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Abstract

The objective of this thesis is to decipher the fundamental mechanisms during the solvation
of alkali in polar and nonpolar solvents on a metal surface. These mechanisms include
electrostatic interaction between adsorbates, hydrogen bonding, van der Waals interactions
and image charge interactions on the surface. The interplay of such fundamental interactions
are decisive for the structure of the alkali-solvent adsorbates at interfaces. In addition,
resonant, excitation of the alkali results in a coupled alkali-solvent dynamics which in turn
increases the lifetime of the excited alkali as well as induce energy transfer to the solvent
molecules. This work addresses electronic structure and dynamics of the solvation of Cs™
in D,O and Xe on Cu(111) as a representative solvents with polar and nonpolar behaviour,
respectively.

The surface science approaches have enabled the preparation of adsorbates on metal sub-
strates with well-controlled coverages. In the solvation of Cs™ in DyO on Cu(111), the
water-water interactions are preferred over water-Cs™ interactions and that result in a sol-
vation pattern where ions reside at the periphery of the clusters. Such structures exhibit a
hybrid alkali-water electronic state and its energy varies as a function of adsorbate coverage
ratio. The excited state dynamics of this hybrid state depends on the coordination of the
alkali to the solvent molecules.

In the solvation of Cs* in Xe on Cu(111), it is observed that the energy of the Cs 6s state
increases with Xe coverage and concomitantly the intensity of the photoemission decreases.
This is attributed to the gradual decoupling of the bonding between Cst and Cu(111). In
addition, the lifetime of the excited Cs 6s state has increased significantly upon adsorption
of Xe. These properties of the Xe are attributed to the polarization of its charge density
by Cs* ions on the surface. Remarkably, no hybrid alkali-Xe state on Cu(111) is observed
during the interaction. This suggests a sharp contrast in the solvation of Cs™ ions in the
polar and the nonpolar solvents.

This work reveals the dominant nature of the cooperative interactions during the solvation
of alkali in polar solvents whereas alkali solvation in nonpolar solvent exhibits a competitive
nature of the Coulomb and van der Waals interactions on the surface.
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Zusammenfassung

Ziel dieser Arbeit ist es, die grundlegenden Mechanismen bei der Solvatisierung von Alka-
limetallen in polaren und unpolaren Losungsmitteln auf einer Metalloberflache zu entschliisseln.
Zu diesen Mechanismen gehoren elektrostatische Wechselwirkungen zwischen Adsorbaten,
Wasserstoffbriickenbindungen, van-der-Waals-Wechselwirkungen und Spiegelladungswechsel-
wirkungen an der Oberflache. Das Zusammenspiel dieser fundamentalen Wechselwirkun-
gen ist entscheidend fiir die Struktur der Alkali-Losungsmittel-Adsorbate an Grenzflachen.
Dartiber hinaus fiihrt die resonante Anregung der Alkalimetalle zu einer gekoppelten Alkali-
Losungsmittel-Dynamik, die wiederum die Lebensdauer der angeregten Alkalimetalle erhoht
und eine Energieiibertragung auf die Losungsmittelmolekiile bewirkt. Diese Arbeit befasst
sich mit der elektronischen Struktur und Dynamik der Solvatation von Cs™ in DO und Xe
auf Cu(111) als repréasentative Losungsmittel mit polarem bzw. unpolarem Verhalten.

Die oberflaichenwissenschaftlichen Ansétze haben die Herstellung von Adsorbaten auf
Metallsubstraten mit gut kontrollierten Bedeckungen ermoglicht. Bei der Solvatation von
Cs™ in DO auf Cu(111) werden Wasser-Wasser-Wechselwirkungen gegeniiber Wasser-Cs™-
Wechselwirkungen bevorzugt, was zu einem Solvatationsmuster fiithrt, bei dem sich die
Ionen an der Peripherie der Cluster befinden. Solche Strukturen weisen einen hybriden
elektronischen Alkali-Wasser-Zustand auf, dessen Energie in Abhangigkeit vom Adsorbat-
Bedeckungsverhéltnis variiert. Die Dynamik des angeregten Zustands dieses Hybridzustands
hangt von der Koordination des Alkalimetalls mit den Losungsmittelmolekiilen ab.

Bei der Solvatation von Cs™ in Xe auf Cu(111) wird beobachtet, dass die Energie des Cs 6s-
Zustands mit der Xe-Bedeckung zunimmt und gleichzeitig die Intensitat der Photoemission
abnimmt. Dies wird auf die allméhliche Entkopplung der Bindung zwischen Cs™ und Cu(111)
zuriickgefiihrt. Dartiiber hinaus hat sich die Lebensdauer des angeregten Cs 6s-Zustands
durch die Adsorption von Xe deutlich erhoht. Diese Eigenschaften des Xe werden auf die
Polarisierung seiner Ladungsdichte durch Cs*-Tonen auf der Oberflache zuriickge fithrt. Be-
merkenswert ist, dass wahrend der Wechselwirkung kein hybrider Alkali-Xe-Zustand auf
Cu(111) beobachtet wird. Dies deutet auf einen scharfen Kontrast bei der Solvatation von
Cs™-Ionen in polaren und unpolaren Losungsmitteln hin.

Diese Arbeit zeigt, dass bei der Solvatisierung von Alkalimetallen in polaren Losungsmit-
teln die kooperativen Wechselwirkungen dominieren, wahrend bei der Solvatisierung von Al-
kalimetallen in unpolaren Losungsmitteln die Coulomb- und van-der-Waals-Wechselwirkungen
auf der Oberfliche miteinander konkurrieren.
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1. Introduction

Understanding the solvation of alkalis at interfaces opens up new avenues in fundamental
research as well as in technologically important applications. The alkali solvation phenomena
are found to occur in diverse contexts and span from the interfaces to the bulk of solvents.
The elementary mechanisms of the solvation depend on the polar or the nonpolar nature of
the solvents. The alkalis on the surface are model systems for studying the electron transfer
processes between the substrate and an adsorbate [1,2]. In addition, they exhibit nuclear
motion normal to the surface upon resonant excitation [3]. In an alkali-solvent system on
the surface, resonant excitation results in a coupled alkali-solvent dynamics which increases
the lifetime of the excited alkali state and also energy transfer to the solvents [4]. The
morphology of the adsorbates at the interfaces is governed by the interplay of cooperation
or competition between the elementary mechanisms. Such mechanisms include, but are not
limited to, Coulomb interactions, van der Waals interactions, ion-dipole forces and image
charge interactions. The focus of this thesis is to disentangle the intricacies of the alkali
solvation at the interfaces by utilizing static and time-resolved photoemission studies.

The solvation phenomena have been reported by Humphry Davy more than two cen-
turies ago and he demonstrated that the solvation of potassium grains in ammonia gas turns
ammonia into blue colour [5]. Similar effects have been observed in water when it is irradiated
with high energy electrons [6]. The characteristic colour change of the solvents is attributed
to the absorption of light by solvated species, i.e., the excess electrons in the solvents. The
solvated electrons are investigated extensively in bulk water and water clusters [7-10]. Fur-
thermore, the solvation of alkali in polar and nonpolar solvents have gained wide attention
due to its fundamental and technological importance. For instance, the solvation of Na in
a polar solvent, viz. liquid tetrahydrofuran (THF), is reported in a recent work where the
lifetime of the excited state is found to vary as a function of the alkali coordination to solvent
molecules |11]. In addition, the formation of solvation shell around Cs ions by nonpolar He
clusters is reported in a recent work [12]. Advances in surface science have enabled prepa-
ration of adsorbates with diverse properties and well-controlled coverages on a surface. The
solvated electrons in ice layers on a metal surfaces are investigated extensively in the recent
past decades [13,|14]. The lifetime and dynamics of the solvated electrons are found to be
significantly affected upon doping of alkali on ice layers on metal surfaces [15]. Moreover,
the energy transfer to the solvent varies for water coadsorbed with Na, K and Cs on Cu(111)
and also the formation of a hybrid alkali-water state is observed on the surface [4]. A better

understanding on the structure and dynamics of alkali solvation at interfaces would result
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Chapter 1. Introduction

in improvements in the operation of electrochemical devices and has the potential for novel
applications.

