x1.75 nm? , V; = 100 mV, I; = 100
pA). The chemical structures are displayed next to the image. The white lines
in image (b) represent the high-symmetry axes of the surface. (c¢) Large-scale
STM image after molecular deposition (size: 25x25 nm?, V; = 50 mV, I; = 50
pA). (d) The same area as (c) after irradiation with a 405 nm diode laser (CW,
2.7 mW) for 2 min. Switched molecules are marked by white circles. The STM
tip was retracted by ~2 um from the surface during irradiation. Grey circle
marks defect bound molecules and red circle cis <+ cis conversion.

induced by inelastic tunneling electrons on Cu(111) (see section 4.3). The experimental
conditions to quantitatively examine the photoinduced tautomerization reaction however
require the observation of a unidirectional process to unambiguously determine molecules
which have undergone tautomerization. Since the tip needs to be retracted during light
exposure, reversible conversions are not discernible since only the initial and final states of
the molecule may be observed. For this reason, the following study will exclusively discuss
the trans — cis conversion. It should be further noted that porphycene is found to bind
to surface defects which alters the reaction potential landscape so that these molecules
are excluded from the quantitative study of photoinduced tautomerization, as the reac-
tion dynamics are expected to differ significantly (grey circle in Fig. 4.9(d)). Fig. 4.10(a)
shows the proportion of tautomerized molecules (Ngis/Niotar, blue filled circles) and the
corresponding fraction of unreacted molecules (Nyrans/Niotar, red filled circles) as function
of incident photon fluence (npp, dosed photons per cm?) at 405 nm wavelength excita-
tion. The number of total molecules Niyq (~1000 in all here presented measurements)
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Figure 4.10: (a) Fraction of reacted molecules Neis/Niotar (blue) and corresponding unre-
acted molecules Nyrans/Niotar (red) as a function of ny, at 405 nm wavelength
excitation. The solid curves represent a fit to Eq. 4.2 (red) and Eq. 4.3 (blue).

(b) Semi-logarithmic plot ln(%) as a function of n,, at various excitation

wavelengths. The solid lines represent a fit to Eq. 4.2.

is a statistical subset from the entire population of molecules adsorbed on the surface,
which is determined from the number of molecules, captured in multiple STM images from
random spots on the surface. Since only two tautomers are found on the surface when
spatial orientation and mirror symmetric states are omitted, Nypq; is the sum of Nypgns,
which is the number of trans molecules within this subset and N, the number of cis
molecules, which are discriminated by their specific appearance in STM images. At n,,=0
cm ™2, all molecules are found in the trans state. However, upon irradiation, the entire
population converts unidirectionally to the cis state. The photon fluence at the sample
is determined from the photon flux and the cumulated duration of light exposure. The
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measurement procedure is described in detail in section 3.5. The reacted proportion of
molecules N is/Niotar can be deduced after each time interval of light exposure by STM
imaging. The statistical error of this procedure that stems from the fact that only a subset
of the molecule population is randomly probed, can be estimated by:

Ncis + 1 Ncis <1_ Ncis ) (41)
Ntotal Ntotal Ntotal Ntotal

where z is the percentile of a standard normal distribution at a specific confidence interval,
which becomes 1.96 at a 95% interval. The meaning of this error estimation is that the true
reacted proportion of the molecule entity is with 95% probability within 1.96 standard er-
rors of the determined proportion from random sampling.
The evolution Nejs/irans/Niotar can be fitted by exploiting that the trans — cis tautomer-
ization follows a first-order rate law which is described by a single exponential:

Ncis

i =1—exp(—oi—cnpn) (4.2)
total
N,
]\;mns = exp (—T—cNph) (4.3)
total

where o, is the photoreaction cross section at the specific excitation wavelength. The ex-
perimental data in Fig. 4.10(a) is fit to Eq. 4.2 (blue curve) and Eq. 4.3 (red curve), respec-
tively.

Fig. 4.10(b) displays a semi-logarithmic plot of 1 — N¢js/Niotar as a function of photon
fluence at varying incident wavelength in p-polarization with the corresponding fits, ac-
cording to Eq. 4.2. The cross section may be directly deduced as it is given by the fit

slope:
(=) »

’I’lph

Ot—c =

It is clear that oy, is dependent on incident wavelength, while the process obeys a first-
order rate law for all wavelength, so that the influence of a photoinduced backward reaction
cts — trans which may result from surface heating can be excluded. In order to ensure the
reproducibility of the above results, we examined possible sources for systematic error in
the experiment, additional to the statistical error that we accounted for. Possible sources
of systematic error could stem from variations in the generated laser beam profile and
power which is used to determine the incident photon flux as well as from sample to
sample variations after repeated preparation. Fig. 4.11(a) and (b) show two different
beam profiles, generated from a 445.8 nm diode laser. The corresponding photon flux is
indicated at the bottom of both profiles. Albeit the variation in photon flux, the measured
cross section reveals a statistically negligible difference between the measurements from
(a) 2.06(£0.11)x 1071 ¢cm? to (b) 2.08(£0.43)x 1071 ecm? (Fig. 4.11(c)), thus we conclude
that the photon flux is correctly examined and the beam conditions have no significant
influence on the measurement. We examined the sample to sample variation by measuring
the cross section at 532 nm wavelength photoexcitation for two different samples which were
prepared with a molecule surface coverage of ~0.08 nm~2. The corresponding cross sections
were determined as 1.34(4-0.04) x 10719 ¢cm? and 1.23(£0.02) x 10~1¥ cm? for sample #1 and
#2, respectively, hence the sample to sample variation was estimated to be ~10%. Within
these limits, the spectral variation of the photoreaction cross section will be discussed in
the following.
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Figure 4.11: (a),(b) Beam profiles from a 445.8 nm diode laser. The corresponding pho-

ton flux (npp/tiy, where t;; is the duration of sample exposure) within
the junction aligned beam part (dashed square) is (a) 4.59(£0.31)x10%
em 2571 and (b) 1.16(%£0.05)x10'® cm~2s7!'. (c¢) Semi-logarithmic plot of
the tautomerized molecule proportion as function of incident photon flu-
ence. The cross section is determined from fitting the data to a first-
order rate law which yields for beam profile (a) oy _.=2.06(£0.11)x10~1?
em? (solid line) and (b) 04,,=2.08(+0.43)x107 cm? (dashed line). (d)
Sample to sample variation for repeated measurements at similar molecule
surface coverage (~0.08 nm~2), examined at 532 nm excitation wave-
length. Sample #1: 04_.—1.34(2£0.04)x107!? e¢m? (solid line), Sample #2:
0t—5e=1.23(£0.02)x1071 ecm? (dashed line).
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4.5 Photogenerated Charge Carrier Driven Excita-
tion Mechanism

The photoexcitation of adsorbates on metal surfaces can be classified into direct and
indirect mechanisms, where the former involves an electric-dipole transition within the
adsorbate-metal complex which initiates nuclear dynamics while the latter describes charge
carrier excitation within the metal which can scatter through adsorbate electronic states
to transfer energy [2]. Details of these processes are described in section 2.2. The pho-
toexcitation energy, polarization and power dependence on the reaction yield is a valuable
information to discriminate between the mechanisms and determine the dominant excita-
tion channel [165, 166].

Fig. 4.12(a) displays the photoinduced cross section oy, as function of photon energy
(wavelength), measured for both p- (red filled circles) and s-polarization (blue filled cir-
cles) at an incident angle of 65° from the surface normal (Fig. 4.12(b)). The cross section
steeply rises up to ~2.3 eV and moderately increases at higher excitation energies. Fur-
thermore, p-polarized excitation yields larger cross sections across the entire investigated
energy range. The spectral dependence suggests a substrate absorption dominated excita-
tion mechanism which is governed by d-sp interband transitions (Fig. 4.12(d)). Within the
boundaries of a simple approximation, the spectral variation of the cross section should
follow the polarization dependent absorption of the Cu substrate A, s, which quantifies
the number of generated charge carriers N.. The fraction of charge carriers which may
reach the surface and attach to the porphycene is estimated from the mean free path in
copper which is simplified with an excitation energy independent cutoff distance § ~10
nm within which we assume a constant probability to reach the surface and induce the
tautomerization. The relation between oy_,. and N is modeled by [165]:

Ot—ye ~ Nee = |:NphAp,S <1 — exp (—g)>:| (45)

where IV, is the number of photons and D the penetration depth of a photon into the cop-
per substrate which is estimated by D = A/(2xk). A is the incident excitation wavelength
and k the extinction coefficient of copper. k and A, are taken from experimental data
provided in ref.[168]. The parameter m accounts for multi-photon processes which may
occur, for example in strong laser fields and it can be derived from the power dependence
of oy o< P", where P is the incident laser power and m = n + 1, since 04— is a quantity
that is already normalized to the power. Fig. 4.12(c) shows the power dependence in the
accessible intensity range for 405 nm (purple filled circles) and 445.8 nm (blue filled circles)
exitation wavelength. A power law fit yields m = 0.98 and m = 0.67 for 405 nm and 445.8
nm, respectively. Since m can only take integer values, we conclude that photoexcited
tautomerization is a single-photon process and assume m = 1 to estimate the hot carrier
excitation rate, which is depicted in Fig. 4.12(a) for p- (red curve) and s-polarization (blue
curve). The fit qualitatively reproduces the data which supports the assumption that the
generation of substrate charge carriers is the main excitation channel to drive photochem-
istry on the surface. Nevertheless, the fit does not entirely match the magnitude of cross
section variation with incident energy and systematically overestimates at excitation en-
ergies below about 2.3 eV and underestimates above. This mismatch may result from the
simplifications made in the model, e.g. the energy independence of § and discrimination
of the charge carrier energy distribution at the surface, since a larger reaction yield can be
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Figure 4.12: (a) Excitation energy (wavelength) dependent cross section oy, measured
with p- (red filled circles) and s-polarized (blue filled circles) incident light.
The cross section is fit to Eq. 4.5 (curves) (b) Schematic of experiment ge-
ometry. The incident beam angle is 65° with respect to the surface normal.
(¢) Cross section dependence on incident laser power at 445.8 nm (purple
filled circles) and 405 nm (blue filled circles) excitation wavelength. The solid
lines represent a power law fit. (d) Schematic of the proposed photoexcitation
mechanism as a function of substrate electronic density of states (calculated
[167]). The photogeneration of charge carriers in the copper substrate creates
a distribution of energetic charge carriers which can attach to the molecule
and drive the tautomerization.

expected for higher energy charge carriers which attach to the porphycene molecules (see
section 4.3). The higher the photoexcitation energy, the more charge carriers may retain
larger energies before randomization via electron-electron scattering.
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4.6 Non-Adiabatic Coupling to Reaction Coordinate

The main contribution to the photoexcitation of porphycene tautomerization was eluci-
dated to be substrate charge carriers which may attach to the molecule. Photoexcitation
is therefore similar to direct vibrational excitation via energetic tunneling electrons which
are directly injected from the STM tip. In order to clarify how the initial excitation relaxes
to the tautomerization coordinate, we therefore compare STM-induced with photoinduced
tautomerization for both undeuterated (H-Pc) and cavity deuterated porphycene (D-Pc)
(Fig. 4.13(a)). The substitution of inner cavity hydrogen with deuterium should have pro-
found impact on the reaction dynamics as both intermode coupling as well as the zero-point
energy are influenced [104].

Fig. 4.13(b) shows the evolution of converted porphycene molecules as function of photon
fluence at 532 nm wavelength p-polarized excitation. The photoreaction cross section for
H- and D-Pc was determined as o¢—,.=1.34(40.04)x107! ¢m? and oy, = 1.55(+0.14) x
10~2'em?, respectively, thus revealing an isotope ratio of 86+8. For photoexcitation of a
planar metallic surface, the short mean free path of excited charge carriers in the substrate
causes thermalization so that the majority should have an energy close to the Fermi en-
ergy when they reach the surface and attach to the adsorbate [2]. Therefore, porphycene
tautomerization by low-energy photoexcitation and direct STM excitation are directly
compared to gain insight into the reaction mechanism. Fig. 4.13(c) displays the STM
bias dependent reaction yield for H-/D-Pc. Similar to vibrational excitation by tunneling
electrons of the cis <> cis conversion on Cu(110), as described in section 5.3.1, within
the bias range, where only excitation of skeletal vibration modes is possible, D-Pc shows
a lower yield by a factor of 100-360, whereas the yield rises steeply as soon as the N-D
stretch mode (v(N-D)) is excited. The reason for this large isotope ratio in the skeletal
mode range is investigated by measuring the tunneling current dependent reaction rate
at V; = -250 mV for H-Pc and V; = -230 mV for D-Pc, thus below the threshold of the
N-D stretch vibration (Fig. 4.13(d)). It is observed from a power law fit (R oc IV), that
N = 1 for H-Pc and N =~ 2 for D-Pc. Hence, the tautomerization of cavity deuterated
porphycene requires multiple excitations of skeletal mode vibrational quanta to overcome
the reaction barrier, which is less likely to occur and consequently manifests in a much
lower reaction yield. It is therefore proposed that the isotope ratio of photoexcited trans
— cis conversion is similarly high, because most attached charge carriers exhibit an energy
within the range of skeletal vibrations below about 260 meV, so that the situation closely
resembles STM-induced conversion. The proposed mechanism is summarized in Fig. 4.14.
The primary excitation from attached charge carriers excites the molecules into a transient
ionic state from which it relaxes (Fig. 4.14(a)). Skeletal vibrations are excited upon re-
laxation to the ground state by non-adiabatic coupling and distort the reaction potential
non-uniformly along the tautomerization coordinate via intermode coupling. The required
number of vibrational quanta which is needed to overcome the reaction barrier is observed
to be higher for D- than for H-Pc, due to weaker anharmonicity and lower zero-point en-
ergy, so that the potential landscape may be less deformed upon vibrational excitation
which significantly lowers the observed reaction cross section. The photoexcited process
closely resembles the mechanism of inelastic tunneling electron induced conversion which
is described in section 4.3. The stability inversion between trans and cis state, due to the
difference in lifetime of the tautomers on the Cu(111) surface explains the unidirectionality
of the photoreaction. Our experimental results may, however, not clarify the dominant na-

45



Photoinduced Porphycene Tautomerization on Cu(111)

(@)

—
O
~—"

Yield (per electron)

10°

10

10—10

-11

10

10—12

10—13

10

4 |

~ o Yoy,
0. .0
L e
° [ J
[ J [ J
’.
i T o
L)
V(N-D) %
| 1 | [ ) I | L | ]
-300 -200 200 300 00 05 10 15
Sample bias (mV) Current (nA)

Figure 4.13: (a) Structure model for H-Porphycene (Pc) (top) and D-Pc (bottom) (b)

ln(%) as a function of ny;, at 532 nm excitation wavelength, measured for
H- (reat)1 and H-Pc (blue). The solid lines represent a fit to Eq. 4.2. (c) Voltage
dependence of tunneling electron induced trans — cis conversion yield for H-
(red) and D-Pc (blue). (d) Tunneling current dependent tautomerization rate
measured at V; = -250 mV for H-Pc (red) and V; = -230 mV for D-Pc (blue).
The experimental data was fit to a power law (Rateoc IV), thus revealing a
one electron process for H- and a two electron process for D-Pc at the applied

bias.

ture of attached hot carriers which drive the reaction, as it was shown that both, holes and
electrons, can induce the reaction with the same efficiency (Fig. 4.13(c)). Hole attachment
has been identified to be dominant for isomerization of azobenzene derivatives on Au and
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Figure 4.14: (a) Schematic of the ground state (Sp, v = 0) and ionic state (S*) potential.
The molecule is transiently excited to the ionic state by photoexited charge
carrier attachment. After relaxation to the ground state, molecular skele-
tal vibrations are excited which couple to the tautomerization coordinate.
(b) Schematic potential along the tautomerization coordinate. Upon skeletal
mode excitation, the activation barrier is reduced and the reaction from the
thermodynamically stable trans to the metastable cis state is promoted. Dif-
ferent vibrational quanta n;; where i < j are required to induce the reaction
for H- (red arrow) and D-Pc (blue arrow). The dashed lines represent the
zero-point energy.

Cu surfaces upon d-sp band excitation [130, 169]. Within this regime, the deposited energy
to electrons is small but the low reaction threshold of about 150 meV can be overcome even
by low-energy carriers, so that we do not ascribe the reaction excitation to be dominated
by either.

4.7 Modulation of Potential Landscape by Surface
Coverage Variation

It was found in STM studies of porphycene tautomerization on Cu(110) that a single
Cu adatom, located within ~1 nm from a porphycene molecule, can strongly distort the
reaction potential landscape through electronic and elastic interaction, thereby underlining
the importance of the local environment on the stability of the observed tautomeric form
[158]. Furthermore, on Cu(111) the existence of the surface state resonance was proven
to have a crucial impact on the observed reaction yield by inelastic electron excitation, as
electrons from the STM tip may travel along the surface and induce the reaction several
nanometer away from the tip position. At higher coverages, the surface state is quenched,
which is accompanied by a drop of the reaction yield [161|. The reaction potential can
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Figure 4.15: (a) Fraction of reacted molecules Neis/Niotqr as function of npy, at 532 nm
excitation wavelength at various surface coverages of adsorbed molecules. The
solid curves represent a fit to Eq. 4.2. (b) STM images at representative
coverages of 0.03 nm~2 and 0.61 nm~2 (size: 15x15 nm?, V; = 50 mV, I;
= 50 pA). (c) Measured tautomerization cross section o;_,. as a function of
surface coverage.

further be influenced by the proximity of other molecules, so that the local environment
and surface coverage are important parameters which are expected to impact also the
photoexcited reaction. Fig. 4.15(a) displays the proportion of reacted molecules as function
of photon fluence at 532 nm excitation wavelength at various surface coverages of adsorbed
molecules. Exemplary STM images at 0.03 nm~2 and 0.61 nm~2 measured coverage are
shown in Fig. 4.15(b). It was previously found that the arrangement of porphycene on
Cu(111) is mediated by the Cu(111) surface state, thereby causing an oscillatory pattern
of intermolecular distance that matches a modulation with the Fermi wavelength [161]. At
higher coverages, the molecules cannot maintain long-range order along the surface state
anymore and the nearest neighbor distance decreases at a threshold of ~0.1 nm~2. Due to
scattering and interference with adsorbed molecules, the surface state is quenched at higher
coverages which results in a drop of the STM-induced reaction yield as injected carriers
may not travel anymore along the surface state. Fig. 4.15(c) shows the measured cross
section as function of coverage which exhibits a maximum at ~0.1 nm~2, thus suggesting
a correlation of the photoexcited reaction with the surface state. Excited charge carriers
are not confined efficiently to the surface when the surface state is quenched which lowers
the number of charge carriers that attach to porphycene molecules. At a coverage of
0.61 nm~2, it is further observed that the reaction does not follow a first-order rate law
anymore (purple solid curve in Fig. 4.15(a)) and complete conversion of all molecules to
the cis state is impeded. As the nearest neighbor distance at this coverage is below 1
nm, strong distortion of the reaction potential landscape may be expected, similar to
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intentional positioning of adatoms near the molecule. Therefore, the reaction dynamics
are dependent on the individual molecular environment and cannot be assumed to be
equal for all molecules which is a necessary precondition for extracting a cross section
from a single exponential fit to the reacted molecular proportion. The observation of
non-reacting molecules may stem from defect pinning or potential landscape deformation
in a way that the reaction cannot be induced by photoexcitation at the incident photon
energy. The cross section coverage dependence therefore suggests that photoexcited charge
carriers distribute along the surface state on Cu(111) and that intermolecular interaction
may distort the potential landscape of the individual molecule.

4.8 Conclusion

The presented work demonstrates the photoexcited unidirectional porphycene tautomer-
ization from the thermodynamically stable trans to the metastable cis state on Cu(111).
We found that the photoreaction follows a first-order rate law with a strong cross section
dependence on incident excitation energy, which was studied across the entire near-IR to
UV range. The reaction cross section follows qualitatively the substrate absorption, which
was verified by a simple estimation of the charge carrier excitation rate. It is therefore
concluded that porphycene tautomerization is mediated by photoexcited substrate charge
carriers via non-adiabatic coupling. A pronounced isotope effect of the measured cross sec-
tion suggests primarily molecular skeletal mode vibration excitation, as rationalized from
voltage and current dependent tunneling electron induced tautomerization. Anharmonic
intermode coupling leads to non-uniform deformation of the potential landscape along the
reaction coordinate, which is less pronounced for isotope substituted porphycene. Interac-
tion between molecules was further demonstrated to strongly influence the photoreaction
as the potential landscape may be distorted.

Tautomerization within a H-bonded system inherently acts on an ultrafast timescale,
as only intramolecular proton motion is involved. This motion may compete with the
timescales of excited state relaxation due to strong molecule-substrate coupling on metal
surfaces. Photoresponsive selective conversion can be readily realized with a single-molecule
tautomeric switch which provides high efficiency and operates without skeletal rearrange-
ment.
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5 Plasmon Mediated Porphycene Tautomer-
ization in an STM Junction

Optical near-field enhancement in metallic nanostructures can be used to significantly in-
crease the reaction yield of photochemical reactions. Nanostructures made of Au, Ag, and
Cu are commonly employed as a photocatalytic substrate because of plasmonic resonances
in the visible and near-IR spectral range, which can facilitate the use of sunlight to drive
photochemistry [170]. However, few studies have yet addressed the microscopic details of
optical near-field induced chemistry, as it remains a challenging task to investigate near-
field reactions in individual nano-gaps with spectroscopic methods on the molecular level.
Quantitative insight into the photochemical enhancement has not yet been demonstrated
as the direct observation was not achieved with active control over the near-field coupling
strength. The presented work explores a new possibility to directly study near-field en-
hanced chemistry at the single-molecule level in a nanoscopic gap.

We report the near-field enhanced tautomerization of porphycene on a Cu(111) and Cu(110)
surface in an STM junction. The light-induced tautomerization using far-field excitaion is
mediated by photogenerated carriers in the Cu substrate, whereas in the tunneling regime
optically excited tunneling dominates the process. Direct photoexcitation of the molecule
can be excluded by examination of different adsorbate species. It is revealed that the re-
action cross section is significantly enhanced by surface plasmon excitation in the presence
of a Au tip compared to the far-field induced process. The strong enhancement implies an
enhancement factor of ~102-10% and occurs in the red and near-IR spectral range for Au
tips, whereas a W tip exhibits almost no enhancement, as W does not exhibit plasmonic
resonances in the investigated energy range.

Plasmon mediated porphycene tautomerization is further employed to locally probe the
near-field properties within the STM junction. It is found that surface plasmon excitation
from structural features on the tip shaft by a spatially broad light source yields stand-
ing wave resonances between multiple excitation sources. The near-field response at the
apex can be engineered by tip surface structuring and the formation of cavity resonances
between apex and fabricated microstructure. Scanning Tunneling Microscopy Lumines-
cence (STML) provides direct evidence for the formation of a resonator using the inelastic
tunneling current as a local source for surface plasmon excitation.

5.1 Local Spectroscopy and Photochemistry in an
STM Junction

On the basis of a fundamental description of electromagnetic interaction between a nanoscopic
tip and a flat surface, the principles of plasmonic excitation and field enhancement in a
nano-gap are outlined. Commonly employed methods that exploit this interaction to probe
elementary excitations at the nanoscale are further introduced, with specific emphasis on
the yet sparsely explored field of near-field mediated reactions in an SPM junction.

51



Plasmon Mediated Porphycene Tautomerization in an STM Junction

5.1.1 Plasmonic Coupling to a Sharp Metal Tip

The interaction of a sharp free standing metallic tip with an incident electromagnetic field
Einc(w) is described by approximating the tip with an effective point dipole at the tip apex,
analogous to the description of a metallic sphere in section 2.3. When the polarization of
the incident field is taken into account, the polarization dependent dipole moment is given
by [29]:

(62N 0 0
pTip(w) = 0 a; 0 6Einc (w) (51)
0 0 CK”

where € is the dielectric constant of the surrounding medium (e=1 in air/vacuum) and the
z-axis coincides with the tip axis. The transverse and longitudinal polarizabilities a; and
«a are defined by:

B erip(w) — €
ay (w) = 4W€0R3W (5.2)
a)(w) = 2meg R fo(w) (5.3)

where €y is the vacuum permittivity, ep;,(w) the incident frequency dependent complex
permittivity of the tip material, R the tip apex radius and fe(w) the complex field en-
hancement factor, which may be obtained from electromagnetic analytical or numerical
calculations. In this approximation, a (w) is identical to the polarizability of a nanoscopic
sphere.

Fig. 5.1(a) displays a schematic of the dipole approximated metallic tip, illuminated by an
incident electromagnetic field, polarized along the tip axis. The electric field is strongly
increased in the apex vicinity and decays rapidly on the apex radius length scale. The inci-
dent field drives free electrons in the metal along the direction of polarization and induces
an oscillating surface charge density which forms standing waves with a node at the apex,
when the incident field is polarized along the tip axis. For perpendicular polarization, the
apex remains uncharged and the field enhancement is negligible. In addition to the res-
onant plasmonic enhancement which strongly depends on the frequency dependent metal
dielectric constant, there is non-resonant enhancement at the apex which results from the
lightning rod effect. The induced surface electron density is concentrated at the tip apex,
as the electrons are accelerated in the direction of the electric field. Hence, the geometri-
cally imposed spatial confinement at the apex results in an accumulation of electrons and
yields a near-field enhancement which is largely independent of the excitation frequency.
The enhancement magnitude is mainly governed by the curvature radius. However, sharp
tips were shown to poorly couple to far-field radiation which is circumvented by coupling
to evanescent wave excitation or nanofabricated structures on the tip like apex attached
nanoparticles or surface engraved gratings which may couple to optically dark traveling
surface plasmons with subsequent adiabatic focusing to the apex [171-173].

The local field enhancement and confinement can be further increased by bringing the tip
in close proximity of a metallic substrate, whereby a nano-gap is formed. Upon incident
excitation polarized along the tip, the induced tip dipole moment itself induces an image
dipole moment in the surface, hence creating a tip-sample coupled effective dipole reso-
nance. For perpendicular excitation, the dipole and image dipole depolarize each other,
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Figure 5.1: (a) Schematic of a free-standing metallic tip, illuminated along the tip axis.
The induced dipole oscillation launches a propagating surface plasmon along
the tip. (b) Tip in proximity of a metallic sample. Dipole-dipole coupling with
the induced image dipole results in increased field enhancement in a formed
nano-gap. (c¢) Tip in tunneling charge transfer distance to sample. The near-
field weakens and the plasmonic response is heavily modified.

so that only very weak enhancement occurs in the gap. Consequently, only the former
case is considered in the following. Fig. 5.1(b) displays a tip in proximity to the sample.
The tip and image dipole mutually polarize each other thus increasing the electric field in
the junction. The tip polarizability is given by Eq. 5.2, while the sample polarizability is
analogously derived from Maxwell’s equations as:

_ 6Sample((*)) -1

5.4
€Sample (w) +1 ( )

Blw
where €ggmpie(w) is the frequency dependent sample dielectric constant. The effective

coupled polarizability is obtained from a superposition of incident and dipole emitted
electric field [29]:

ay (W) +BW))

| _ ol (@)hw)
167 (R+d)3

Qeff(w) = (5.5)

where d is the gap distance between tip and sample. The distance dependent local field
enhancement magnitude at fixed incident frequency is therefore given by:

|Eloc(d)| 2R+d

o o — (5.6)

In this relation it is clear that the classical approximation breaks down, when d — 0,
resulting in an infinite electric field intensity and red shift of the coupled plasmonic reso-
nance. It was found that the classical model fails when d approaches the Fermi wavelength
Ar and quantum effects become relevant, i.e. non-local screening and electron tunneling
(Fig. 5.1(c)). This regime was subject of extensive investigation during the past years both
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experimentally and theoretically [32, 174-180]. The red-shifting dipole plasmon resonance
progressively disappears with decreasing gap distance, while spectrally distinct blue-shifted
charge transfer plasmon modes emerge [179]. The plasmonic response can be modeled by
introducing an effective dielectric constant in the gap that includes the distance dependent
conductivity, thereby accounting for tunneling charge transfer.