This thesis work addresses the electronic structure and the solvation dynamics of Cs™
alkali in DO (polar) and Xe (nonpolar) solvents on a Cu(111) surface. The two-photon
photoemission (2PPE) technique is employed to study the alkali solvation at interfaces. The
technique involves the transient neutralization of the alkali by attachment of an electron
from the substrate by ultrashort optical pulses. This initiates the solvation processes at the
interfaces and a subsequent laser pulse is used to study the dynamics by the photoemission
of the excited state. The evolution of the electronic structure of the adsorbates is studied
by 2PPE spectra as a function of the adsorbates coverage. Moreover, the complementary
experimental and theoretical approaches (by collaborators) have enriched the understanding
on the surface solvation of alkalis. For instance, the 2PPE studies the evolution of the alkali
from a neutral state (M°) whereas the scanning tunneling microscopy (STM) studies the
alkali metal (M) in an ionized state on the substrate. The adsorbates preparation in 2PPE
is performed wvis-a-vis STM to facilitate nominally identical surfaces in both experiments
which has allowed the direct comparison of spectroscopy and morphology results.

The objective of this thesis is to decipher the complex interplay of fundamental interac-
tions during the solvation of alkalis in polar and nonpolar solvents on a surface. The chapter
2 discusses an overview of the solvation of alkalis in bulk (section 2.1) and at interfaces
(section 2.2), respectively. A detailed discussion on the 2PPE studies of chemisorbed alkalis,
physisorbed atoms/molecules and heterogeneous adsorbates (section 2.3) are presented to
understand important works in this area. The last section of the chapter 2 (section 2.4)
discusses the DFT studies on hydrated alkalis on Cu(111). The experimental details such
as the photoemission spectroscopy, femtosecond laser pulse generation and its characteriza-
tion, ultrahigh vacuum system, adsorbates preparation and characterization are discussed in
chapter 3.

The experimental results of Cs™-D,0 and Cs™-Xe on Cu(111) are presented in chapters
4 and 5, respectively. The formation of an alkali-water hybrid state on Cu(111) is reported
in a previous work [4]. However, the origin of this state is not explained in that work. As
part of the present thesis work, the electronic structure of the Cst/Cu(111) is investigated
as a function of DyO coverage for different Cs coverages. The electronic properties of the
hybrid state are investigated extensively. The 2PPE results along with morphology and
theoretical calculations are presented in section 4.1. It is corroborated that the origin of
the hybrid state is due to a peculiar inside-out solvation pattern where Cs™ ions reside at
the periphery of the water clusters. The properties of the Cs-water clusters such as excited
state lifetime, localization, structural phase dependence and solvation site are discussed in
section 4.2. It is found that the lifetime of the excited alkali-water clusters on Cu(111) varies
as a function of the alkali coordination to solvent molecules. In the case of alkali-nonpolar
interaction, i.e., Cs™-Xe on Cu(111), the energy of the Cs 6s state increases as a function

of the Xe coverage (section 5.1) due to the decoupling from the metal substrate. Also, the
2



lifetime of the 6s state has increased substantially (section 5.2). The 2PPE results together
with investigations on the morphology (section 5.3) and coupled cluster calculations (section
5.4) show that Xe compensates the repulsive interaction between Cs' ions on the surface
due to the polarization of its electron charge density. The efforts to use Xe double layer for
decoupling the adsorbates from the metal substrate are promising (section 5.5).

To summarize, the CsT-water interactions result in the formation of a hybrid state
on Cu(111). However, no such hybrid state is observed during Cs™-Xe interactions. This
suggests that the 2PPE could differentiate the interaction of alkali with polar and nonpo-
lar solvents. It is also revealed that cooperative interactions are prevalent in the case of
surface solvation of alkali in a polar solvent whereas competing interactions are observed
in alkali solvation in nonpolar solvents on a surface. By the combination of experimental
and theoretical methods, complex interplay of fundamental interactions such as electrostatic
interaction between Cs™ and solvents, hydrogen bonding, van der Waals interactions and
image charge interactions during the surface solvation of alkali have been unveiled. Under-
standing such elementary mechanisms has important consequences in fundamental science
and in technological applications. For instance, the electric double layer concept is crucial
in many processes in electrochemistry [16,/17]. This thesis work has addressed electronic
structure and charge transfer dynamics at interfaces and it has the potential to influence fu-
ture developments which include electrochemical cells, photovoltaic cells, energy conversion
devices, to name a few.






2. Background of Investigated Interface
Systems

This chapter discusses several scientific works relevant to the adsorbate systems investigated
as part of this thesis work. The first and second section present the general concepts and
previous experiments on the ion solvation in bulk and at interfaces, respectively. These
sections also discuss the relevance of ion solvation in atmospheric, biological, geological, and
technological contexts. The second section emphasizes the concept of electric double layer
and its role in solvation at interfaces.

The third section presents an overview of the 2PPE experiments performed on alkali met-
als, molecules, noble gases, and heterogeneous adsorbates at interfaces. Alkalis at interfaces
serve as a model system for studying the charge transfer process between the substrate and
an adsorbate due to its partially ionized outermost s orbital. Cesium (Cs) is considered
for the experiments reported on this thesis because of the longer resonance lifetime of its 6s
antibonding state on the Cu(111) compared to the intermediate states of Cu(111) and its nu-
clear motion normal to surface upon resonant excitation. Furthermore, this section discusses
the 2PPE spectroscopic studies of physisorbed molecules with an elaborate discussions on
adsorbed water which trap electrons at the interfaces. The influence of noble gas adlayers on
the lifetime of the image potential states are also addressed in this section. In addition, this
section presents an extensive discussion on heterogeneous systems such as alkali-water at
interfaces which are relevant to the studies reported in this thesis. The energy stabilization
and relaxation dynamics of the alkali-water adsorbates at interfaces are discussed in detail
in this section.

The last section discusses the theoretical works performed on the hydration of alkali at
Cu(111) surfaces. This is closely associated to the experiments presented in Chapter 4 of
this thesis which addresses the formation of a water-induced alkali state and its properties.



Chapter 2. Background of Investigated Interface Systems

2.1. Bulk Solvation of Alkalis

The solvation of ions is a ubiquitous phenomenon relevant to many atmospheric, geologi-
cal, and biological processes [18-25], as well as plethora of technological applications like
storage devices, drug design, fuel cells, biomass dissolution etc [26-29]. The ion solvation
is extensively investigated in diverse contexts such as at interfaces, in clusters, in molecular
cages, and in bulk liquids [30-33]. In general, the solvation phenomena are probed by sev-
eral experimental and theoretical methods such as neutron diffraction, X-ray scattering and
absorption, NMR spectroscopy, electron spin resonance, mass spectroscopy, dielectric relax-
ation spectroscopy, infrared spectroscopy, fluorescence upconversion, Raman spectroscopy,
photoelectron spectroscopy, transient hole burning spectroscopy, nanocalorimetry, scanning
tunneling microscopy, density functional theory, coupled cluster calculations, to name a
few [11,)33-44]. Broadly, the properties that are investigated to understand the ion solvation
processes include the nature of the hydration shell structure, solvation free-energy, solva-
tion dynamics, stability of the solvation structureﬂ, thermal stability, energy transfer to the
solvent, and ion transport [45-47].

The response of solvents in the vicinity of alkalis and halides attracts further attention due
to their natural abundance in the planet as well as their diverse roles in living organisms
[11,/12,48-54]. In a recent work, Bragg et al. have reported step by step solvation of
Na atoms in a polar solvent, tetrahydrofuran (THF) using ultrafast transient hole burning
(THB) spectroscopy and quantum molecular dynamics [11]. They considered Na atoms
as a tight-contact pair (TCP) where the valence electron of the sodium is not exclusively
associated to the parent atom but also extends significantly into the solvent [55]. As a result,
the absorption spectrum of Na in THF peaks at an intermediate wavelength around 870 nm
(blue circles) as shown in Fig. (a). The absorption peak of gas-phase unsolvated sodium
atoms occurs at 590 nm and that of a THF-solvated electron (fully separated Na® and
e”) occurs at 2100 nm [56]. The mixed quantum classical molecular dynamics simulation
shows that the absorption peaks around 750 nm (black solid line) and further simulations
with consideration of coordination of Na with THF molecules (N=2 to 5) result in blue
shift and red shift in the absorption spectrum. The Fig. [2-1j(a) shows the simulation of the
absorption spectrum for N=3 (blue shift), N=4 (equilibrium state), and N=>5 (red shift) in
green, orange, and red dashed lines, respectively. A snapshot of the molecular dynamics
simulation of the TCP in THF solution is shown in Fig. (b) where blue sphere and white
isosurface represent Na® and electron charge density, respectively. The oxygen site in the
THF molecule strongly attracts the electron density of the nearby sodium and results in the
displacement of the electron density of the sodium atom. The degree of delocalization of the
charge density in sodium is related to the number of THF in its vicinity as shown in the inset
of Fig. (c). The charge density distortion increases with the number of THF molecules

!The ions can act as kosmotropes which make the solvent structure or chaotropes which break the solvent
structure. These structures accelerate or decelerate the solvation dynamics.
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Figure 2-1.: (a) Absorption spectrum of Na in THF at room-temperature. The experimental
and simulation of the absorption spectrum are shown in blue circles and black solid lines,
respectively. The simulation does not capture the relative population of the coordination
motifs of Na with THF. In equilibrium, the solution is dominated by a configuration of
Na with four THF (dashed orange line). The motifs with three (dashed green) and five
(dashed red) THF molecules are also contributing to the absorption spectrum that result
the broadening of the absorption spectrum as observed in the experiments. (b) A snap-
shot from the molecular dynamics simulations of the Na with its first solvation shell. (c)
Schematic of the free-energy of different motifs with the coordination from 2 to 5 THF
molecules. The free-energy surface diagram shows that each configuration is distinct in their
relaxation time and the degrees of electron displacement (red circles and blue ovals) from
Na. Reprinted figure with permission from Bragg, A. et al. Watching the Solvation of
Atoms in Liquids One Solvent Molecule at a Time. Phys. Rev. Lett., 104:233005, (2010).
DOL: https://doi.org/10.1103/PhysRevLett.104.233005. Copyright (©) 2010 by the Ameri-
can Physical Society. Ref. [11]



Chapter 2. Background of Investigated Interface Systems

(Na™ and e are in red and light blue spheres, respectively). At higher solvent coordination,
the electron density is pushed away significantly from the Na™ and the system responds like
a solvated electron (less likely as in the gas-phase). On the other hand, for lower solvent
coordination, the electron interacts more with the parent sodium and results in the blue shift
of the absorption spectrum. The inhomogeneous broadening of the experimental absorption
spectrum in Fig. (a) is attributed to coordination of Na with different number of THF
molecules [11].

To decipher the role of the solvent coordination on dynamics, ultrafast THB spectroscopy is
performed on Na in THF solution [11]. The technique employs three laser pulses in sequence
to study the solvation dynamics. The first pulse at 266 nm photoinitiates the electron transfer
from I~ to Na™ to produce the TCPs (Na*t and e™). The TCPs are excited by a second laser
pulse (wavelength at 800 nm) at a delay of 0.5 ns after the first pulse. This excitation and
associated thermal fluctuations result in a change in the cation-solvent coordination number
compared to their equilibrium condition, leading to a transient depletion or bleach of the
ground state TCP spectrum. A time-delayed third broadband laser pulse is used to monitor
the fluctuations in the absorption spectrum of the TCPs at nonequilibrium. As discussed
earlier, the absorption peaks at different wavelengths depending on the cation solvation
coordination as shown in the simulations in Fig. (a). The ultrafast THB probes the
change in the intensity of various absorption peaks due to solvent reorganization as depicted
in Fig. (c). A distinct change in the relaxation time is observed as a function of the
cation-solvent coordination number. This observation by Bragg et al. [11] resembles the
dynamics of alkali-water clusters on Cu(111) presented in Chapter 4 in which the excited
state dynamics varies as a function of the adsorbate coverage ratio on surface.

The investigations on the interaction of alkali metals and noble gases are of continuing
interests due to its fundamental nature and there are several avenues of research yet to be
explored. The works in this direction are mainly to study the properties of alkalis in noble gas
matrices and electronic polarization and spin effects in alkali-noble gas system [12}|40//44,57-
60]. In a recent work, Tudela et al. have reported the solvation of Cs* ions in nonpolar Hey
nanoclusters by experimental and theoretical methods [12]. The experimental procedures for
producing Cs-doped helium clusters are discussed elsewhere [61]. Two portions of the mass
spectrum after the ionization of the Cs-doped helium clusters is shown in Fig. (a). The
mass spectrum contains contribution from two species viz. pure He clusters (Hej,, N = 47
to 59) and Cs-doped He clusters (HexCs™, N = 14 to 26). Note that pure clusters have
an even value of mass per charge where as the doped clusters have an odd value of mass
per charge. For the pure He clusters, a satellite peak is observed at 0.1-0.3 amu after every
main peak which are indicated with black arrows. This satellite peaks are originating from
the metastable decay of cluster ions on their way to the mass spectrometer [62]. For Cs-
doped He clusters, the satellite peaks are absent until N=16 and one is prominent only at
N=26 as indicated by the red arrow. The relative intensity of the satellite to main peak

(not shown here) are analysed further and found that a pronounced change in the ratio
8
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Figure 2-2.: Experimental and theoretical studies on Cs* ion solvation in noble gases. (a)
The mass spectrum of pure He clusters (He},, N = 47-59) and Cs-doped He clusters (HeyC's™,
N = 14-26). A satellite peak is observed for each pure He cluster (black arrows) and is found
prominent only in larger Cs-doped clusters (red arrow). (b) The theoretical model shows
an optimum (N=17) and close packed (N=20) solvation structures which are in agreement
with experimental results. Reprinted figure with permission from Tudela, R. P. et al. A
Combined Experimental and Theoretical Investigation of Cs™ Ions Solvated in HeN Clusters.
The Journal of Chemical Physics, 150:154304, (2019), with the permission of AIP publishing.

Ref. .

occurs at N=17 and N=20. This is attributed to the closure of the solvation shell due to
the presence of weakly bound He atoms occupying the next solvation layer. These values
are closer to the theoretical prediction of the number of He atoms for the solvation of Cs™
ions . Furthermore, the theoretical calculations by Tudela et al. have predicted two
plausible solvation structures as shown in Fig. (b). The N=17 structure corresponds to
an optimum packing structure in which He atoms cover the Cs™ ion in the most optimum
way by providing the lowest association energy per atom. The N=20 structure is interpreted
as a maximum packing structure in which the system supports an additional number of
atoms with a slight raise of the cluster association energy per atom .

The works by Bragg et al. and Tudela et al. have discussed elaborately here as an exem-
plary case of the bulk solvation of ions in polar and nonpolar solvents, respectively ,.
The interactions of alkalis with polar and nonpolar solvents are fundamentally different as
discussed above. The thesis work is specifically addressing the ion solvation in polar and
nonpolar solvents at interfaces as discussed in chapters 4 and 5. The following section is
devoted to emphasis the importance of interfaces in ion solvation.
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2.2. Solvation at Charged Interfaces

Bulk electrolyte

Stern layer Diffuse layer

Figure 2-3.: Schematic of the water molecules at a charged interface. The potential ¢ as a
function of the distance from the interface is shown as a solid curve. The inner Helmholtz
plane (IHP) and the outer Helmholtz plane (OHP) are marked with dashed vertical lines. The
extent of Stern layer and diffusive layer (Debye length, x~!) are indicated with double headed
arrows. The yellow, purple, and green spheres represent neutral species, cations, and anions,
respectively. Figure taken from Gonella, G. et al. Water at Charged Interfaces. Nature Re-
views Chemistry, 5:466-485, (2021), Springer Nature. DOI: https://doi.org/10.1038 /s41570-
021-00293-2. Reproduced with permission from Springer Nature. Ref. .

The investigations on the structure and charge transfer dynamics of solvents at a charged
interface are gaining more attention because of their fundamental nature and technological
importance. For instance, hydrogen oxidation and evolution reaction occurs at electrode-
water interfaces in hydrogen fuel cells and electrolysers . Moreover, the surface charges
influence the generation of Hy from H5O in metal-oxide based photocatalytic water splitting
processes . Recently, the role of alkali in promoting the conversion of COs into CHy
at the interface of HoO/Cu(111) and the reduction of COs to CO at metal surfaces are
investigated theoretically and experimentally, respectively ,.

The efficiency of the aforesaid electrochemical processes are governed by the nature of the
10
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so-called electric double layer (EDL) which defines the molecular-level interactions of the
solvent with a charged interface |[17]. The investigations on interfacial layers on electrodes
date back to the 1850s by Helmholtz in which the charge distribution at the interface between
a conductor and an electrolyte are described as a capacitor [72]. Since then, several attempts
were made to develop a classical mean-field description of the double layer structure to
address diverse scientific problems satisfactorily [73H79).