5.1.2 Tip-Enhanced Optical Spectroscopy

The interaction of light with metallic scanning probes provides the possibility to realize op-
tical spectroscopy with high spatial resolution in a controlled environment below the diffrac-
tion limit. Local optical amplification in an Atomic Force Microscopy (AFM) setup from
metal coated fibers has been used to spatially confine incoming light and enhance radiated
light, guided through a fiber, as in scanning near-field optical microscopy or with metal-
lic or metal coated silicon tips that couple the near-field with external far-field excitation
and detection schemes as in apertureless Scanning Near-Field Optical Microscopy (SNOM)
[181-183]. These techniques have been demonstrated to provide broadband enhancement
with spatial resolution down to ~20 nm [184, 185]. The STM can readily provide atom-
ically resolved surface topography and electronic structure, while the tip may focus an
electromagnetic field to a nanometer region or enhance locally emitted radiation to the
far-field which holds the potential for combination and simultaneous characterization of
neutral and charged excitations in solid state systems. Powerful surface science techniques
have been developed, based on this combination which are highlighted in the following.
Tip-enhanced Raman spectroscopy (TERS) exploits optical near-field excitation to probe
vibrational information via enhanced Raman scattering, analogous to the SERS mecha-
nism, as discussed in section 2.3.4. The technique was pioneered by using metal-coated
AFM and solid metallic STM tips to overcome the limitations in SERS, which stem from
limited control of the nanostructure geometry and the achievable spatial resolution [83,
186-189]. Single-molecule TERS was achieved in vacuum environment with controlled
sample surface morphology and even sub-molecular resolution was recently achieved by
using a UHV low-temperature STM with high light collection efficiency and spectral match-
ing of the plasmonic nanocavity resonance with the molecule Stokes emission [190-192].
These achievements have pushed the technique to a point, where vibrational recognition
approaches the spatial resolution of STM imaging to provide chemical and electronic in-
formation on a sub-nanometer level, with application in catalysis, nanotechnology and
biotechnology [191].

STM-induced luminescence is based on electroluminescence from an electronic sample ex-
citation, induced by the voltage driven tunneling current which is collected with a far-field
optical read-out. The current between an STM tip and sample can induce luminescence
from the junction via inelastic electron tunneling or electron-hole pair excitation with sub-
sequent radiative emission, efficiently coupled to the far-field by tip plasmonic modes, which
are enhanced in the cavity. First observations of light emission from metal-insulator-metal
junctions have quickly sparked interest after the invention of STM to collect light from the
tunneling junction with high spatial resolution, initially demonstrated on polycrystalline
metal surfaces and semiconductors [193-196]. Voltage independent maxima observed in
emission spectra were attributed to resonant excitation and radiative decay of plasmonic
modes which exist in the formed nanocavity, consisting of coinage metal single-crystal sur-
faces [197, 198|. The concept was further extended to study systems with well defined
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electronic states which exhibit fluorescence upon electron attachment. Emitted fluores-
cence can couple to the plasmonic field and allow for efficient far-field conversion, thus
enabling highly localized spectroscopy which was demonstrated for metal nanoparticles,
semiconductors, heterostructures, quantum dots and molecules, down to the sub-molecular
regime [199-204|. The combination of STM-induced luminescence together with imaging
and tunneling spectroscopy provides a powerful tool set to study fundamental excitations
in nanoscale objects.

The combination of STM with ultrashort optical pulses has also led to the development
of techniques that provide time resolution down to picoseconds or even femtoseconds. In
shaken-pulse-pair-excited-STM, pump and delayed probe light pulses excite a delay depen-
dent tunneling current which provides information on dynamics in the picosecond regime
[205]. The employment of terahertz radiation may even provide sub-picosecond time res-
olution which was demonstrated by opening up an otherwise forbidden tunneling channel
with terahertz gating through an electronically isolated pentacene molecule in a time win-
dow, shorter than the light wave oscillation cycle [206]. However, general applicability of
this concept in surface science is yet to be demonstrated. The lightning rod effect of the
tip is expected here to enhance the local field which is not much investigated as it works
in a non-resonant fashion, with plasmonic excitations spectrally far beyond reach.

Light excitation or detection has added complementary information which may be acquired
by STM with similar high spatial resolution, due to the local confinement of electromag-
netic fields in the tip-sample junction. Spectroscopy at fundamental time and length scales
has been demonstrated, thereby providing viable tools for future nanoscale science.

5.1.3 Tip-Enhanced Photochemistry

Surface plasmon mediated reactions on metallic nanoparticles are introduced in section 2.3.4.
The plasmonic excitation on noble metal surfaces can decay non-radiatively into electron-
hole pair excitations which may scatter into an excited adsorbate state and trigger chem-
istry via vibrational relaxation to the reaction coordinate [10].

This principle was successfully transferred to scanning probe experiments, where a plas-
mon driven reaction can be directly monitored in the tip-sample junction. Analogous
to SERS studies of photochemistry, AFM based high-vacuum TERS was used to re-
veal the plasmon driven reduced dimerization of 4-Nitrobenzenethiol (4NBT) to p,p’-
dimercaptoazobisbenzene (DMAB) on Au nanoplate with a glass support and a Ag coated
tip [207]. The same reaction was monitored in an STM based system, where the unidirec-
tional conversion could be controlled by laser power |208|. It was observed that DMAB
vibrational mode intensity shows positive correlation with laser power, while 4NBT vi-
bration modes start disappearing. Further studies have revealed the plasmon mediated
oxidized reaction of Aminothiophenol (ATP) to DMAB, which shows that DMAB cannot
only be catalyzed by reduced but also oxidized reaction [209-212|. These studies are sen-
sitive on the scale of near-field confinement under the tip, while molecules are adsorbed as
self-assembled monolayers on the substrate. Therefore, the resolution may reach several
nanometer, thus collecting signal from an ensemble of molecules. The STM based TERS
study shows reversible isomerization within a single molecule of the azobenzene derivative
[4-(phenylazo)phenoxy|hexane-1-thiol (ABT) which is anchored by a thiol-terminated alkyl
chain to the Ag STM tip [213]. Observation of telegraph noise between vibrational spectra
of two structural isomers demonstrated single molecule detection.
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Near-field enhanced single molecule photochemistry in a controlled UHV low-temperature
STM environment introduces the possibility to directly couple light into the tip-sample
junction, where locally excited photoreactions are monitored by the tunneling current
through an observable change in molecular confirmation or electronic structure. The re-
sulting intense electric field in the junction can either directly couple to the transition dipole
moment of a molecule to induce a reaction or indirectly induce the reaction via photoexci-
tation of charge carriers in the metal leads with susequent attachment to the molecule. The
former mechanism was very recently demonstrated level by coupling wavelength tunable
laser excitation into an STM junction to cleave the S-S bond a single dimethyl disulfide
molecule. The reaction mechanism was rationalized by an intramolecular transition from
the nonbonding lone pair-type orbitals on the S atoms to the antibonding orbital localized
at the S-S bond which is enhanced within the near-field [214].

The plasmon enhanced indirect (substrate-mediated) excitation was not yet demonstrated
on a single-molecule. However, it was shown that photogenerated tunneling current tran-
siently charges an electronically decoupled magnesium porphine molecule on an oxidized
NiAl(110) surface with energies up to the photon energy [215]. In the tunneling regime,
photo-induced resonant tunneling further confined the excitation to the spatial resolution
of the STM [216, 217]. The reversible conformational transition of a single molecule was
later demonstrated in a pyrrolidine molecule on Cu(001), which was excited by femtosecond
laser radiation [218]. It was found that the reaction rate consists of a delay independent,
constant incoherent rate and a delay dependent, sinusoidal oscillation of the rate. The os-
cillation frequency was found to match molecular vibration frequencies which may couple
to the reaction coordinate.

Most performed experiments employ photogenerated current in the STM junction for
molecule charging and confirmational changes, however, the nature of the excitation mech-
anism remains unclear, whereby an effect of the near-field is implied but not explicitly
demonstrated. The combination of spectrally variable laser excitation with STM holds the
potential to study photo-induced reactions and explore plasmonic coupling in a wide pa-
rameter space, where not only the properties of the nano-cavity may be altered by precise
control of the tip-sample distance but also the excitation can be tuned to match molecular
or plasmonic resonances.

5.2 Tip-Enhanced Tautomerization on Cu(111)

The near-field enhanced photoexcited tautomerization of porphycene on a Cu(111) surface
was observed in an STM junction. Lateral and vertical spatial confinement as well as
spectral variation of the photochemical enhancement are investigated with different tip
materials. The results are discussed with regard to mechanistic insight of photochemical
enhancement in sub-nanometer junctions by optical near-field excitation in the classical
and tunneling regime.

56



Plasmon Mediated Porphycene Tautomerization in an STM Junction

trans

Figure 5.2: STM images of a single porphycene molecule in the (a) trans and (b) cis con-
figuration on Cu(111) at 5 K (size: 1.75x1.75 nm?, V; = 100 mV, I; = 100
pA). The chemical structures are displayed next to the image. (¢) STM image
(size: 25x25 nm?, V; = 50 mV, I; = 30 pA) before illumination. The Au tip is
located at the center of the image (indicated by yellow circle). (d) Same area
after illumination at 720 nm wavelength with n,, = 2.9(£0.2) x 10*7 cm~2.
Converted molecules to the cis configuration are marked by white circles.

5.2.1 Localized Enhancement of Unidirectional Tautomeriza-
tion in an STM Junction

A porphycene covered Cu(111) surface is prepared, analogous to the procedure, described in
section 4.4. All molecules adsorb in the thermodynamically stable trans state (Fig. 5.2(a))
and may be unidirectionally converted to the metastable cis state (Fig. 5.2(b)) upon pho-
toexcitation. The backward cis — trans conversion is selectively induced by heating the
surface above ~35 K (see Fig. 4.7). In contrast to the experimental procedure, described
in section 4.4, the STM tip is kept in tunneling during illumination and not retracted
from the surface. The employed tip is prepared by electrochemical etching of a Au wire
(see section 3.4). Fig. 5.2(c) shows an STM image of the prepared surface, where all
molecules are found in their trans form. The tip is positioned at the image center in tun-
neling (V; = 50 mV, I; = 30 pA) while the surface is illuminated with a photon fluence
of nyp = 2.9(£0.2) x 1017 ¢cm™2 at 720 nm wavelength at an incident beam angle of 65°
from the surface normal and polarized along the tip axis (p-polarized) (see section 3.5).
The bias voltage is kept well below the threshold for tunneling electron-induced tautomer-
ization of ~150 mV (Fig. 4.7). Thermal expansion of both tip and sample is limited by
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Figure 5.3: (a) Radial distribution of the ¢rans — cis conversion probability measured
at three different tip-surface distances, determined by the STM set-point (Vy
= 50 mV, I; specified in the figure). Solid curves represent a Gaussian fit
(A exp (—r2/202), where 0 = rcry). Inset shows sketch of the experiment,
where the proportion of ¢is molecules (red spots) to trans molecules (blue
spots) is evaluated in incremental distances from the tip position (white circles).
Set-current (tip height) dependence of (b) 7cf¢, determined from the Gaussian
fit and (c) the total number of reacted molecules N.;s (dashed lines represent
guide to the eye).

employing a low photon flux which allows for compensation by the STM feedback loop
to maintain a constant tip-sample distance, while the measured sample temperature was
raised from 5.2 K to 6-7 K upon irradiation, depending on the incident wavelength. This
temperature is insufficient to thermally induce the cis — trans backward reaction which is
therefore negligible in the photoinduced process. After surface irradiation, we observe that
the photoexcited trans — cis conversion is locally enhanced in proximity of the STM tip
position, where a significantly larger proportion of molecules are reacted, compared to the
molecule population further distant on the surface. The enhancement may be illustrated
by mapping the radial distribution of the tautomerization probability from the central tip
position (see inset in Fig. 5.3(a)). Fig. 5.3(a) displays the proportion of reacted molecules
from repeated measurements as function of the radial distance in incremental steps of about
3.1 nm and the STM set-current. The relative tip height displacement from variation of
the set-current corresponds to ~4 A, assuming a tunneling current decay constant of ~11
nm~! [219]. Gaussian fits to the radial decay of the tautomerization probability reveal
a strong enhancement in the tip vicinity with an effective radius r.;y within ~10 nm, in
agreement with the expected lateral near-field localization in an STM junction [220-223].
Effective radius and number of total reacted molecules N, are found to increase signifi-
cantly with decreasing tip-surface gap distance (Fig. 5.3(b),(c)), thus suggesting an inverse
dependence on gap size. However, the observed tip-enhanced spot cannot be regarded
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equivalent to the optical near-field in the junction as it is determined from a convoluted
process with the photoexcited tautomerization in porphycene. It should be noted that the
enhanced photoreaction still follows a first-order rate law (see Eq. 4.2), as discussed in the
following, where the cross section is modulated via optical near-field enhancement in the
STM junction. This has important implications regarding the discussion of spatial field
enhancement variation in atomically terminated junctions, where strong sub-nanometer
near-field confinement is proposed to occur [224, 225|. Such drastic local changes, how-
ever, are not observed, as we find good agreement with radial decay, expected in a simple
cone-flat geometry without atomic protrusions [226, 227]. We may rationalize the absence
of sub-nanometer confinement in tautomerization probability by the exponential satura-
tion to the cis state of the anyhow very small number of molecules in this area, given by
Eq. 4.2. Furthermore, the radial decay is discussed at a resolution of about 3.1 nm in order
to probe a statistically relevant number of molecules, which is why the found results are
not suitable for the discussion of sub-nanometer laterally confined near-fields.

5.2.2 Spectral and Tip Material Dependent Near-Field Gen-
eration

The qualitative finding of enhanced trans — cis conversion in a nanometer confined area
underneath the STM tip is quantified by evaluation of the cross section in presence and
absence of a metallic tip during photoexcitation, hence with and without optical near-field
excitation. The cross section o;_,., measured in the tip presence and absence is further re-
ferred to as onF and opp, respectively. In section 4.5, the full spectrum of opp in the UV
to near-IR is shown and the photoexcitation origin is denoted to a dominant contribution
of substrate-mediated charge carrier generation, which follows the polarization dependent
substrate absorption.