The schematic of the EDL based on the Gouy-Chapman-Stern model is shown in Fig. [2-3]
The adsorption sites of ions at an interface/electrode are designated as specific adsorption,
electrostatic adsorption, and quasispecific adsorption based on their locations [80]. The
electrode-electrolyte interface region is enriched by the counter charged ions from the bulk
of the solvents and are termed as specific adsorption. The plane containing the specific-
adsorption sites is known as inner Helmholtz plane (IHP). The fully solvated ions in the bulk
are attracted towards the electrode due to their counter-charge and they get adsorbed on
the interface. Such adsorptions are known as the electrostatic adsorption. The quasispecific
adsorption refers to the adsorption of cations (anions) mediated by anionic (cationic) species.
These cations (anions) do not interact with the electrode directly. The plane containing the
electrostatic adsorption sites is known as outer Helmholtz plane (OHP) which is the closest
approach of the fully solvated ions. The region between IHP to OHP is known as Stern layer
where the potential decreases linearly. The diffuse layer is the region where the potential
decay into bulk with a characteristic screening length known as Debye length, x=t. All
length scales are comparable in highly concentrated salt solutions. The properties of the
EDL are crucial for solvation and desolvation processes at electrode-electrolyte interfaces.
The techniques used for studying the EDL are non-linear optical spectroscopy, photoelectron
spectroscopy, atomic force microscopy, Kelvin probe microscopy, to name a few [81-88].
One of the exemplary scenarios of solvation and desolvation can be found in the operation
of Li*-ion batteries as schematically shown in Fig.[2-4l The battery module has a graphite
structure and a transition metal oxide which act as anode and cathode, respectively. During
the charging phase, the Li* ions are travelling from the anode to the cathode and bulk
solvation of ions occurs in the electrolyte. These Li™ ions are then desolvated at the interface
and are intercalated into the graphite structure. During the discharge process, the Lit are
deintercalated and get solvated while travelling from the cathode to the anode where they
are stored as metal. The charge transfer processes from the alkali to the metal or vice versa
occur at the interface and are decisive for the performance of the battery. The electrons
flow only through the circuitry outside of the battery cell. The readers are recommended
to refer a few review articles for a discussion on past, current, and future aspects of battery
research [90-93]. Earlier, the efforts for the optimization of the performance of batteries
were focused mainly on the bulk solvation of ions and that have changed recently to the
EDL interface where all electrochemical reactions occur [94H98§].

11
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Figure 2-4.: Schematic of a Li*T-ion battery that utilizes graphene and a transition metal ox-
ide as anode and cathode, respectively. The solvation and desolvation of the Li* ions occur at
the electrolyte-electrode interfaces during the charging and discharging processes. Reprinted
figure with permission from Kang Xu. Nonaqueous Liquid Electrolytes for Lithium-Based
Rechargeable Batteries. Chemical Reviews, 104(10):4303-4418, (2004). Copyright (C) 2004
by the American Chemical Society. Ref. .

Furthermore, recent investigations show that the presence of the alkali metal ions at interfaces
are crucial for electrochemical reactions, although their exact role is under discussion [16;
. In a recent work, Monteiro et al. have demonstrated the reduction of CO5 on noble
metal electrodes in the presence of alkali ions experimentally by cyclic voltametry (CV)
and scanning electrochemical microscopy techniques . The schematic of a proposed CO,
reduction mechanism is shown in Fig. with relevant chemical reaction pathways. The
CO3 molecule interacts with the substrate to form *CO; where * represents the physisorbed

chemical species on the substrate. Then it interacts with the metal cation (M) to form a
12
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*CO5 -MT intermediate compound which in turn react with water molecules to form *COOH
+ M* 4+ OH™. Subsequently, *COOH dissociates to from *CO + OH~. Finally, CO(gas) is
liberated from the substrate. Here, the CO5 reduction efficiency varies among different alkali
metals. The concentration of alkali metal ions and their ability to interact with negatively
charged adsorbates are decisive for the reduction of CO,. For instance, metal cations with
a softer hydration shell have a higher concentration at the interface and they exhibit stable
coordination with CO, (Nat, K* and Cs'). They stabilize easily due to MT-O(CO,) local
interaction. On the other hand, hard hydration shell with Li*, exhibits poor coordination
with COy and thus the stabilization is less efficient [16].

The aforementioned cases of the Li-ion battery and the COs reduction mechanisms are
typical contexts where alkali solvation/desolvation occurs at interfaces. The research carried
out in the context of this thesis work addresses fundamental mechanisms at interfaces such
as charge injection, charge transfer, energy stabilization, and charge back transfer which are
competing processes at an electrolyte/electrode interface. In the experiments reported in
this thesis, a model system such as Cs™/Cu(111) is used as a charged interface, and the
solvents such as Xe (nonpolar) and water (polar) are considered for the investigations. The
results on the Do,O/Cs™/Cu(111) and Xe/Cs*/Cu(111) systems are presented in the chapter
4 and 5, respectively.

CO,(g) +e +* - *CO,

*CO,” +M* - *CO, - M*

*CO, —M*+H,0 - *COOH + M* + OH~
*COOH +e™ - *CO + OH™

*CO — CO(g) +*

L
& Qe o

E H,O +e”
_} .

Figure 2-5.: Schematic of a CO, reduction mechanism in presence of a Cs™ cation at an

H,O
—

interface. The electrochemical reaction pathway is shown in the inset. The oxygen, hydrogen,
carbon and cesium atoms are represented as red, white, silver, and pink spheres, respectively.
Figure taken from Monteiro, M. C. O. et al. Absence of CO, Electroreduction on Copper,
Gold and Silver Electrodes Without Metal Cations in Solution. Nature Catalysis, 4:654—662,
(2021), Springer Nature. DOI: https://doi.org/10.1038/s41929-021-00655-5. Reproduced
with permission from Springer Nature. Ref. [16].
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2.3. Electronic Structure and Dynamics of Adsorbates at
Interfaces

This section discusses two-photon photoemission (2PPE) works reported on adsorbates sys-
tem at interface which are relevant to this thesis work. The first part of this section presents
the 2PPE results of alkali metal adsorbates which are extensively investigated as a model
systems for more than two decades. The second part of this section discusses 2PPE of ph-
ysisorbed molecules at interfaces with more emphasis on solvation of electrons. The last part
of this section presents heterogeneous adsorbates at interfaces where an elaborate discussion
on alkali-water adsorbates at interfaces are presented.

2.3.1. Chemisorption of Alkalis on Cu(111) Surfaces

Figure 2-6.: The time-resolved

caa b b e Lo Loy R B

D.elayt(i)%e“fs) A 2PPE spectra of Cs™/Cu(111)
- ;2;;‘ where pump-probe delays set to
'y an integral number of optical cy-
- Eéjg E+2hv cles. The dashed lines represent
= 1206 the deconvolution of surface state

(SS) and anti-bonding state (A),
and the solid line represents the en-
ergy of the state A. The complex
change in the spectral profiles as
a function of time delay originates
from the interference effects in the
wave packet creation and propaga-
tion. Figure taken from Petek, H.

Photoemission intensity (normalized)

et al. Real-Time Observation of
Adsorbate Atom Motion Above a
Metal Surface. Science 288:1402-
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mission from AAAS. Ref. .
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The change in physical and chemical properties of metals upon adsorption of alkalis were
reported in the pioneering works by Langmuir in 1923 [99[100]. The adsorption of alkalis

and molecules on metals leads to interesting mechanisms such as charge transfer, reduction
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in work function, changes in bond energy and molecular orientation, surface reactivity, to
name a few. The change in surface properties of metals upon adsorption of alkali metals are
reviewed systematically in the literature [101,[102]. The 2PPE studies of Cs alkali on Cu(111)
are reported by Bauer et al. in which electrons are injected resonantly to the unoccupied
6s orbital from the Cu substrate. The lifetime of the anti-bonding state (Cs 6s) becomes
more pronounced than that of an intermediate state when both are excited from the surface
state of Cu(111) |1]. Since then, several experimental investigations, see, e.g., [2,[3L[103}[104],
and theoretical studies, see, e.g., [105-107], have been performed on the excited states of
chemisorbed alkalis on metals as a model system for studying the charge transfer processes
at interfaces.

One of the noticeable studies on the Cs/Cu(111) surface is reported by Petek et al. in
which the nuclear motion of the Cs ions is observed along the surface normal upon resonant
photoexcitation to the 6s orbital [3]. The change in the excited state energy as a function
of pump-probe delay is shown in Fig. where the energy of the resonance decreases by
0.12 eV over 100 fs after photoexcitation. The excited state has two decay components -
a fast < 15 fs coherent polarization and a slower energy-dependent, non-exponential decay
of the anti-bonding state population. The observed non-exponential decay is attributed to
the dissociative motion of Cs atoms on Cu(111). To quantify the nuclear motions on the
surface, the time-dependent change in the energy of the excited state is converted to time-
dependent changes in the Cu-Cs bond length according to [105] and is fitted to a fourth-order
polynomial to get a continuous function of Rey—_cs (t). This function is differentiated twice
to calculate the force acting on the Cs atom as F' = ma = md?R(t)/0t* where m is the
mass of the atom. Subsequently, the potential energy surface (PES), U is determined by
integrating the force as, U = — [ F'- dR. The stretching of the Cu-Cs bond is found to be
~ 0.35 A in 160 fs after the photoexcitation. The photodesorption yield is not substantial
since the electronic relaxation back to metal occurs before desorption.