The near-field enhanced cross section, on the other hand, was evaluated by scanning the
surface (60x60 nm?) with a Au tip in constant current mode during irradiation (schemat-
ically depicted in left cartoon of Fig. 5.4). This procedure ensures that a statistically suffi-
cient number of molecules (~600 molecules) is subjected to the spatially confined near-field
in the tip-sample junction to reliably determine oy p. Fig. 5.4 shows the evolution of con-
verted cis molecules as function of photon fluence at 720 nm excitation wavelength both
with near-field enhancement and without, further referred to as far-field excitation. The
evolution is fit with a first-order rate equation (see Eq. 4.2), both for near- and far-field exci-
tation. At 720 nm we find oy r = 5.59(£0.35) x 10719 cm? and opp = 7.27(40.18) x 10721
cm?, thus revealing a strong photochemical enhancement through near-field excitation in
the STM junction (employed tip Au#l in Fig. 5.5). Fig. 5.5 depicts the near-field enhanced
tautomerization cross section, measured across the entire accessible spectral excitation
range, while the material dependent enhancement was explored by employing different
STM tip materials, i.e. W, PtIr(80:20) and two Au tips. Far-field excited cross sections
are also shown for comparison (identical to p-polarized cross section in Fig. 4.12(a)). The
process obeys first-order dynamics across the investigated range. It was found that pho-
toinduced tautomerization may be largely enhanced via near-field excitation below ~2.2
eV excitation energy by Au tips and the Ptlr tip, while this effect is not observed for the W
tip. The enhancement is attributed to strong localization of the electromagnetic field in the
tunneling junction, which may stem from excitation of an LSPR in the nano-gap and the
lightning rod effect [226, 228]. As the tip structure was not controlled in this experiment,
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Figure 5.4: Fraction of frans — cis reacted molecules under 720 nm wavelength excitation
as function of photon fluence, measured both in presence (red) and absence
(blue) of a Au tip, scanning across the surface (60x60 nm?, 580 molecules, V;
= 50 mV, I; = 30 pA). The solid curves represent a fit to the data, according
to a first-order rate law (see Eq. 4.2). The cartoons sketch the experimental
procedures in presence (left) and absence (right) of the tip. Converted cis
molecules are depicted red, trans molecules blue.

the detailed enhancement origin was not identified here but subject of section 5.3. Albeit
the limitations in geometrical control, a distinct spectral structure is observed for different
Au tips. Thereby, the origin of spectral variation is attributed to the geometry dependent
enhancement, while a resonant excitation of the molecule transition dipole is excluded to
cause resonant structure, as this may be regarded as tip independent, with limited geo-
metrical influence on the coupling [229]. The enhancement dependence on tip material is
explained by the plasmonic properties of the individual materials, as gold and copper can
support localized plasmon resonances at energies below ~2.2 eV, while tungsten may not
support a plasmonic resonance in the investigated spectral range [30]. Interband transi-
tions between d- and sp-band in the metal quench the excitation of a plasmonic resonance
which is observed in Fig. 4.12(a) by a sharp drop of the near-field cross section. D-band
transitions are excited at about 2 eV in copper and gold, while the d-band in tungsten
crosses the Fermi energy, which prohibits an efficient plasmon excitation, as electromag-
netic energy is directly absorbed by electron-hole pair excitations. PtIr on the other hand
also exhibits high lying d-bands but we still observe a considerable enhancement, which
is speculated to stem from coating of the tip apex by substrate metal in the tip forma-
tion process, thus changing the electronic structure at the apex from repeated tip-forming.
Since this tip was in use for years, the apex structure is believed to be heavily modified,
while all other tips were freshly prepared and only mildly prepared in-situ by application
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Figure 5.5: Photoexcitation energy (wavelength) cross section dependence for near-field
excitation for two different Au tips (Au#l: red filled circles, Au#2: orange
filled circles), a Ptlr tip (green filled circles) and a W tip (black filled circles)
in comparison to the far-field cross section (blue filled squares). All near-field
data was obtained by scanning 60x60 nm? in constant current mode at V; =
50 mV, I; = 30 pA.

of voltage pulses and controlled surface indentation.

In order to identify the photochemical enhancement from the experimental results, onp
should be directly comparable to opp. However, we note that o is significantly underes-
timated in the spectral range, where enhancement is observed as the tip is scanned across
the surface scan area (Agseqn = 60 X 60nm2) during photoexcitation, which is necessary for
statistical relevance of the data but leads to an apparent reduction of the actual near-field
cross section. The effectively enhanced radius r.;y underneath the tip was estimated for
tip Au#1 from Fig. 5.3 as 6.2(£ 0.3) nm. Analogous to this precedure, 7.5 was deter-
mined for tips Au#2, PtIr and W as 7.0(£ 0.3) nm, 9.7(£ 1.8) nm and 4.6(+ 0.3) nm,
respectively (Fig. 5.6(a),(b),(c)). Therefore, onp is corrected by a geometrical factor to
estimate the near-field enhanced cross section underneath the tip:

1— °FF
Agcan + 2V T AgcanTeff + Wrsz ONF
ONF,corr = ) "ONF (5.7)
eff

The exponent accounts for relative contributions to oy g from near-field and far-field exci-
tation. Above ~2.2 eV, oy drops below oprp, which is explained by reflection and scat-
tering from the tip, thus blocking the incident electromagnetic field from the investigated
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Figure 5.6: Radial distribution of the trans — cis conversion probability with Gaussian
fits (solid curves) for STM tips (a) Au#2 at 860 nm (n,, = 3.5(£0.2) x 10'7
cm~2) (b) Ptlr at 860 nm (n,, = 4.9(£0.3) x 10'” cm~2) (b) W at 690 nm
(npn = 2.5(£0.2) x 10'® cm™2) (V; = 50 mV, I;=30 pA). (d) Photoexcitation
energy (wavelength) dependent near-field cross section for tips Au#1 (red filled
circles), Au#2 (orange filled circles), Ptlr (green filled circles) and far-field cross
section (blue filled squares). Near-field cross section corrected by Eq. 5.7.
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area, while near-field photoexcitation below ~2.2 eV largely exceeds far-field contribution.
Nominator and denominator describe the area, scanned by the tip-enhanced spot during
the experiment and the spot size itself, respectively (inset in Fig. 5.6(d)). Fig. 5.6(d) dis-
plays the spectral dependence of onFcorr together with opp for all tip materials. W was
excluded from the correction, as no apparent enhancement was observed. The spectrally
varying photochemical enhancement factor (0N Fcorr/0FF) reaches ~102-10% in the STM
junction. This finding provides the first direct measurement of a photochemical enhance-
ment factor for individual molecules in a single nano-gap across a broad excitation range,
which is inaccessible in ensemble averaged measurements.

5.2.3 Mechanism of Near-Field Mediated Porphycene Tautomer-
ization

Photoexcited tautomerization of porpyhcene with in the far-field was elucidated to be
driven by charge carriers which are generated in the substrate and subsequent attachment
to the adsorbate. Spectral scans of the excitation energy dependent cross section, both with
far- and near-field excitation, show no indication of a molecule dipole transition to obviously
contribute to the photoreaction. We thereby denote the near-field enhanced reaction also
to an indirect excitation mechanism, where both charge carriers in the substrate and in
the tip may contribute via inelastic tunneling. However, the exact properties of the near-
field, generated in the junction, should determine the intensity and relative strength of
the individual processes. A fundamentally important parameter is the relative tip-sample
distance, which is a dominant parameter to control plasmonic resonance energy as well
as magnitude of the near-field. It was revealed in theoretical and experimental studies
that near-field properties are affected, when the gap size enters the tunneling regime and
classical electrodynamics fail to describe the physics, while this is the inherent working
range of the STM [32, 174-180, 230, 231]|. Near-field mediated chemistry in this transition
regime can therefore be precisely probed in the STM junction, which has not been examined
yet.

Fig. 5.7(a) shows the tip-surface gap dependent cross section at different excitation
wavelengths with tip Au#1, where the gap size is controlled by the set current. At 720
nm excitation, the tip shows strong enhancement, while none was observed at 532 nm
(see Fig. 5.5), which is reflected in the gap size dependence. We find that the near-
field mediated cross section increases monotonously in the tunneling regime, while there
is a negligible effect when the near-field may not be excited. The expected near-field
decay in the quantum regime, where electron tunneling is dominant, is not reflected in
the reaction cross section, which may be explained by overcompensation from optically
excited tunneling (Fig. 5.7(b)). It should further be mentioned that the interaction between
near-field and molecule scales differently from net field enhancement and could increase
continuously in the tunneling regime, which was observed before for Raman excitation in
a TERS setup [180, 191]. Photoexcited tunneling carriers can also induce the reaction
non-locally, as it was found that porphycene tautomerization on Cu(111) can be driven by
tunneling electrons, traveling along the surface state [161].

Fig. 5.7(c) depicts the gap dependent cross section, measured outside the tunneling regime
at 860 nm excitation wavelength with tip Au#2, where this tip shows strong enhancement.
The data was measured with the tip scanning the surface during illumination and disabled
feedback loop, while the tip is vertically retracted from the set point (V; = 50 mV, [;=30
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720 nm (red filled circles) and 532 (blue filled circles) excitation wavelength,
measured with tip Au#1l. I; is the STM set current. (b) Schematic repre-
sentation of the proposed excitation mechanism in the quantum regime. (c)
Tip-surface distance(dyqp)-dependent cross section outside the tunneling regime
(black shaded area) at 860 nm excitation wavelength, measured with tip Au#2.
The first left data point is taken at dgyqp, corresponding to V; = 50 mV, [;=30
pA, from where the tip is vertically retracted and scanned across the surface
under illumination with disabled feedback loop. (60x60 nm?, ~670 molecules).
Reacted molecules were identified from subsequent imaging. Low photon flux
of 3.9(£0.3)-9.6(£0.6)x10' cm~2?s~! was used to minimize thermal expan-
sion. The solid line represents a fit to Eq. 5.8. (d) Schematic representation
of the proposed excitation mechanism in the classical regime, i.e. no electron
tunneling.
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pA). As optically excited tunneling electrons cannot mitigate the near-field but also not
contribute to the reaction, the cross section should reflect the excitation rate of substrate
charge carriers. In a simple classical coupled dipole approximation, the distance-dependent
excitation rate can be described by mutual polarization of tip and sample, where the tip
is represented by a sphere of radius R with polarizability «, as descriebd in Eq. 5.2. The
measured near-field cross section is then proportional to the excitation rate [180]:

rka(ecy — 1) -2
1— 5.8
N X OEE T < 167(ecu + 1) (R + dgap>3) 58)

where k is a free parameter, which accounts for possible deviation of the tip apex from
an ideal spherical shape, dgqp is the tip-sample gap distance and ecy, €44 are the wave-
length dependent dielectric constant of copper and gold, respectively, taken from ref. [30].
We find good agreement of onp scaling with gap size, represented by the solid curve in
Fig. 5.7(c), which is the best fit result, achieved for k = 2.6(£0.1) and R=41(£8) nm. The
charge carrier excitation in the substrate is therefore concluded to follow the near-field
intensity, which results from classical coupling of the tip apex dipole with its image dipole
(Fig. 5.7(d)).

The results suggest that near-field mediated porphycene tautomerization is dominated by
photoexcited charge carrier generation in the substrate which is locally enhanced via plas-
mon decay in the junction. Optically excited inelastic tunneling may contribute to the
process at sub-nanometer distance, where tunneling is significant. Since the tip needs to
be scanned across the surface in the here presented measurement scheme, it is not the
ideal framework to discuss detailed variations of plasmonic enhancement in the tunneling
junction which is presented in the following.

5.2.4 Conclusion

Near-field mediated ¢rans — cis tautomerization of porphycene on Cu(111) was directly
observed by low-temperature STM with wavelength tunable laser excitation. We found
that the photoreaction is significantly enhanced in the red and near-IR range by employ-
ing gold as tip material, whereas the enhancement was found to be weak for tungsten, thus
the enhancement is denoted to a coupled plasmonic excitation of the tip-sample junction.
The reaction enhancement factor of near-field to far-field photoexcitation reaches ~102-103,
which represents, to the best of our knowledge, the first measurement of an enhancement
factor for single molecules in a nano-gap. Near-field induced tautomerization was examined
in and out of the tunneling regime. It was found that the reaction is driven by photogen-
erated substrate charge carriers whose excitation rate is locally enhanced via plasmonic
decay in the STM junction. Optically excited inelastic tunneling between tip and surface
may contribute to the process in the tunneling regime. The presented work demonstrates
a new possibility to study directly near-field enhanced chemistry at the single-molecule
level in a nanoscopic gap with precise gap distance control. Our results should provide
fundamental insight into photochemistry and -catalysis on metallic nanostructures, which
is dominated by near-field enhanced reactions within nano-gaps [10, 12, 13, 232].

Chapter 4 outlined the possibility to use tautomerism for photoresponsive single-molecule
switching in molecular scale electronics. The simultaneous implementation of plasmonic
elements, which may confine optical signals beyond the diffraction limit and near-field re-
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sponsive molecular functional components holds the potential for combination in an all
optical operation scheme |94].

5.3 Tip-Enhanced Tautomerization on Cu(110)

The following section will focus on the plasmon mediated reversible tautomerization of a
single porphycene molecule on the Cu(110) surface to locally probe the near-field properties
within the STM junction. A brief overview summarizes previous work of tunneling electron
and thermally induced porphycene tautomerization on the Cu(110) surface, followed by
a description of the experimental procedure. The near-field response of STM tips with
tailored geometry is further presented and the mechanism of photogenerated charge carrier
tunneling to induce the reaction is elucidated.