Furthermore, a systematic investigation of the electronic spectra of all alkali metals (Li to
Cs) on Cu(111) was performed by Zhao et al. [2]. The Fig. shows the influence of the
sizes and the ionization potentials of the alkalis on 2PPE spectra as a function of coverage.
The work function of the surface decreases with an increase in alkali coverage as indicated by
the decrease in energy of the low-energy cut off of the 2PPE spectrum. The alkali adsorption
results in the formation of the surface dipoles (dipole moment, u = 2R, 45 where R4 is the
chemisorption distance) and it decreases the work function of the surface. The extent of
decrease in work function is related to the surface density (o) of alkali atoms as AP = 27 puo.
Hence, for a given alkali coverage on the surface, the change in the work function is smaller
for Li than Cs. In Fig. [2-7] only the surface state (SS) (red arrows) feature is originating
from pure Cu(111) and the anti-bonding resonance, AR, (blue arrows) feature originates
from the outermost s orbital of the alkali. The photoelectron intensity and energy of the
AR changes as a function of coverage of the alkali where the maximum intensity of the peak

occurs when the AR <— SS transition becomes resonant with the photon energy. The alkali
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atoms show significant decrease in ionization potential with increase in atomic size. However,
such dependence are not apparent in their binding energy. Remarkably, it is also observed
that the width of the AR peak decreases with an increase in atomic radius from Li to Cs as
shown in Fig. The relatively larger width of the AR of Li (which is adsorbed closer to
the surface) is attributed to the shorter lifetime of the electrons that broadens the spectrum
according to the energy-time uncertainty relation. This work supported the ionic nature of
the interaction during the chemisorption of alkalis where the Coulomb interaction and Pauli
exclusion principle are accounted for and excluded the possibility of a covalent interactions
where valence electrons occupy the orbitals shared by the adsorbate and the substrate [2].

2.3.2. Physisorbed Atoms/Molecules on Metal Surfaces

Two-Photon Photoemission (2PPE) Spectroscopy of physisorbed atoms/molecules have been
extensively investigated for more than two decades for noble gases to complex organic

molecules adsorbed on diverse noble metal surfaces 116]. The efforts were intended
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to understand (1) the behaviour of the excess electrons in polar or non-polar molecular en-
vironments, (2) the influence of adlayers on the electronic properties of the metal surfaces,
and (3) the solvation of molecules in the presence of ions.

The properties of solvated electrons is a subject of continuing interests in the scientific com-
munity over a long time. The properties of the solvated electrons such as cavity-forming or
non-cavity forming structures, adiabatic or non-adiabaitc relaxation mechanisms, existence
of long-lived surface electron, and accurate values for electron binding energy (eBE) are still
under debate [7-10,117-121]. In the context of surface science experiments, self-trapping of
electrons at the interface as a result of small polarons is reported by Ge et al. by using time
and angle-resolved 2PPE techniques [10§]. In their work, a n-heptane bilayer is adsorbed on
a Ag(111) substrate and its influence studied on the well-known image potential states on
metals [122,[123]. The image potential states are unoccupied intermediate states bound with
respect to the vacuum level of the metal with energies similar to hydrogen atoms. These
states are delocalized on the surface. The alkane layers with their negative electron affin-
ity decouples image potential states further away from the surface. Upon excitation of the
electrons to the image potential states, the electrons try to stabilize their energy by locally
altering the dielectric properties of the molecular environment. As a result, the excited state
becomes more localized with longer lifetime than the delocalized state. The angle and time-
resolved 2PPE experiments provide insights into the evolution of the state from a delocalized
to localized state in which E vs. k| changes from dispersive to flat. This kind of mechanism
is analogous to the electron transfer processes proposed by Marcus in 1956 [124] and such
processes are ubiquitous in Chemistry and Biology [125].

Furthermore, image potential states and changes in their properties with adlayers of noble
gas atoms or simple molecules have been investigated extensively in the past decades [109-
112,/126-129]. There are several studies on the effect of noble gases (Ar, Kr, and Xe) on
the image potential states of the Cu(100) [112,126,127]. It is reported that the lifetime of
the image states increases up to 10 ps for an Ar coverage for 5 ML [126] due to its negative
electron affinity. In contrast, decoupling of the image states on Cu(100) is less prominent
for Kr and Xe because of their positive electron affinity [112]. In another study, image
potential states of the Ag(111) and Cu(111) with a monolayer of Ar are investigated and
it is found that the properties of the image potential states are significantly different on
both surfaces [129]. On Ag(111) surface, the lifetime of the n = 1 state increases to 6 ps
for a coverage of 4 ML Ar whereas on Cu(111), the lifetime does not exceed 3 ps up to a
coverage of 10 ML of Ar. To sum up, the lifetime of the image potential states on metals
are significantly affected by the electron affinity of the adsorbates and also depend on the
crystallographic orientation of the surface. In this thesis work, D,O and Xe are utilized as
solvents for ion solvation. A discussion of the spectroscopy of these adsorbates on Cu(111)
is presented as follows.
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Figure 2-8.: The energy level diagram for the electron solvation in water (left) and its
potential energy surface as a function of solvent coordinates (right). The surface solvation
process involves electron transfer (step-1), localization (step-2), solvation (step-3), and back
transfer (step-4) as marked in the diagrams. Reprinted figure with permission from Gahl, C.
et al. Ultrafast Dynamics of Electron Localization and Solvation in Ice Layers on Cu(111).
Phys. Rev. Lett., 89:107402,(2002). DOI: https://doi.org/10.1103/PhysRevLett.89.107402.
Copyright (©) 2002 by the American Physical Society. Ref. [13].

D,0O on Cu(111): Ultrafast dynamics of electron localization and solvation in ultra thin
layers of ice on Cu(111) are reported by Gahl et al. in their study [13]. The elementary
steps in the electron solvation process are described as shown in Fig. [2-8] Direct excitation
of electrons from the valence band (VB) to the conduction band (CB) of the ice layers is not
possible (in the linear absorption regime) with the pump laser energy of ~ 4 eV due to the
large bandgap of the ice (8.2 eV). The electrons are injected to the CB of the ice layers from
the metal substrate (step—1) since there is an overlap of wave functions of CB of ice and
photoexcited electrons. In addition to the back-transfer to the substrate, the delocalized
electrons can find specific sites on ice where it can localize (step—2) by reconfiguring the
solvent molecules (fluctuations in bond angles or uncompensated hydrogen bonds) as shown
in the right panel of Fig. [2-8] The localization results in time-dependent flattening of
the dispersion curve which occurs =~ 100 fs after photoexcitation. Electrons are stabilized
further in the ice layers over a period of a few picoseconds duration (step-3) similar to
the self-trapping phenomena discussed in [10§]. This shifting of the binding energy of the
trapped state due to the rearrangement of the water molecules represents the solvation of
the electrons. As shown in the right panel of Fig. a one-dimensional potential energy

surface is plotted as a function of a hypothetical solvation coordinate, ¢;. The potential of the
18
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system changes from a highly delocalized state (¢;) to a localized state (¢2) upon solvation.
Finally, the back transfer of electrons to the metal substrate (step-4) leads to the decay of
the population from solvated state. In fact, a back-transfer process is observed at all times
(step 1 — 3) and it becomes prominent only in the last step. The solvation process occurs
faster at lower coverages (© < 2 BL) due to less-rigid coordination of solvent molecules than
for higher coverages (© > 3 BL) [13].

Furthermore, ice structures are known to exhibit crystalline and amorphous structure at
substrate temperatures 7' > 140 K and 7' < 110 K, respectively [130]. The 2PPE spec-
troscopy of the amorphous and crystalline structure of ice layers shows a change in the
work function by ~ 400 meV upon phase transition [131]. The dynamics of the solvated
electrons vary during the structural phase transition [132]. Further efforts to explore the
structure and electron solvation dynamics, identification of the electron solvation site, and
binding energy of the solvated state in water clusters on Cu(111) are reported in several
works [14,[113}|133]|134]. In ref. [113], the low-temperature STM studies show that the
amorphous ice structures can be porous or compact at temperatures of 85 K and 120 K,
respectively. The 2PPE studies of these structures have revealed that the solvated electrons
in the porous ice structures are loosely bound and they decay faster (30 % faster) than in
compact structures. The longer lifetime in compact ice structures is attributed to the higher
density of DoO molecules underneath the solvated electrons.