5.3.1 Porphycene Tautomerization on Cu(110)

On the Cu(110) surface, porphycene adsorbs as isolated molecules in the c¢is state which
is confirmed by comparing the molecular appearance in STM images (Fig. 5.8(a)) with
the calculated structure on the surface (Fig. 5.8(b)) The molecule exhibits one axis sym-
metric protrusion and aligns on the substrate with the symmetry axis along the surface
high symmetry [110]-direction. The assignment to the cis tautomer is in agreement with
calculated total energies of the tautomers in DFT calculations (Fig. 4.5). The molecule
appears in two mirror symmetric cis states on the surface which are energetically degen-
erate (Fig. 5.8(c),(d)) while the trans state is not observed within the temporal resolution
of STM measurements. Thermal and tunneling electron excitation drives the porphycene
conversion between mirror symmetric cis states. As opposed to porphycene on Cu(111),
the molecule and the Cu(110) surface show the same symmetry along the [110]-direction.
Therefore, the molecule position during cis <+ cis conversion is preserved and the reaction
can be directly monitored in the tunneling current trace, due to the local abrupt change
in conductance upon reaction (Fig. 5.8(e)). The STM tip position is kept stationary on
the molecule (white star in Fig. 5.8(a),(c)) while the cis <+ cis reaction is induced and the
reaction rate can be deduced directly from the inverse dwell time, measured in the current
trace (Fig. 5.8(f)). Fig. 5.9(a) shows the bias dependent reaction yield of the reversible cis
<> cis conversion. The bias polarity independent reaction threshold is about £150 meV
which indicates that the reaction is also driven via inelastic tunneling electron excitation
of molecular skeletal vibrations, similar to the reaction mechanism on Cu(111). Fig. 5.9(b)
shows an Arrhenius plot of the temperature dependent tautomerization rate. The cis <>
cis reaction activation energy is determined as E, = 168(£12) meV, similar to the tunnel-
ing electron induced reaction barrier of 150 meV. The tip was kept stationary above the
molecule at an applied bias below the threshold for inelastic tunneling electron induced
tautomerization. In Fig. 5.9(c), the STM observable conversion of porphycene tautomers
by thermal and energetic tunneling electron excitation is summarized. Vibration medi-
ated coupling to the reaction coordinate drives the conversion between the energetically
degenerate metastable cis tautomers, while the trans state may not be observed, as the
tautomer energetics are shifted due to substrate interactions. The mechanism of inelastic
tunneling electron induced tautomerism was further investigated via isotope substitution

66



Plasmon Mediated Porphycene Tautomerization in an STM Junction

1 I_ (f)

04 1 I I I

|
0 5 10 15 20
t(s)

Figure 5.8: (a) STM image and (b) calculated adsorption geometry of a Porphycene
molecule adsorbed on Cu(110) in the thermodynamically stable cis state. (c)
STM image and (d) calculated geometry of the mirror symmetric cis state.
The two states are energetically degenerate and are equally populated after
adsorption. (e) Current trace of the tunneling electron induced cis <> cis con-
version, recorded while the tip is fixed over the molecule (white star). The
observed telegraph noise indicates two distinguishable conductance state. (Vy
=10 mV, I; = 0.5 pA) (f) Measurement schematic which indicates the molecu-
lar configuration that belongs to the two conductance states. ((a)-(d) adapted
by permission from Kumagai et al., Physical Review Letters 2013, 111, 246101
[104], copyright 2013)

of the cavity H by D atoms, which should strongly modify the tautomerization potential
and give insight into H bond dynamics. While the threshold bias voltage is similar for both
H-Pc and D-Pc, substantial difference in the behavior is observed above ~ 250 mV. The fit
(blue solid line in Fig. 5.10(a), fit procedure in [233]) of the voltage dependent D-Pc reac-
tion yield between 250-320 mV reveals a second onset at 279(£5) mV which matches the
measured N-D stretch mode (¢(N-D)). The stretch mode was determined experimentally to
be 284 meV from nonlinear characteristics in the conductance spectrum (dI/dV') measured
over a molecule (blue solid line in top left inset of Fig. 5.10(a)). The vibrational density
of states of porphycene on Cu(110) was further theoretically accessed in DFT calculations
and the stretch mode was located at 278 meV (blue solid line in Fig. 5.10(b)). Both exper-
imental and theoretical results suggest that the onset in the yield stems from a vibrational
excitation of the N-D stretch mode by inelastic tunneling electrons. From conductance
spectroscopy and DFT calculations, the N-H stretch mode (v(N-H)) is furthermore found
at 380 meV (red solid line in top left inset of Fig. 5.10(a)) and 376 meV (red solid line in
Fig. 5.10(b)), respectively, so that a similar onset in the reaction yield is expected for H-Pc
at this energy. However, the yield only moderately increases in the observerd bias range
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Figure 5.9: (a) STM bias dependence of the tautomerization yield for the cis > cis conver-
sion. The polarization independent threshold voltage is determined as about
+150 mV. (b) Arrhenius plot of the thermally induced tautomerization rate R,
measured at V; = 50 mV, I; = 30 pA, far below the in (a) indicated threshold.
The activation energy is determined as F, = 168 + 12meV. (¢) Schematic de-
piction of the interconversion between the porphycene tautomers on Cu(110).
The reversible cis <> cis conversion is induced via both energetic tunneling elec-
trons (e”) and thermal excitation (kgT'). ((a),(b) adapted by permission from
Kumagai et al., Physical Review Letters 2013, 111, 246101 [104], copyright
2013)

which can be attributed to a more pronounced anharmonicity of the mode potential as a
consequence of strong H-bond formation, which is supported by an observed broadening of
the N-H stretch mode in the conductance spectrum [147]. The observed common onset in
the yield for H- and D-Pc at ~150 meV cannot directly be pinpointed to a specific vibration
mode, since it is located in the skeletal mode energy range and may relate to one or several
of the skeletal vibrations which can couple indirectly to the tautomerization coordinate.
DFT calculations reveal a high density of modes up to ~200 meV (Fig. 5.10(b)) and the
experimental conductance spectrum shows a common peak at 175 meV (top right inset of
Fig. 5.10(a)), which may relate directly to the observed onset threshold. The excitation
of skeletal vibration modes has already been shown to open up the reaction channel on
Cu(111) and it is therefore reasonable to assume a similar mechanism on the (110) surface
[159, 160].

5.3.2 Photoinduced Reversible Single-Molecule Tautomeriza-
tion

Photoinduced tautomerization on the Cu(110) surface is observed within an isolated in-
dividual porphycene molecule which is found on the decorated surface at low coverage in

68



Plasmon Mediated Porphycene Tautomerization in an STM Junction

a b L | | | ]
( ) (,-)\ 10 Skeletal modes
| > ' i v(N-D)
1 £ osf -
= Z
: 18
3 1 A 06f .
ot ©
ag- h-Porph cene_ S
= PIVERTE L 5 04p V(N-H)
2 S
o~ < — S
5P ko]
4 @ 02t _
y . QL
ﬁ <
107 \ | | ! 1 % 0f ! | | L
150 200 250 300 350 0 100 200 300 400
Sample Bias (mV) Vibration energy (meV)

Figure 5.10: (a) STM bias dependence of the tautomerization yield for H-Pc (red circles)
and D-Pc (blue circles). The inset shows the dI/dV conductance spectra
for the two species (V¢ = 100 mV, I; = 20 nA for H-Pc and I; = 30 nA
for D-Pc) (c) Calculated projected density of states of H- (red) and D-Pc
(blue) on a rigid Cu(110) surface. The energetic range of skeletal molecular
vibrations are labeled and the inner cavity stretch modes v(N-D) and v(N-
H) are calculated as 278 and 376 meV, respectively. ((a),(b) adapted by
permission from Kumagai et al., Physical Review Letters 2013, 111, 246101
[104], copyright 2013)

its thermodynamically stable cis state. As the trans configuration is not observed within
the instrument temporal resolution, photoexcited tautomerization occurs solely between
the two mirror-symmetric cis states in a reversible manner, thus eliminating the need for
statistical averaging over a large number of molecules, as it was done for trans— cis conver-
sion on Cu(111). However, the reversibility imposes the need for constant probing of the
tautomeric state during illumination. Therefore, a direct comparison with far-field induced
conversion is not possible. Fig. 5.11(a) depicts a schematic of the experimental procedure,
where the tip is placed in constant current mode above one lobe of the molecule. Upon
illumination, the cis<+cis conversion is registered as an abrupt vertical tip displacement.
Fig. 5.11(b) shows the resulting telegraph noise in the z-piezo feedback during illumination
as function of time. Two plateaus indicate when the H atoms are located underneath the
tip (Hi state, red) and on the opposite side (Lo state, blue). The assignment is confirmed
by STM images (Fig. 5.11(c)). From the recorded time traces, the tautomerization rate is
determined:

n
Ryiro/Lo—smi = STAL (5.9)

S

Osem = %

where Ry;—r, and Rp,—p; denote the Hi—Lo and Lo—Hi rate, respectively, n is the
number of recorded time intervals At; in the corresponding initial state. The statistical

(5.10)
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Figure 5.11: (a) Schematic measurement procedure. The tip is placed above the bright lobe
of the molecule in constant current mode during illumination. Tautomeriza-
tion is manifested in a sudden vertical tip displacement. (b) Recorded tele-
graph noise of the vertical displacement as function of illumination time. Two
states are clearly distinguishable, corresponding to the H atom on the tip side
(Hi state, red) and opposite to it (Lo state, blue). (c¢) STM images of a single
porphycene molecule before and after a tautomerization event. The tip posi-
tion is marked by a star. (V; =100 mV, I; = 10 nA) (d) Initial state dependent
tautomerization cross section measured as function of incident photon energy.
(Vi = 50 mV, I; = 10 pA) (e) Spectral dependence of cross section shows
a constant ratio between both states. (f) STM set current dependent cross
section, where the set current is used to control the tip-sample distance.
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error is estimated as the standard error of the mean oy, which assumes that the estima-
tion of the actual rate from the limited sampling size becomes increasingly accurate with
higher n and therefore reduces the sample standard deviation s. The tip presence may
deform the potential landscape along the reaction coordinate asymmetrically, which makes
the otherwise degenerate reactions distinguishable [158]. The corresponding reaction cross
section is then readily derived:

Rpyispo/Lo—sHitill
OHi—Lo/Lo—Hi = (5.11)
nph

where ¢;; is the duration of light exposure and n,), the photon fluence which is determined
by the procedure, described in section 3.5.

Fig. 5.11(d) shows the determined cross section as function of incident photon energy,
for the initial Lo and Hi state, indicated as o(Lo) and o(Hi), respectively. Across the
entire measured range, the qualitative features of the spectrum are reproduced in both
cross sections, while o(Hi) stays always below o(Lo) by a constant factor, as depicted in
Fig. 5.11(e), where the ratio of both is plotted. For tunneling parameters V; = 50 mV and
I, = 10 pA, the ratio was determined as o(Hi)/o(Lo) = 0.7840.02, independent of the
incident photon energy. It was found that this ratio is independent of all varied parameters
except for the tip height which may be controlled by the tunneling current feedback set
point, analogous to tautomerization, induced by direct energetic charge carrier injection
[158, 234]. Fig. 5.11(f) shows the measured cross section as a function of set current. The
ratio between both rates is strongly influenced by the presence of the tip in the experimental
tip height modulation range. As the applied bias is chosen below the threshold voltage
(V¢ = 150 mV) for the tunneling electron induced reaction, the tip-molecule interaction
upon approach may be held accountable for the distortion of the reaction potential. All
experiments were performed in constant current mode with the same tunneling parameters
to keep the tip-molecule distance constant, which yields a constant o(H4i)/o(Lo) ratio. A
distinction is thus in the following omitted and the state independent cross section is
determined to discuss observed spectral features.

5.3.3 Mechanism of Near-Field Mediated Photochemistry in
a Tunnel Junction

It was revealed that far- and near-field excited trans—cis tautomerization on Cu(111) is a
process, mediated by photoexcited charge carriers which are generated via metal absorp-
tion. We verify that this mechanism drives photoinduced chemistry also in the enhanced
near-field of a stationary STM tip, positioned over the molecule. Fig. 5.12(a) shows the
cross section spectral dependence, measured with an electrochemically etched Au tip for
two different bistable molecular switches, adsorbed simultaneously on the surface. After
deposition of porphycene, water is dosed into the STM chamber to adsorb on the Cu(110)
surface, which is kept at 12 K. The water vapor is leaked into the chamber for 2 min
at a pressure of ~ 5 x 107% mbar to achieve a water coverage far below one monolayer.
By following the procedure, proposed in ref. [235], dimerized hydroxyl species (OH)y were
obtained from repeated voltage pulses of individual HoO molecules. Fig. 5.12(b) shows a
schematic of (OH)s, adsorbed on the surface, which may reversibly convert between two
energetically equivalent configurations, separated by a 300 meV barrier, with an onset of
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Figure 5.12: (a) Spectrally dependent photoreaction cross section of porphycene tautomer-
ization (red) and (OH)y flip reaction (V; = 50 mV and I; = 10 pA). (b)
Schematic representation of the (OH)s reversible conversion between two mir-
ror symmetric states on the Cu(110) surface. (c) Photon flux dependent
tautomerization rate at 690 nm excitation wavelength (tip micrograph in
Fig. 5.14(d)). (d) Initial state resolved tautomerization rate as function of tip
position on the molecule along the [001]-direction. Photoexcited tautomeriza-
tion, measured at 690 nm excitation wavelength (2.7(% 0.2)x10'6 cm=2s71),
V¢ =50 mV and I; = 10 pA (Light) and tunneling electron induced tautomer-
ization, measured at V; = 350 mV and I; = 10 pA (Bias). (e) Measurement
positions, superimposed on a porphycene STM image.

the reaction at ~ 150 meV, comparable to the energetics of porphycene tautomerization
[104, 233, 235]. For both molecules, the reaction has been shown to be induced by tunneling
electrons, while it was found in this work that it can also be photoexcited in the junction.
The cross section spectrum for both molecular species reveals that the spectral response is
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dominated by the characteristics of the tip with no observable differences for both molec-
ular species. Both molecules are measured directly after each other and a change of the
tip apex structure was not observed between measurements. As the electronic density of
states for both molecules on the surface is clearly different, direct photon absorption as the
driving mechanism for photochemistry can in this case be assumed to be negligible [233].
We therefore conclude that the reaction is induced by plasmon decay to e~ /h™ pair exci-
tations with subsequent attachment to the molecule. Fig. 5.12(c) shows the dependence
of the porphycene tautomerization rate on the photon flux, taken at 690 nm excitation
wavelength with the Au tip shown in Fig. 5.14(d) which reveals a linear relation, hence
excluding non-linear effects of the excitation. For trans— cis tautomerization on Cu(111),
it was found that charge carriers from the substrate, excited by the generated near-field,
can drive the enhanced reaction, while the role of photoexcited charge carriers, tunneling
from the tip could only be hypothesized to contribute in the tunneling regime. Since the
experiment here is performed on a single molecule, the position dependent photoexcited
tautomerization rate could be taken by scanning the tip across a porphycene molecule.
Fig. 5.12(d) shows the initial state resolved rate as function of position, while the mea-
surement points are indicated in Fig. 5.12(e). The photoreaction rate on the left is taken
at an excitation wavelength of 690 nm with the Au tip shown in Fig. 5.14(d) at tunneling
parameters V; = 50 mV and I; = 10 pA, far below the bias-induced reaction threshold of
150 meV. On the right, the same position dependence is taken without photoexcitation at
Vi = 350 mV and I; = 10 pA, which results in a high, tunneling electron induced tau-
tomerization rate. We observe that the position dependent tunneling electron induced rate
is qualitatively reproduced in the photoexcited rate, clearly indicating the dominant role
of inelastic photogenerated charge carrier tunneling in the tunneling regime, as opposed to
the substrate mediated excitation out of the tunneling regime. Both excitation channels
are assumed to be relevant on metal surfaces and could be separately observed in the pre-
sented experiments.