As discussed above, the electron solvation can occur in crystalline or amorphous ice (porous
or compact) structures or in the wetting layers. Xe overlayers can be used to identify the
solvation sites in different ice structures, since Xe is highly polarizable. It can strongly
interact with localized solvated state if the solvation site is on the surface. The experiments
show that in both amorphous porous and amorphous compact structures of water clusters
the solvated electron peak shifts more than 400 meV to higher energies which indicates that
the ice-vacuum interface is the favourable location for solvated electrons [113,|134]. In the
case of wetting layers of water on Cu(111), the Xe overlayer has no effect on the binding
energy and stabilization rate of the solvated electron state because Xe is not interacting with
the bulk solvated state [133]. In addition, the stabilization rate of 0.22 eV ps™' is found in
the three types of water structures (porous, compact, and multilayer). However, the dynamic
response or the population decay of the three structures are significantly different and it is
proposed that solvated electrons reside on the edge of the amorphous water cluster [134].
A comprehensive review on different aspects of the electron solvation in amorphous water
structures is presented in ref. [135].

In a recent work |14], the elementary steps during the ‘birth’ of the solvated state electrons are
investigated with a better time-resolution than previous studies |13}[113}/133]. The schematic
of the processes associated with the solvation and the relaxation dynamics of the system
are shown in Fig. [2-9] The electrons are excited from the SS state of Cu(111) to the
delocalized CB of water clusters and they relax to the CB minimum around 800 meV below

the excitation at a rate of 4 meV/fs. The localization of the electrons occur within 22 fs
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Figure 2-9.: (a) Marcus representation of potential energy surface (PES) for conduction band
of ice (CB) and trapped state of electrons (e;). (b) Charge transfer from metal to CB of ice
(1), relaxation to CB minimum (2), vertical transition to e;(3), and relaxation to potential
minima (4). (c) Direct excitation to es and subsequent relaxation. (d) Energy-integrated,
time-resolved 2PPE intensity of CB (circles) and e, (diamonds) fitted by rate equation models
(solid lines). Comparison of indirect excitation and direct excitation to es are shown in solid
and dotted red lines. Reprinted figure from Stahler, J. et al. Real-Time Measurement of the
Vertical Binding Energy During the Birth of a Solvated Electron. Journal of the American
Chemical Society, 137:3520-3524, (2015). DOI: https://doi.org/10.1021/ja511571y. Article
licensed under Creative Commons Attribution 4.0 International Public License. Ref. .

with a gain of several hundreds of meV of binding energy. This energy dissipation results the
high-frequency vibrations of the molecular environment. Finally, the solvated state resides
a few hundreds of fs before the electrons decay back to the metal substrate. In addition to
the indirect excitation to the solvated state via CB of ice, direct excitation to the solvated

state from the Cu sp is also observed. This indicates that the trapping sites are pre-existing
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before the onset of the electron solvation [14].

Xe on Cu(111): The ultrafast electron dynamics of image potential states upon adsorption
of a monolayer of Xe on Cu(111) is reported by Wolf et al. [109]. It is observed that the
lifetime of the n = 1 and n = 2 image potential states of the Cu(111) has increased from 18 fs
to 75 fs and from 17 fs to 40 fs, respectively. Furthermore, the lifetime of the n = 1 image
potential states are enhanced up to 1.6 ps by the adsorption of a monolayer of Ny which
decouples the state further away from substrate due to its negative electron affinity |110].
The influence of adlayers on the femtosecond dynamics of image potential states of metal
surfaces are reviewed in a publication for more details [136]. As part of this thesis work, the
solvation of Cs™ ions by Xe on Cu(111) is investigated which exploits the local polarization
of the electron cloud of Xe in the vicinity of alkali ions. Similar investigations of alkali-noble
gas adsorbates at interfaces are not investigated extensively.

2.3.3. Heterogeneous Adsorbates at Interfaces

The heterogeneous surfaces are used as model systems for several phenomena that occur
in nature as well as fundamental processes of technological importance [4,(15}/16,24} 25,90,
137]. The 2PPE spectroscopy of alkali and water on Cu(111) interfaces is one of the topics
investigated as part of the thesis work. Hence, this section is intended to cover the important
works that have been reported earlier [4,/15].

Alkali-water interactions on Cu(111): The solvated electron species at ice-metal in-
terfaces have a lifetime of a few hundred femtoseconds to minutes in bulk or on the inter-
faces [132,/138]. The energy stablization and population dynamics of the solvated electrons
at interfaces are strongly influenced by the presence of alkali ions [4,|15]. The comparison of
the time-resolved 2PPE spectra of ice layer (left) and Na-doped ice layer (right) on Cu(111)
is shown in the Fig. [2-10] For a coverage of 5 BL DO on Cu(111), the solvated electrons
feature appears at F-Fr = 2.90 eV and the peak shifts to the lower energy with increasing
time delay. The peak intensity decreases nonexponentially with lifetime of 7y =140 fs for
time-delay < 300 fs and 75 =320 fs for higher pump-probe delay. The solvated electron
peak shifts to F-Er = 2.60 eV upon adsorption of 0.08 ML Na onto 5 BL D50, as shown
in the right panel of Fig.[2-10] and also there is substantial increase in the lifetime of the
solvated electrons (note that the difference in the x-axis of the left and right panel figures).
For Na*-doped ice layers, the solvated electron state has a longer lifetime up to 20 ps with
three distinct decay regimes. The relaxation times of the solvated state are determined as
71 = (110 + 10) fs, m» = (880 £ 50) fs and 73 = (9.60 £ 5) ps. These relaxation times are
found to vary as a function of the Nat coverage [15].

In a recent work, Meyer et al. have investigated ultrafast solvation dynamics of alkalis (Na,
K and Cs) on Cu(111) coadsorbed with D,O [4]. A Marcus type conceptual energy diagram
for solvated Na*/Cu(111) is shown in Fig. and it is applicable to other alkalis too.

The solvation coordinate (bottom axis) is not a real coordinate but rather conceptual in
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Figure 2-10.: Left panel: False colour representation of 2PPE intensity from 5 BL
D,0O/Cu(111) as a function of intermediate state energy and pump-probe delay, and the
schematic of the electron solvation indicated as species I. The peak at F-Frp=2.9 eV origi-
nates from the solvated electrons in a water film. Right panel: False colour representation of
2PPE intensity from 0.08 ML Na on 5 BL D,O/Cu(111) and the schematic of the electron-
alkali complex at the interface is indicated as species II. The peak at E-Ep=2.6 eV results
from the electron solvation in the presence of Na ions. The spectra are recorded as cross-
correlation measurements with pump and probe pulses with photon energies at 3.14 eV and
2.51 eV, respectively. Reprinted figure with permission from Meyer, M. et al. Ultrafast
Dynamics at the Na/DoO/Cu(111) Interface: Electron Solvation in Ice Layers and Na+-
Mediated Surface Solvation. The Journal of Physical Chemistry C, 115:204-209, (2011).
DOL: https://doi.org/10.1021/jp107253g. Copyright (©) 2011 by the American Chemical So-

ciety. Ref. [15].

nature and it represents the coordination/configuration of water molecules in the solvation
structure. The ground state of the adsorbate system is in a solvated state and it is represented
as 2p% Na™ (aq.). The excited state 3s Na (aq.) is attained by the charge transfer from the
metal to adsorbate by the pump pulse and it is a vertical transition along the solvation
coordinate axis. Note that the solvation coordinates are different for the minima of the
ground and excited state. The excited state evolves to the bottom of the potential along the
solvation coordinate to gain energy and results in the rearrangement of the solvent molecules.
The relaxation dynamics of the system is captured by photoemission from the excited state
by using a time-delayed probe pulse. The kinetic energy of the photoemitted electrons are
measured in a time-of-flight spectrometer.

The time-resolved 2PPE spectra of the hydrated alkalis are shown in Fig. that exhibit
three common features for the investigated alkalis (Na, K, and Cs). They are (1) an energy
state which occurs a few 100 meV below the binding energy of the alkali due to water-alkali
hybrid formation, (2) considerably large energetic stabilization by transferring energy to the
solvent molecules upon relaxation, and (3) an excited state lifetime of a few 100 fs which is
significantly longer than that of bare alkali on the surface. All these aspects are discussed
as follows.

Firstly, as shown in Fig. [2-12| the antibonding feature of the surface splits into two states
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solvation coordinate q

Figure 2-11.: The schematic of the potential energy diagram of Na®/Cu(111) coadsorbed
with D»O. The ground state is represented as 2p® Na® (aq.) and is at its minimum near
the equilibrium solvation coordinate gy. The excited state, 3s Na (aq.) is attained by
the excitation of electrons from the metal substrate to the alkali using optical pulses. The
excited adsorbate system relaxes in a time 7 and its dynamics is captured using a probe pulse.
Reprinted figure from Meyer, M. et al. Ultrafast Electron Dynamics at Water Covered Alkali
Adatoms Adsorbed on Cu(111). Phys. Chem. Chem. Phys., 17:8441-8448, (2015). DOL:
https://doi.org/10.1039/C4CP05356G. The article is licensed under a Creative Commons
Attribution 3.0 Unported Licence. Ref. [4].

for K and Cs on Cu(111) after the adsorption of water. The high-energy peak (at 2.7 eV for
K and 2.8 eV for Cs) originates from bare alkalis on the substrate and the low-energy peak
(at 2.1 eV for K and 2.55 eV for Cs) originates from the formation of the alkali-water hybrid
structures on Cu(111).

Secondly, the energy of the alkali-water hybrid state decreases with respect to the Fermi level
as a function of time delay which indicates an increase in the binding energy of the state.
The energy stabilization for all the investigated alkalis is in the range of 200-300 meV that
occurs within 200 fs after photoexcitation. The extent of energy stabilization is determined
by the population decay rate of the excited state and coupling of the excited electron back
to the metal substrate. The concept of energy stabilization is explained in the Fig. [2-11

where the time-dependent increase in binding energy results in the solvent rearrangement.
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Figure 2-12.: The false colour inten-
sity of time-resolved 2PPE from alkali
(Na, K and Cs)-water clusters on
Cu(111) is plotted as a function of the
intermediate state energy (left) and
the pump-probe time delays (bottom).
The spectra at specific time-delay
are shown in the right panel. The
spectra exhibit two prominent fea-
tures; a short-lived alkali resonance
(at higher energy of the spectrum) and
of water-induced state (a few 100 meV
below the alkali resonance) are clearly
distinguishable for K and Cs. The
energy stabilization, the rate of change
of the excited state energy has been
found to be decreased from Na to Cs.
Reprinted figure from Meyer, M. et al.
Ultrafast Electron Dynamics at Water
Covered Alkali Adatoms Adsorbed
on Cu(11l). Phys. Chem. Chem.
Phys., 17:8441-8448, (2015). DOI:
https://doi.org/10.1039/C4CP05356G.
The article is licensed under a Creative
Commons Attribution 3.0 Unported
Licence. Ref. .

The time-dependent change in the excited state potential energy surface along the solvation
coordinate ¢ and the transient increase of the binding energy is attributed to the response
of the solvent after the excitation. The stabilization rate (in eV ps™!) for the water-alkali
hybrid is determined as 2.1, 1.7 and 1.1 for Na, K and Cs, respectively. The Na™ ions are
solvated by rigid and well aligned arrangements of water molecules which will respond and
gain energy faster upon optical excitation than Cs with its weaker alkali-water interaction.
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Figure 2-13.: Time-resolved 2PPE in-
tensity from Na/Cu(111) as a function
. __ 0,03 ML Na/Cu(111) i of water coverage. The lifetime of the
o +0.25BLD,O Nat-water hybrid structure increases
® +0.50 BL DO with water coverage. A solid line is
0 +075BLDO shown for bare Nat on Cu(111) to

+1.00 BL D,0
indicate the laser pulse profile and the

markers with solid lines represent the
fit to the data by the convolution of
a bi-exponential and the laser pulse
correlation. Reprinted figure from Meyer,
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at Water Covered Alkali Adatoms Ad-
o sorbed on Cu(111). Phys. Chem. Chem.
- Phys., 17:8441-8448, (2015). DOI:
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Finally, the energy-integrated 2PPE intensity as a function of pump-probe time delay is
shown in Fig. for different Na-water hybrids on Cu(111). For bare alkali, the dynamics
fit to the convolution of laser pulse profile and single exponential decay is consistent with
previous observations [1,/2,/106]. However, upon increasing the coverage of the water on
Na/Cu(111), the relaxation dynamics changes significantly and it follows a non-exponential
decay similar to solvated electrons in amorphous solid water films [13]. The data shown in
Fig. are fitted better with a bi-exponential decay function. At lower coverage of water
on Na/Cu(111), the dynamics of the system resembles the bare alkali on Cu(111). At a
water coverage almost an order higher than that of Na, the relaxation dynamics changes
substantially due to the onset of the pure electron solvation dynamics which competes with
the excited state of the solvated alkali and hence results in a complex relaxation mechanism.
It is known that the transient neutralization of the chemisorbed alkali by optical excitation
leads to the nuclear motion along the surface normal [3]. So, such excitation in presence of
solvent molecules undoubtedly results a coupled alkali-water mode of adsorbate dynamics. A
detailed theoretical study on the dynamics of alkali-water clusters on Cu(111) was published

recently [43] and it is discussed in the section [2.4]
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2.4. Theoretical Calculations on Investigated Systems

This section briefly discusses the theoretical works relevant to the experiments performed
as part of this thesis work. The thesis work focuses on the interaction between alkali (Cs)
and polar (D20) and non-polar (Xe) solvents on Cu(111). These adsorbates/surface systems
represent model systems where a solvent encounters a charged interface. There are many
theoretical and 2PPE experimental works on alkali-water systems at interfaces [4}[15,[24} 25|
,. Although, the interactions of alkalis with noble gases are investigated theoretically
and experimentally in the bulk , ,, their interactions at interfaces were not
addressed extensively until recently . The following discussion is based on the theoretical
results on the hydration of alkali (Na, K and Cs) on Cu(111) which is related to the work
reported in this thesis [43].

A VA N . =
1.5 2.0 25 3.0 35

Figure 2-14.: DFT calculations on hydration of Na on Cu(111): (a) Optimized hydration
structures of alkali by up to 6 water molecules. The Cu, H, O and Na atoms are shown in
orange, white, red, and silver spheres respectively. The fifth water molecule is bonded to Na
axially and the sixth water molecule forms a hydrogen bond with the fifth water molecule.
(b) The electronic density of states (DOS in eV~!) projected on the s orbital of alkali atoms
(solid lines on bottom) and valence of orbitals of the water molecules (dashed lines on top).
The black, blue, red, green, brown, violet, and cyan lines represent the consecutive addition
of water molecules from 0 to 6 molecules. Reprinted figure with permission from Alejandro
Pérez Paz and Angel Rubio. Hydrated Alkali Atoms on Copper(111): A Density Functional
Theory Study. The Journal of Physical Chemistry C, 125(7):3868-3879, (2021). Copyright
(© 2021 by the American Chemical Society. Ref. [43].

Alkali Hydration on Cu(111): Theoretical investigations on the hydration of alka-
lis/Cu(111) have been performed recently by Paz et al. which is based on the previous
experimental results . They have reported the structure, surface charge properties, work
function, and density of states (DOS) of hydrated alkalis on Cu(111) as a function of the
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water coverages. The relaxed state cluster coordinations between an alkali and up to six
water molecules are shown in Fig. (a). The water molecules form a linear, trigonal
pyramidal, tetragonal pyramidal, and square pyramidal as their coordination number in-
creases from n = 2, 3, 4, and 5, respectively. The alkali-water clusters are found to be in a
quasi C,v symmetry for n = 2-4 water molecules. For n = 5, four water molecules remains
in the equitorial plane and the fifth water molecule occupies the axial position close to the
alkali. This reduces the work function of the surface because the new dipole points in oppo-
site direction compared to the dipoles of the remaining water molecules. For coordination
numbers n = > 6, the water molecules do not interact with the alkali atom, but it forms
a hydrogen bond with the axial water molecule and there is the possibility of the formation
of the second hydration shell [43].

In addition, the influence of the water molecules on the DOS of the unoccupied s orbital of
the alkalis are shown in Fig. |2-14{ (b). The energy of the outermost s orbital with respect
to the Fermi level is at 2.3 eV for Na and 2 eV for K and Cs. The energy of the s orbital
increases as a function of the water coverage due to the interaction between o* state and
water states which is in agreement with previous 2PPE works [4140]. At complete hydration,
it is observed that the alkali detaches from the substrate and hence recovers the resonance
energy at ~ 2.5 eV (for Cs). This is confirmed by computing the DOS spectrum of an
isolated alkali-water cluster in the absence of a substrate that reproduces the alkali peak at
~ 2.5 eV [43]. Furthermore, the dashed lines in Fig. (b) shows Kohn-Sham electronic
state projections of orbitals as a function of water molecules in which DOS is distributed to
alkali and water states. This indicates that the excited electrons can reside not only on the
parent alkali s orbital but also on the water states. The increase in water coverage increases
the availability of water states which further spread the alkali s orbital. As a result, the
probability of resonant photoemission decreases [43].