It is concluded that near-field decay to e~ /h™ pair excitations governs the porphycene
tautomerization in a metallic tip-sample junctions. The charge carrier generation in the
substrate dominates out of the tunneling regime, while in the tunneling regime, the pho-
togenerated tunneling current significantly contributes.

5.3.4 SPP Interference Induced Near-Field Speckle Pattern

The ability to determine the photogenerated charge carrier induced cross section via STM
facilitates the examination of the near-field properties within the tip-surface junction itself,
as the charge carrier generation rate should directly relate to the local electric field intensity.
Porphycene tautomerization therefore acts as a sensitivite local probe at the tip apex and
may be used to discuss the plasmonic properties of the tip geometry. Fig. 5.13 shows
exemplary spectra of the measured tautomerization cross section as function of incident
photon energy for four different electrochemically etched Au tips. The beam polarization
is perpendicular to the surface with an incident angle of about 65°. The spectral response
is always observed as strongly modulated below ~2.2 eV, where surface plasmons can be
excited [30]. This modulation stands in contrast to the single broad LSPR resonance
which is usually found to govern STM photo- and electroluminescence experiments [227,
236, 237]. Furthermore, each tip shows a distinctly different spectrum, which is thereby
concluded to stem from the individual tip geometry. In order to systematically investigate
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Figure 5.13: Spectrally dependent photoreaction cross section of porphycene tautomeriza-
tion. Exemplary spectra are shown, taken with electrochemically etched Au
tips (a) Tip 1 (b) Tip 2 (c¢) Tip 3 (d) Tip 4 (V; = 50 mV and I; = 10 pA).

the influence of the tip shape on the resulting tautomerization cross section, individual
tips were polished with a focused ion beam (FIB). [26].

Fig. 5.14(a) shows a spectrum of the measured tautomerization cross section as function

of incident photon energy for a sharp electrochemically etched tip, which was fabricated
by following the procedure described in section 3.4. An SEM micrograph of the employed
tip is shown in Fig. 5.14(d). The observed spectral modulation is assumed to be directly
proportional to the charge carrier excitation rate within the junction, as charge carrier
attachment was shown to drive the tautomerization reaction. Since the mean free path
in noble metals in the available energy range is only tens on nanometers, we assume that
the tautomerization reaction is primarily excited by charge carriers which result from the
enhanced near-field close to the tip apex [26].
Polishing the tip creates a smooth surface which is milled out of an etched tip structure by
following the procedure described in section 3.4.2. Two polished tips were examined with a
polished length of about 19 um (Fig. 5.14(e)) and 50 pm (Fig. 5.14(f)). The corresponding
spectra are shown in Fig. 5.14(b) and Fig. 5.14(c). The spectrum can be divided in two
regimes, which are described by the SPP propagation length Lgpp:

1

Lspp = (5.12)

2kSPP

where kgpp is the imaginary part of the SPP wave vector (see section 2.3.2). Lgpp at the
indicated threshold was determined as 11 pum and 28 um for the two tips. The ratio of
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Figure 5.14: Tautomerization cross section as function of incident photon energy for differ-
ent tip structures. (a) Electrochemically etched polycrystalline Au tip mea-
sured in p- (red) and s-polarization (blue). (b) lon beam polished up to 19 um
tip length. (c) 50 pm polished tip. The inset shows an STML measurement of
the same tip. Surface plasmon propagation length (LgPP) are calculated by
using Eq. 5.12. SEM micrographs of tip apex. SEM micrographs of employed
tips are shown in (d)-(f).
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Lgspp to the polished length stays within the experimental accuracy constant at 0.56 and
0.59 in Fig. 5.14(b) and Fig. 5.14(c), respectively, thus indicating the correlation of the
separation with Lgpp. At incident photon energies larger than the indicated threshold,
a single broad resonance is observed in agreement with STML measurements, as depicted
in the inset of Fig. 5.14(c), which can be attributed to LSPR excitation at the tip apex.
At smaller incident photon energies, the strong spectral modulation is maintained, which
yields the conclusion that the modulation origins from tip surface roughness, remaining
after the etching process. The correlation with Lgpp suggests that SPP excitation from
the tip shaft results in the observed spectral behavior. Fig. 5.14(c) shows no observable
enhancement with s-polarized excitation across the entire spectral range, thus indicating
that the near-field is quenched. The apex of the unpolished tip in Fig. 5.14(a) is kinked
which implies a stronger coupling of incident light perpendicular to the tip axis, whereas
the straight apex of the polished tip may not efficiently couple to s-polarized light, due to
depolarization of the apex dipole with its corresponding surface image dipole [29].
Roughness on metallic surfaces was shown to yield a complex SPP interference pattern,
known as near-field speckle, which was experimentally observed by using SNOM and Pho-
ton Scanning Tunneling Microscopy (PSTM) [238-242]. The electrochemically etched
rough surface of an STM tip couples light to SPPs, within the broad focus of the in-
cident laser beam. An exemplary SEM micrograph of the electrochemically etched tip
surface structure is depicted in Fig. 3.4, showing faceted structural corrugations. From the
here presented observations, we conclude that the spectral response of the laser induced
action spectrum origins from a speckle like modulation of the near-field at the apex due
to SPP excitation from multiple structural corrugations on the tip surface. Focused ion
beam polishing strongly reduces the surface roughness which yields a spectrum, dominated
by the LSPR at the apex. As the near-field response is clearly related to the structural
properties of the tip shaft, modifications might be used to engineer it in a desired way.

5.3.5 Manipulating the Near-Field Response with Structured
Tips

The intentional engineering of SPP interference is investigated by introducing a single
scatterer on the surface of a polished Au tip surface. We use FIB milling to manufacture a
groove at 5 pm distance from the apex on the tip surface, which is polished on a total length
of 75 pm. Fig. 5.15(a) shows an SEM micrograph of the manufactured tip. The groove
depth was chosen to be 200 nm and the width was 735 nm. Fig. 5.15(b) shows the incident
photon energy dependent tautomerization cross section and the near-field intensity at the
tip apex, calculated by performing a finite element simulation of the employed geometry
(COMSOL 5.2, RF Module). The experimental setup was approximated by a radially
symmetric, spatially broad plane wave excitation of a Au tip, located at 0.6 nm distance
from a Cu surface. Structural parameters are taken from the SEM micrograph, while
groove to apex distance and incident illumination angle were varied to match experimental
results. Good agreement was found with a taper angle of 3°, an apex radius of 35 nm,
groove distance of 4.7 ym and incident illumination angle of 61.5°. The deviation of the
groove distance can be rationalized by length changes due to tip forming while the deviation
of the incident angle (nominal 65 °) can be caused by slight manual misalignment and tilting
of the tip. The prominent peak at ~ 2 eV in the measured cross section is underestimated
in the simulation which may be caused by structural details of the apex, which are found in
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Figure 5.15: (a) SEM micrograph of a fabricated Au tip with 75 um polished length. A 200
nm deep and 735 nm wide groove is milled onto the tip shaft at a distance of
5 pm from the apex. (b) Tautomerization cross section (red) and calculated
near-field enhanced intensity at the tip apex (black) as function of incident
photon energy. Exemplary plots of the calculated electric field intensity along
the tip shaft for (¢) 765 nm (blue dashed in (b)) and (d) 810 nm (green
dashed in (b)) incident wavelength, showing both constructive and destructive
interference at the apex, respectively.

simulations to sensitively influence the field intensity close to the surface plasmon energy.
The results show that the near-field response at the tip apex is strongly influenced by the
presence of the groove on the shaft. As the illuminated groove, like the apex, acts as an
efficient center for SPP coupling, a standing wave resonance is formed within the cavity,
where surface plasmons are launched and reflected at both cavity ends, thus yielding a
complex interference pattern, measured at the apex location. Fig. 5.15(c) and (d) show
the calculated electric field intensity in the assumed geometry at 765 nm (blue dashed in
Fig. 5.15(b)) and 810 nm (green dashed in Fig. 5.15(b)) incident wavelength, respectively.
Depending on the incident wavelength, i.e. the corresponding surface plasmon wavelength,
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either constructive (Fig. 5.15(c)) or destructive (Fig. 5.15(d)) interference in the cavity
yields stronger or weaker electric field intensities at the apex which ultimately modulates
the charge carrier excitation rate and resulting tautomerization cross section. The observed
speckle pattern from electrochemically etched tips can therefore be rationalized by the
simultaneous excitation of multiple scattering centers by the spatially broad laser beam.

5.3.6 STML Modulation with Structured Tips

While simulations provide theoretical evidence for standing wave resonances, modulating
the near-field intensity, experimental confirmation was found by performing STML with
structured tips. The inelastic tunneling current in an STM represents a very localized
source for surface plasmon excitation, in contrast to the spatially broad laser illumination,
which was used to measure the tautomerization cross section. STML measurements were
performed in a separate setup on multiple microstructured tips with varying groove to
apex distance and can be directly compared to the tautomerization cross section, measured
with the same tips. Fig. 5.16(a),(b),(c) show the STML spectra of tips, prepared in the
same way as shown in Fig. 5.15(a) but with a groove to apex distance of 3, 6 and 10um,
respectively. A broad enhancement is observed, corresponding to the LSPR excitation at
the tip apex (see inset Fig. 5.14(c)), which is further spectrally modulated with a groove
to apex distance dependent enhancement and attenuation. The density of the modulation
increases with the formed cavity size, which was theoretically predicted for apex illuminated
microstructured SNOM tips [243]. Fig. 5.16(d),(e),(f) show Fast Fourier Transforms (FFT)
of the corresponding STML spectra. The radiated photon energy is recalculated to the
corresponding surface plasmon wave vector by using Eq. 2.15 and subsequently Fourier
transformed to yield the SPP wavelength difference, which corresponds to the spectral
modulation. Fig. 5.16(g) shows the location of the most prominent peak in the FFT
spectra as function of groove to apex distance (L). A linear relation is found with a slope
of 2.240.1, which is in good agreement with a simple Fabry-Pérot resonator model [243]:

AXgpp = 2Lcos(0) (5.13)

where 6 is the opening angle of the tip, which was determined as 3-5° for all employed
tips. However, we find an offset of AAgpp) of 3.1£0.4 pm, which indicates that the linear
relationship breaks down at small L, where the wavelengths in the measured spectrum
approach the cavity size. The STML measurements clearly show that for localized SPP
excitation at the apex, a simple resonator model describes the modulation in the radiated
spectra, where the groove may be regarded as a lossy mirror.

Fig. 5.16(h),(i) show the measured tautomerization cross section for L=3 and 6 pm, re-
spectively. It is found that the spectrum is more complex than in STML with a stronger
modulation, showing that the influence of the groove on the near-field intensity at the
apex is more pronounced for a spatially broad excitation source which also illuminates the
groove itself. The difference in modulation amplitude may further be held responsible for
the fact that speckle like near-field fluctuations on scanning probe tips are observed only
for spatially broad excitation, while it was never observed in STML spectra or in photo-
luminescence measurements with tightly focused laser beams [227, 236, 237|. Calculations
further show a spectrally dependent near-field intensity which depends on the angle of in-
cident illumination, which is not exlpained by a Fabry-Pérot resonator model. Both groove
and apex launch SPPs and may be regarded as a grating, where the resonated wavelengths
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Figure 5.16: (a),(b),(c) STML (V; = 2.5 V and I; = 9 nA) as function of radiated photon
energy for groove to apex distance L=3, 6 and 10 pum, respectively. The spec-
tra were taken on a Ag substrate. (d),(e),(f) Corresponding FFT as function
of SPP wavelength difference within modulation (AAgpp) (inset indicates L).
(g) Strongest resonated AAgpp as function of L, showing a linear relation
with a slope of 2.240.1. (h),(i) Measured tautomerization cross section as
function of incident photon energy for tips L=3 and 6 um.

are known to strongly depend on the incident angle, which is experimentally observed for
adiabatic focusing of surface plasmons, excited by a grating on the tip shaft [244]. By
choosing the location of individual scatterers on the surface, the near-field response at
the apex can therefore be manipulated with precise control and could be tuned to match
desired spectral properties with high fidelity.

79



Plasmon Mediated Porphycene Tautomerization in an STM Junction

5.3.7 Conclusion

The photoexcited cis <> cis tautomerization of porphycene on Cu(110) was directly ob-
served in the tip-sample junction of a low-temperature STM by using spectrally tunable
laser excitation. It was found that non-radiative near-field decay to inelastically tunneling
charge carriers from the tip induces the chemical reaction, additional to the previously
shown substrate mediated excitation within the tip near-field. The near-field intensity
at the apex is demonstrated to be spectrally modulated through interference of traveling
surface plasmons which are simultaneously excited both at the apex and on the rough tip
surface by the spatially broad illumination profile. Focused ion bombardment was used to
engineer the tip surface to yield a controlled near-field response, achieved by the formation
of cavity resonances between apex and surface scatterers. STML measurements confirm
the formation of Fabry-Pérot resonances between apex and microstructure in a separate
experiment.

The presented work demonstrates the ability to engineer the spectral properties of the
near-field at a sharp metallic tip via surface structuring and presents the ability to probe
its properties with a simple molecular switch. The results have implications for plasmon
enhanced chemistry, where the direct observation of a chemical reaction on a fundamental
level can be correlated to the plasmonic properties of an employed metal structure and
therefore allows for studying the interplay between molecular properties and the near-field
spectral response. Furthermore, structured scanning probes can be employed to engineer
customized near-field properties in tip-enhanced techniques.
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6 Plasmon Mediated Photochemistry of Formalde-
hyde on Cu(110)

Plasmon mediated photochemistry provides the possibility to actively control spectral ab-
sorption on metal nanostructures and can selectively promote desired adsorbate reaction
channels via resonant excitation of specific electronic levels [10]. However, fundamental
insight is hardly acquired from ensemble averging techniques, where active sites, adsorbate
state and therefore involved reaction mechanisms are manifold and usually indistinguish-
able on the single-molecule level.

Here we report the plasmon mediated bistable flip reaction of formaldehyde and methoxy
on a Cu(110) surface in an STM junction. The reactions are induced by plasmon medi-
ated photoexcitation of charge carriers and subsequent transfer to the molecule. It was
found that the reaction cross section is significantly increased at excitation energies ex-
ceeding the non-bonding 2bs electronic resonance of physisorbed formaldehyde, while this
effect was not observed for the chemisorbed methoxy, which does not exhibit an electronic
resonance at this energy. The increase is assigned to a photoexcited hole transfer which
induces efficiently the flip reaction as well as hopping and desorption, which may not be
observed at lower excitation energies. Different electrochemically etched tips are employed
both plasmonically resonant and non-resonant in the investigated excitation range, thus
demonstrating the ability to potentially match the surface plasmon resonance to the ad-
sobate electronic state. Comparison with the photoreaction cross section of porphycene
tautomerization allows a separate identification of tip geometry and adsorbate resonance
attributed reaction enhancement, thus providing information on the energy of generated
charge carriers via near-field decay in the tunneling junction.

6.1 STM Probed Photocatalytic Reactions

The use of STM in photocatalytical research has focused exclusively on the ability to
trace individual reactants and the corresponding products with atomic resolution prior
and posterior to the photoexcitation. Several studies have addressed photoinduced surface
processes with STM like diffusion, rotation, dissociation and bond formation by means of
CW and pulsed UV and visible excitation.

The combination of a femtosecond (fs) pulsed UV light source with an STM was pioneered
in 2004 by Bartels et al., who successfully demonstrated non-equilibrium laser excited CO
diffusion on a Cu(111) surface, notably different from thermal excitation [245]. It was
revealed that individual CO molecules diffuse along and perpendicular to the close-packed
[110] direction under fs laser excitation in a different ratio than expected for simple laser
induced surface heating and thus the diffusion was concluded to be electronically driven.
The identification of diffused molecules in STM was possible by choosing a low laser fluence
so that the rare hopping event of a molecule may be identified relative to other molecules
which have not moved during the illumination. The measurement scheme was adapted
by the Morgenstern group, where chloronitrobenzene molecules were shown to diffuse and
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rotate upon incident irradiation at 400 nm wavelength with pulse durations of 40 fs [246].
Furthermore, the concept was applied to water diffusion as well as hydrogen bond forma-
tion and cleavage [247]. Studies focusing again on CO diffusion on Cu(111) gain more
detailed insight into the diffusion mechanism by revealing a second, high fluence diffusion
mechanism, mediated by thermalized electrons as well as laser induced dimer formation
[248, 249].

Visible CW radiation was presented to be able to brake the S-S in dimethyl disulfide on
Ag(111) via direct excitation from the nonbonding HOMO-derived molecular orbital to
the antibonding LUMO-derived molecular orbital, which is in gas phase only possible by
UV radiation [250]. Further work has focused on more relevant systems for actual photo-
catalytic applications, like the splitting of water or methanol on TiO2(110)-1x1, which is
considered as a promising route in clean energy research ever since its discovery [59]. STM
studies have provided direct evidence for Ti** as the active sites in the dissociation step
of both water and methanol and it was possible to trace individual reaction products on
the surface [251, 252].

In the above studies, the STM is involved passively in the photochemical process and merely
used as a high resolution observation tool. However, in the emerging field of plasmon pho-
tocatalysis, active control of the catalytic hot spot, created in the nano-gap between STM
tip and sample may provide fundamental insight into plasmon mediated chemistry at the
single molecule level at an individual active site.

6.2 Formation and Reaction Pathways of Methanol
Derivatives

Selective decomposition of methanol (CH30H) to formaldehyde (CH20) on Cu containing
catalysts is an industrially relevant process and was extensively studied by employing low-
index Cu surfaces [254-261]. It was found that methanol on Cu(110) is stable below ~100
K, before it converts to methoxy (CH3O) and subsequently formaldehyde at increasing
temperature while heating above ~300 K leads to formaldehyde desorption [254-256, 261].
Coadsorption of oxygen further promotes methanol decomposition via hydroxyl (OH) for-
mation in the initial oxidation step [262]. High oxygen coverage leads to subsequent formate
(CHO) and COs formation while low coverages yield formaldehyde and atomic hydrogen
at increasing temperature [263-265].

Theory and experiment show that methanol, deposited at croygenic temperatures on a
Cu(110) surface, is only physisorbed at a calculated distance of more than 2A away from
the topmost Cu plane and with an almost upright C-O bond and a parallel O-H bond
with respect to the surface plane [253, 266, 267]. At 6 K methanol forms stable clusters
on the surface while monomers migrate across the surface as there exists only a small
diffusion barrier, which has been directly observed by using STM [266, 268]. Apart from
the mentioned thermal dehydrogenation, a voltage pulse of ~1 V which is applied from
the STM tip also leads to the formation of methoxy. Fig. 6.1(a) shows the schematic
configuration of methanol on the surface. While methanol has a closed-shell structure,
the open-shell methoxy radical strongly interacts with the surface and binds at the short
bridge site with the CO bond tilted by 33° along the [001] direction from the (110) surface
normal (Fig. 6.1(b)) [253, 256-259|. Fig. 6.1(e) depicts the DFT calculated local density of
states of the methoxy oxygen atom at the short-bridge position of Cu(110). It was found
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Figure 6.1: Schematic configuration and applied voltage in STM for dehydrogenation of
(a) methanol (CH30H), mobile on the surface at 6K (b) methoxy (CH30),
adsorbed on the short bridge site (c) formaldehyde (CH20), adsorbed on the
top position and (d) carbon monoxide (CO), adsorbed on the top position.
DFT calculated local density of states of the (e) methoxy oxygen atom and
(f) n'-formaldehyde oxygen atom on the Cu(110) surface. ((e),(f) reprinted by
permission from Sakong et al., Journal of Catalysis 2005, 231, 420-429 [253],
copyright 2005)

that the non-bonding 2e orbital substantially broadens upon adsorption compared to the
gas phase while the p, (5a;) orbital shifts down in energy [269]. The adsorption energy
was found to be -2.98 eV [267]. Another voltage pulse of ~0.7 V further converts methoxy
to formaldehyde via dehydrogenation. This closed-shell species again weakly binds with
the oxygen to the Cu atoms and is predicted theoretically at the short-bridge site while
it was experimentally found at the top position [253, 266]. Different adsorption sites were
found for formaldehyde and assigned to the weakly bound physisorbed species (n!), which
exists at a distance of about 3 A from the surface with an adsorption energy of -0.06 ¢V
and a chemisorbed, nearly flat lying species (n?) with an adsorption energy of -0.46 eV,
which is oriented along the troughs along the [110] direction [270]. Fig. 6.1(f) shows the
calculated local density of states of the n'-formaldehyde species. The gas phase electronic
orbitals are nearly unperturbed upon adsorption with a slight shift of the non-bonding
2by orbital, while the antibonding 7, orbital which is localized along the C-O bond ex-
periences a stronger perturbation, due to the nearly parallel configuration on the surface
[253, 255|. Finally, a voltage pulse of ~1 V dehydrogenates the formaldehyde to CO, while
an intermediate CHO was not observed and assumed to be unstable due to its predicted
exothermal dissociation on the Cu(110) surface [266, 271].

It was found in low temperature STM studies that both methoxy and n'-formaldehyde
may perform bistable switching between two mirror symmetric configurations, induced by
inelastic tunneling electrons [266]. Fig. 6.2(a) shows the two methoxy configurations which
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Figure 6.2: (a) Bistable flip reaction of methoxy, centered at the short bridge site in a
schematic side view (top), in STM images, taken before and after the flip
(center) and a schematic top view (bottom). (b) Reaction yield per tunneling
electron of the flip reaction as function of applied sample bias. (c) Bistable
flip reaction of n'-formaldehyde, centered at the top site. (d) Corresponding
reaction yield. ((b),(d) reprinted by permission from Kitaguchi et al., Journal
of Chemical Physics 2011, 134, 174703 [266], copyright 2011)

are symmetric along the [001] plane and centered at the short bridge site. STM images
before and after the performed flip reaction reveal the symmetry of the species. Fig. 6.2(b)
shows the corresponding flip reaction yield per tunneling electron as function of applied
sample voltage. A monotonic increase up to ~200 meV was found, followed by a plateau
and another more suddle increase at ~360 meV, which was assigned to an excitation of
the sp? C-H stretch mode which may couple to the reaction coordinate [272]. The reaction
vield onset was tentatively assigned to an excitation of the CHjs rock at 143 meV and
possibly the CHg bend mode at 181 meV [256].

Fig. 6.2(c) depicts the bistable configurations of n'-formaldehyde which may flip along
the same mirror plane as methoxy but is centered at the top position. In the performed
STM study, a second formaldehyde species was identified which was assigned to the n?
configuration and showed no bistable switching at low temperatures, as it is assumed to
be strongly hybridized with the substrate. Fig. 6.2(d) shows the reaction yield, which in-
creases monotonically in the investigated voltage range with an onset at ~30 meV, which
was however not assigned to a specific vibration mode.
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6.3 Photoexcited Bistable Flip Motion of Methoxy
and Formaldehyde
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Figure 6.3: (a) Large-scale STM image after molecular deposition of porphycene and
methanol (size: 20x20 nm?, Vg = 50 mV, I; = 30 pA). (b) Schematic of
bistable CH3O flip reaction, induced via photoexcitation. (b) Schematic of
bistable CH,0O flip reaction, induced via photoexcitation. (d) Resulting initial
state resolved reaction cross section as function of incident photon energy. For
two employed tips, the ratio o(Hi)/o(Lo) was found constant at 0.69+0.05
and 0.81+£0.12, thus independent of the photon energy.

Methoxy and formaldehyde molecules were prepared by following the procedure, described
in ref. [266]. The Cu(110) surface was cleaned and covered with a low coverage of por-
phycene molecules by following the procedure, described in the previous sections. Subse-
quently, the surface was exposed to methanol gas at a sample temperature of ~12 K at
a partial pressure of ~5x10~% mbar for 2 min. Fig. 6.3(a) shows a representative STM
image of the freshly prepared surface. Porphycene molecules are readily identified by their
characteristic appearance while methanol monomers appear fractional in the image as they
migrate along the [110] direction of the Cu(110) surface. The migration was identified to
be intrinsic with a negligible activation barrier [268|. Stationary species on the surface are
assigned methanol clusters which may be dissociated by repeated voltage pulses. Methoxy
molecules were obtained from 1V voltage pulses of methanol monomers and identified by
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their appearance and characteristic action spectrum for bias induced bistable switching
with an onset at ~130 mV (Fig. 6.2(b)). The same reaction could be induced by photoex-
citation within the entire available energy range of the laser from 1.1-2.5 eV. Fig. 6.3(b)
shows the experimental procedure. A Au scanning tip was used at Vs = 10 mV and I; = 10
PA in constant current mode, well below the threshold for the bias induced reaction. The
molecule could be further reduced to formaldehyde by applying again 1V voltage pulses.
The molecule is again identified by the characteristic onset for bistable switching at ~30
mV (Fig. 6.2(d)). The photoexcited reaction may also be induced in the entire available
energy range by using the same tunneling parameters. The reaction rate and resulting
cross section of the process is determined analogous to the procedure applied to tautomer-
ization of porphycene, described in section 5.3.2, while the Hi state is here assigned to
the situation where the molecule’s CH3/CHg group resides underneath the tip apex, while
the Lo state corresponds to the opposite configuration. It was found for two different Au
scanning tips that the ratio between the corresponding cross sections is independent of the
incident photon energy with o(Hi)/o(Lo) = 0.69£0.05 and o(Hi)/o(Lo) = 0.814+0.12,
which is why the distinction is omitted from here on.

6.4 Photoexcited Tunneling to Molecule Electronic
Resonance

Following the in section 5.3 outlined methods for the determination of photoexcited reac-
tion cross sections, two different electrochemically etched Au tips were employed to measure
the flip reaction cross section for methoxy and formaldehyde as well as the tautomeriza-
tion cross section for porphycene. As the here presented work was performed prior to the
presented findings of near-field manipulation via tip surface structuring, solely etched tips
without further treatment are employed. The molecules are prepared spatially adjacent on
the surface and measured subsequently under constant illumination, to ensure both stable
tip conditions and photon flux between measurements. Fig. 6.4(a) shows an STM image
of the prepared molecular species on the surface before illumination. Fig. 6.4(b) shows
the spectrally dependent reaction cross section for all three molecules. The tip geometry
governs the spectral response of photoexcited charge carrier generation at the apex, due
to surface plasmon interference, which yields the observed spectrally sharp modulations of
the measured cross section (see section 5.3.4). However, as the susceptibility for charge
carrier attachment and the residence time further influence the molecule interaction with
the photoexcited tunneling current, the resulting reaction yield should depend significantly
on the electronic density of states of the molecule on the surface [77]|. Since porphycene is
chemisorbed on the surface with the free N atoms binding strongly to the surface Cu atoms,
it exhibits a hybridized electronic density of states across a broad energy range which has
been concluded from both the lack of a molecular signature in STS measurements and cal-
culations, predicting a strong interaction [104, 158]. On the other hand, the investigated
n'-formaldehyde species is physisorbed on Cu(110) with a calculated pronounced occupied
electronic resonance at ~1.6 eV below the Fermi energy and a more hybridized unoccupied
resonance at ~1.0 €V above within the experimentally probed energy range (see Fig. 6.1(f)).
Methoxy is again predicted to be more strongly bound to the surface with hybridized weaker
electronic states at ~1.0 eV below the Fermi energy (see Fig. 6.1(e)). A pronounced inter-
action of charge carriers with sufficient energy to attach to the localized electronic state of
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) STM image of prepared molecules on the surface, where CH30O and CH20

were obtained from sequential dehydrogenation of CH3OH monomers (Vy =
50 mV, I; = 30 pA). (b) Photoexcited cross section as function of the incident
photon energy for CH3O (orange filled), CH2O (red filled) and H-Pc (red open),

measured with an unmodified electrochemically etched Au tip.

(¢) Photoex-

cited cross section for CH2O (blue filled) and H-Pc (blue open) with a different
Au tip, prepared in the same way. (d) Cross section ratio between porphycene
(H-Pc, structure bottom right) and cavity deuterated porphycene (D-Pc, struc-
ture bottom left). The ratio is concluded to be constant with incident photon

energy.

formaldehyde may therefore be expected. While the measured cross section of formalde-
hyde is consistently lower than for porphycene at low incident photon energies, we observe
a threshold just below 1.8 eV, while formaldehyde shows a consistently higher cross section
at photon energies exceeding this threshold, hence indicating that photoexcited charge
carriers interact more efficiently with the molecule.
exhibit the same threshold which is found in good agreement with the 2by resonance of
formaldehyde at ~1.6 eV below the Fermi energy and is therefore assigned to resonant

attachment of photoexcited holes.
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Figure 6.5: (a) Cross section ratio for both Au tips between the CH2O (red, Au tip 1
and blue, Au tip 2) flip reaction and porphycene tautomerization as function
of incident photon energy, reflecting the attachment of photoexcited holes to
the CH20 2bg orbital. (b) Schematic of the proposed model of the excitation
process for surface plasmon resonance (SPR) mediated sp-band charge carrier
excitation and direct absorption from the metal d-band. (c) CH20 hopping
and (d) desorption during scanning under illumination at 1.82 eV (680 nm)
excitation energy, induced via hole attachment to the 2bs orbital (Vs = 20 mV
and I; = 50 pA). (e) Photoexcited cross section as function of incident photon
energy for the CH20O flip (red) and hopping (blue) reaction, measured with an
etched Au scanning tip.

the methoxy cross section does not exhibit a resonant enhancement which is rationalized
by the lack of a pronounced electronic state in the investigated energy range. The molecule
reactivity is not only dependent on the susceptibility to charge carrier attachment but also
the vibronic coupling which governs the energy dissipation along the reaction coordinate.
STM action spectroscopy is a viable tool to probe the energy dependence of this coupling
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and to determine the involved vibrational modes at a single-molecule level [273]. Since the
here considered process of photoexcited electron attachment to the molecule is similar to
direct charge carrier tunneling, we may refer to the previously measured action spectra of
the involved molecules, which are shown in Fig.5.10(a) for porphycene, in Fig.6.2(b) for
methoxy and in Fig.6.2(d) for formaldehyde. The vibronic coupling is expected to be little
influenced by the incident photon energy which largely exceeds the vibrational energy of
modes in the molecule. This may be inferred from the position dependent tautomerization
rate, measured on porphycene, which was shown in Fig.5.12(d). Photoexcited tautomer-
ization resembles the bias induced position dependence, measured at V=350 mV, where
the molecule N-H stretch is excited. It is observed that the Lo rate exceeds the Hi rate
at all positions. However, the bias induced position dependence, measured in ref.[158] at
V=300 mV, below the N-H stretch energy shows an inverted ratio between Hi and Lo
rate. While the origin of this inversion is unknown, it is a robust effect and may serve as
a strong indication that the photoexcited tautomerization is governed by charge carriers
which exceed the N-H stretch energy.

Fig. 6.4(d) shows the cross section ratio taken for porphycene (H-Pc) and cavity deuter-
ated porphycene (D-Pc). The cavity deuterium strongly modifies the vibronic coupling
along the reaction coordinate, while there is no noticeable change in the cross section ratio
as function of photon energy, which suggests that the excited molecular vibration modes
remain unchanged. The STM action spectra show that the yield for methoxy reaches only
up ~5x 1077 while it exceeds x 1076 for porphycene and methoxy. The plateau that should
be reached in the yield when the highest lying vibration is excited cannot be observed, due
to the limited time resolution of the STM which limits the observable reaction rate. It
may therefore only be speculated that the formaldehyde and porphycene yield are compa-
rable but this may not be experimentally verified which creates some uncertainty about
the location of the observed energy threshold, assigned to the 2bsy resonance of formalde-
hyde. However, the conclusion remains valid, as it is considered unaffected by the vibronic
coupling.

As plasmonic resonances are considered to affect the measured reaction cross section for
both porphycene and formaldehyde, spectral enhancement from plasmonic decay should be
similarly reflected. Both employed tips show a different spectral response, which is domi-
nated by their individual geometry and which may overlap with the electronic resonance
of formaldehyde. As the plasmonic response is not controlled in this experiment, spec-
tral overlap is, however, coincidental. Fig. 6.5(a) shows the ratio between the measured
cross sections of formaldehyde/porphycene which is considered unaffected by plasmonic
enhancement. The formaldehyde/porphycene ratio reaches up to 10 for both tips, while
the maximum is located at slightly shifted positions, which may be attributed to geometric
effects in plasmonic decay within both tips [26, 38, 232]. The ratio spectral shape is readily
rationalized by the overlap between the formaldehyde 2bs resonance and the energy dis-
tribution of charge carriers from plasmonic decay, which is shown in Fig.2.9 for both Au
and Cu. At the location of the metal d-bands, most of the photon energy is deposited into
holes, while excitations from the sp-band result in an equal energy distribution. The max-
imum location reflects the onset of the d-bands as most photoexcited holes have an energy
that is equal or exceeds the molecule electronic resonance and may therefore both effi-
ciently attach and induce the flip reaction in formaldehyde, while the resonant attachment
is absent for methoxy. Fig. 6.5(b) schematically depicts the proposed model. Photoexcited
holes, primarily from the metal d-bands attach to the 2by resonance of formaldehyde which
yields efficient energy transfer to the reaction coordinate via anharmonic coupling. The
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surface plasmon resonance is, however, strongest below the metal d-band position which is
imposed by the metal dielectric constant in the LSPR resonance condition, given in Eq.5.5.
Most favorable in future experiments would be to match the spectral maximum location
with the plasmonic response of a fabricated tip to overlap plasmonic and electronic reso-
nance for efficient funneling of the light energy into a specific molecular orbital. However,
as the deposited energy into holes upon plasmon decay is largest for d-band excitation,
the achievable enhancement in photoreactivity may be limited. These considerations need
to be taken into account for efficient matching of plasmon harvested charge carriers with
molecular orbital resonances, as specificity in polarity and energy of the charge carriers is
hard to control.

Additional to the bistable flip reaction, other reaction channels are observed to open up,
only when charge carriers may reach the 2bsy resonance. Fig. 6.5(c¢) shows a formaldehyde
molecule which hops to a different adsorption site during scanning under illumination at
1.82 eV (680 nm) excitation energy. Fig. 6.5(d) shows the molecule, desorbing from the
surface during scanning at the same conditions. As the molecule is physisorbed on the
surface with a calculated adsorption energy of only -0.06 eV, the reaction barrier is low
and the reaction efficiency is comparable with the flip reaction, which shows an onset in
the STM action spectrum of 0.03 eV [253, 266]. The hopping rate was determined by
scanning the surface area, adjacent to a molecule to record the position of surrounding
species. The the tip location is kept constant above the molecule under illumination until
a non-reversible tip height change is observed. By scanning the area again, the change in
molecule location is recognized. Fig. 6.5(e) shows the cross section, which is derived from
the hopping rate together with the simultaneously measured flip reaction cross section as
function of incident photon energy. A different Au tip was used for the measurement than
the previously shown. The hopping shows a similar energy dependence as the flip reaction
which means that the reactions are non-selectively excited by charge carrier tunneling into
the 2bs resonance. A similar behavior was observed for molecular desorption, however
with lower probability so that a systematic evaluation was not possible.

The lateral tip position dependent flip reaction rate was determined for both photoex-
citation and excitation via energetic tunneling electrons. Fig. 6.6 shows the initial state
resolved reaction rate as function of lateral tip position above the molecule along the surface
[001] direction, indicated in the STM image. For both excitation stimuli, the rate peaks
above the location of the O atom at the top site position, while asymmetries in positive
to negative direction are attributed to the tip apex geometry. However, the light induced
lateral dependence appears broadened in the Hi rate while there is no obvious effect on the
Lo rate. The effect is tentatively attributed to the shape of the 2bs orbital, whose onset
may be reached by photoexcited charge carriers at the employed excitation energy. The
orbital charge density is located at the O atom and the H atoms within the molecule, so
that an excitation at these positions should yield a high reaction rate and may explain the
higher measured reaction rate at £ ~0.3 nm [274]. However, the absence of a clear effect
on the Lo rate remains unknown. The difference in lateral flip rate dependence was not
observed for the porphycene molecule (Fig. 5.12), where molecular orbitals are strongly
hybridized and little change from at different charge carrier energies may be expected.
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Figure 6.6: Initial state resolved flip reaction rate as function of lateral tip position above

the CH20 molecule both under illumination (Light) at 1.55 eV (800 nm) ex-
citation, Vg = 10 mV and I; = 10 pA and without illumination (Bias) at V
= 33 mV and I; = 33 pA, which is above the threshold for the bias induced
reaction. The tip height is kept constant between both measurements. The
bias and light induced rate peak above the O atom location at the Cu(110) top
site position.

6.5 Conclusion

The photoexcited bistable flip reaction of methoxy and formaldehyde was demonstrated
in the junction of a Au scanning tip and a Cu(110) surface, mediated by charge carrier
attachment from near-field decay. It was found that plasmon excitation may increase the
photoreaction cross section mostly by enhancing the metal intraband absorption. Reso-
nant hole tunneling to the formaldehyde 2by lone-pair orbital is further demonstrated to
enhance the cross section at photon energies exceeding the electronic resonance while the
enhancement peaks when interband absorption in the metal deposits most of the absorbed
photon energy into the photoexcited holes. The effect is confirmed by the lack of resonant
enhancement for chemisorbed methoxy which lacks pronounced electronic structure in the
investigated energy range. Further reaction channels are found to open up upon attach-
ment to the 2by orbital, as we observe diffusion and desorption of formaldehyde molecules
with a clear cutoff below the orbital energy.

The presented study reveals the possibility of employing STM as a tool to study plasmon
mediated photoreactions on a single-molecule level. Action spectra of different reactions
may be obtained directly from monitoring confirmational changes underneath the tip apex.
In combination with the previously demonstrated ability of tip plasmon engineering, de-
sign guidelines for plasmonic photocatalysts can be derived directly in a highly controlled
environement. However, specificity in polarity and energy of the resulting charge carriers
is still an open challenge in future experiments.
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7 Conclusion and Outlook

In this thesis, single-molecule photoinduced reactions are probed both in the optical far-
and near-field. The photoinduced tautomerization of single porphycene molecules on cop-
per surfaces was investigated in both optical regimes and employed as a model system to
investigate local molecular processes. As the molecule remains adsorbed on the surface
with unchanged chemical composition upon tautomerization, the combination of wave-
length tunable laser excitation with STM provides a unique tool to study the photoinduced
tautomerization reaction, which is demonstrated in this work.

For far-field excitation, the variation of the photoreaction cross section with photon energy
in the UV to near IR range follows qualitatively the substrate absorption. We have there-
fore concluded that porphycene tautomerization is mediated by photoexcited substrate
charge carriers.

The near-field regime was explored by exploiting the field enhancement within the nano-
gap, formed between substrate and a Au tip. It was found that the reaction cross section
is enhanced by 102-10% in the red to near-IR spectral range, whereas, for a W tip, the
enhancement is found negligible across the entire spectral range, which is consistent with
surface plasmon excitation. Furthermore, the experimentally found lateral decay of the
local cross section on the surface within a spatial range of ~10 nm is in agreement with
the expected localized field enhancement in a plasmonic junction.

In the tunneling regime, the photogenerated tunneling current due to non-radiative sur-
face plasmon decay to charge carrier excitations is demonstrated to govern the cross sec-
tion. Beyond the tunneling regime, the enhancement decays across several nanometers
of tip-sample distance, following a simple coupled dipole model, which is rationalized by
substrate mediated charge carrier excitation in the tip-induced near-field. The elucida-
tion of indirect adsorbate excitation channels in a plasmonic tunneling junction gives an
unprecedented detailed view on the excitation mechanism in photocatalysis, where most
reactions are believed to occur in nanoscale gaps between metallic particles [57, 232]. Here
we could demonstrate that tunneling of photoexcited charge carriers opens up as an ad-
ditional excitation channel in near-field chemistry when those gaps enter the tunneling
regime and provide direct access to the usually unknown near-field induced enhancement
factor. Other experimental and theoretical studies have demonstrated the quenching of
the near-field in the tunneling regime [176, 180|. Nevertheless, we find that the reaction
cross section increases continuously in the tunneling regime which is rationalized by the
molecular excitation due to photoexcited charge carrier tunneling.

The ability to use a single porphycene molecule as a sensitive optical switch, triggered
via photoinduced carrier attachment, has been exploited to locally characterize the field
enhancement and plasmonic properties of different Au tips. The shape of the tip and
its surface structure is found to be of vital importance for the spectral dependence of the
near-field response due to the formation of surface plasmon polariton cavity resonances be-
tween multiple surface features. While the rough surface of electrochemically etched tips
results in a speckle pattern, tailoring the surface geometry with a focused ion beam can
be used to manipulate the tip plasmonic properties by smoothing the surface and placing
individual features (e.g. grooves) on the tip shaft. In this way, a cavity resonator is formed
between tip apex and groove, which yields a tunable spectral modulation of the near-field,
according to the groove position. The direct observation of the local photoreaction yield in
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dependence of the nanostructure plasmonic properties has not been demonstrated before
and facilitates the design of tailored plasmonic structures for near-field enhanced chemistry.
Additionally, the combination of scanning probe techniques with optical spectroscopy re-
quires reproducible and controllable near-field properties of each employed metal tip to
achieve meaningful experiments which has remained a challenging topic with limited phys-
ical understanding [226]. We present a novel route to reliably fabricate scanning probe
tips with controlled plasmonic properties, which may have broad implications concerning
the characteristics and manipulation of the near-field in scanning probe setups. While the
near-field response is usually determined by the localized surface plasmon at the tip apex,
the procedure developed here allows to create spectrally sharp resonances, which may be
adjusted to specific purposes (e.g. electronic or vibrational resonances).

Even though the charge carrier excitation rate due to near-field decay can be controlled
in the presented way, the energy of attached charge carriers remains unknown and uncon-
trollable. Hence, the energy distribution is investigated by monitoring the reaction cross
section of different molecular species with distinct electronic structure, which are simul-
tanously adsorbed on the surface. The photoexcited charge carrier excitation rate is kept
constant, so that relative differences in the photon energy dependent cross section between
the species can be attributed to the charge carrier energy dependent reaction yield. It is
demonstrated that excited charge carriers in the tunneling junction are not thermalized
upon molecule attachment, as photoexcited hole tunneling to electronic states far away
from the Fermi energy was found to promote the reactivity of a formaldehyde molecule.
Our findings constitute direct evidence that low intensity light sources may drive reactions
with large activation barriers at the surface of a photocatalyst as photoexcited tunneling
provides charge carriers with energies as high as the incident photon energy. This is a
necessary prerequisite to employ photocatalysis for many technologically relevant catalytic
reaction. However, it remains difficult to achieve control over charge carrier polarity and
energy from near-field decay as well as reaction pathway selectivity, which remain chal-
lenges to address in photocatalysis research.
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