The calculations in Paz et al. [43] are very relevant to the investigations performed as part
of this thesis work. The increase in the work function of the alkali-covered surface and the
upshift of the ¢* antibonding state are in agreement with the results discussed in chapter 4
of the thesis. However, the solvation structure and the interpretation for the origin of the
new state are different in our studies.
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3. Experimental Methods

In this chapter, experimental details of the static two-photon photoemission (2PPE) and
time-resolved 2PPE (tr-2PPE) spectroscopy experiments on polar and non-polar solvents
co-adsorbed with Cs™ on Cu(111) are presented. The first section discusses the funda-
mentals of the photoemission spectroscopy, excitation mechanisms in 2PPE, tr-2PPE and
population dynamics, technical aspects of photoemission spectroscopy, data acquisition and
analysis. The experimental details such as the principle of ultrashort pulse generation,
characterization and optimization of laser pulses, and ultrahigh vacuum (UHV) system are
described in the second section. In the last section, preparation of the Cu(111) surfaces and
its characterization, and the preparation and characterization of adsorbates such as Cs, Xe
and D20 on Cu(111) are also described.

3.1. Photoemission Spectroscopy

The photoemission spectroscopy is based on the well-known photoelectric effect where the
photoelectrons are emitted when photons with suitable energy are incident on a surface
[141]. Tt is an attractive tool for investigating surface sensitive phenomena because the
photoemitted electrons have short mean free path in the range of 3-50 A for a wide range of
electron energies from 5 eV to 5000 eV [142]. The incident photon energy (hv) and kinetic
energy (Ej;,) of the photoemitted electrons are related by:

hv =& + Ekm + (Ez - EF), (3—1)

where @, E;, and Er are work function, initial state energy, and Fermi energy, respectively.
Depending on the range of the energy of the incident photons, photoemission occurs from
core level or valence bands. Hence, it is classified into three regions as ultraviolet photoe-
mission (UPS, 5 to 100 eV), soft X-ray photoemission (SXPS, 100 to 1000 eV) and X-ray
photoemission (XPS, > 1000 eV). Using the UPS (valence band photoemission), one can
determine the electronic dispersion curves E(E) of the solid surfaces by angle-resolved pho-
toemission, and Photoionization of core levels are observed in the case of SXPS and XPS
(core level photoemission). The core level energy states are the chemical fingerprint of the
surface under investigation and hence, the technique is often termed as ESCA (Electron
Spectroscopy Chemical Analysis) [143]. There are significant differences in the treatment of

valence and core level photoemission spectra.
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3.1.1. Theory of Photoemission

The basic theory of photoemission with more emphasis on valence band photoemission along
with one-step and three-step photoemission models are presented in this section. These con-
tents are adopted from the text book, ‘Photoelectron Spectroscopy, Principles and Applica-
tions’ by Stefan Hufner [143].

An important concern in the theory of photoemission spectroscopy is the influence of non-
interacting electrons (V' = 0) and interacting electrons (V' # 0). In the case of non-
interacting electron system, the spectrum has a single peak corresponding to a transition.
In contrast, in an interacting electron system, the spectrum has a main peak and the so-
called satellite peaks due to core hole potential interaction with valence electrons. In both
cases, the centre of gravity of the spectra is equal to the so-called Koopman’s binding energy
Ep = —¢g, the energy of the line in the non-interacting case.

In photoemission experiments, the generation of photocurrent is due to the transition from
an initial state (1;) to a final state (¢)f) by a optical field having the vector potential A.
Considering a small perturbation § we can express the transition probability w per unit time
for an N-electron system according to Fermi’s Golden rule as:

2T
woc7| <Al > |25(Ef—Ei—hw). (3-2)

The perturbation, A is given as:
2

__° AA,
2mc?

A

(A.p + p.A) —ep+ (3-3)

 2me
where A and ¢ are vector and scalar potentials and p is the momentum operator (p =
—ihV). Considering gauge ¢ = 0, neglect photon-photon interaction (A.A = 0) and com-
mutation between A and p, the perturbation term reduces as

A= A.p. (3-4)

mc

Hence, the commutation relation becomes
< YPp|A.plh; > x < Y| AV V |1y > oc < bp| Aur i)y > (3-5)

and the unperturbed Hamiltonian (in the absence of electromagnetic field) is given as:

p?
H=—4 V(r). 3-6

L vir) (36)

Valence band photoemission: In the scope of this thesis work, all experiments were
performed in a domain where the photoemission is resulting from valence band electrons. A
detailed discussion on the theory of photoemission is available in [143]. In contrast to the

theory of core-level photoemission, valence band photoemission theory incorporates (1) the
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wave vector dependence of photoemission and (2) the response of the surface from which
photoemission occurs. The photocurrent from a crystalline solid surface is the result of
several factors and can be expressed as:

x Im 3 (ki) : A,
M) o 2 T (k) — e k)P (T SO (00— k)2 1 (D

Te;rrnI Te;r; 11
Ok — kg + G)) - (ki — kp + G) - 0(E" (ky) — E' (ki) — hw) - 0(E — E'(ky) + ¢) - f(E,T).
Ter?nr 111 Ter:r: v Te;rrn \% Ter‘n: VI Term VII

(3-7)

A brief description of the different terms in the equation of photocurrent is as follows. The
Term I represents the electron-electron interactions as a result of the photoexcitation of
electrons. In the Term II, numerator (|M; ¢|?) indicates a contribution from the transition
matrix element and the denominator shows a complex wave vector perpendicular to the
surface because of the fact that photoexcited electrons have an inelastic mean free path of
a few tens of Angstroms and its amplitude decays normal to the surface. The Term III
and Term IV indicate momentum conservation where the periodicity of the Bloch function
with respect to the reciprocal lattice vector, G is considered. The momentum conservation
parallel to the surface is shown explicitly in Term III because of the Fresnel equations. The
Term V represents the conservation of energy in the photoexcitation process. The Term VI
indicates that only photoelectrons with energy above the vacuum level ¢ are detected in the
photoemission experiments. Finally, the Term VII represents electron distribution in the
material using the Fermi distribution function. In the context of formulating the theory
of photoemission, three-step and one-step models of photoemission are considered. A brief
explanation of these models are given below.

Three-Step model of photoemission: The photoemission processes can be divided into
three steps as (1) transition of the electron from an initial state to a final state with energy
and momentum conservation (2) propagation of the photoexcited electron to the surface
where damping of electron wave function occurs and (3) emission of the electron from the
solid into the free continuum states which requires the conservation of the parallel component
of the momentum [143]. The three-step model of photoemission is considered for formulating
the theory in the equation [3-7]

One-Step model of photoemission: In the one-step model, a Bloch wave electron is
excited to a final state in vacuum that propagates into the spectrometer but decays away
from the surface into the solid [143]. The photoemission intensity in the one-step model is
calculated by modifying the Fermi Golden rule (equation with suitable initial and final
state and the dipole operator for the interaction between an electron and incoming light

field.
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3.1.2. Two-Photon Photoemission Spectroscopy
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Figure 3-1.: Schematic of the 2PPE excitation mechanisms involving initial (|3 >), inter-
mediate (|2 >) and final (|1 >) states. The excitation processes can be classified as (a)
resonant excitation, (b) non-resonant excitation, and (c¢) photoemission via virtual interme-
diate states. In the case of photoemission via virtual intermediate states, the final energy
of the electron varies with the change in photon energy as indicated by A hv in (c¢). Please
note that the states are indicated here as sharp states (|i >) for the sake of representation.

The photoemission results from one-photon absorption is a direct transition from an initial
state to a final state and the momentum of the electron is conserved during the process.
The energy and momentum distribution of the electrons enable the determination of the
electronic dispersion curves E(l;) as well as the information about the occupied states in
the solid. Details of the unoccupied bands can be investigated using Inverse PhotoEmission
Spectroscopy (IPES) where incident electrons populate the unoccupied state and photons are
generated due to Bremsstrahlung emission processes. However, it has low energy resolution
(around 1 eV), small cross-section, and also limitations to address the dynamics of the e-h
recombination processes |143}/144]. In two-photon photoemission spectroscopy(2PPE), the
first photon excites an electron from the occupied state to an intermediate state (real or
virtual state) and it is then photoemitted from the surface by the second photon. The 2PPE
technique has the advantage of probing the unoccupied intermediate states that lie between
the Fermi level Er (in metal) or valence band maximum (in semiconductors) and the vacuum
level F .. with better energy resolution [122,[145-147]. The schematic of different excitation
mechanisms in 2PPE is shown in Fig. where the initial state, the intermediate state,
and the final state are represented as |3 >, |2 > and |1 >, respectively.
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3.1. Photoemission Spectroscopy

Resonant excitation: The first photon excites electron from an initial state to an unoc-
cupied intermediate state and the second photon emits electron from the surface simulta-
neously. The photoemission process becomes resonant when the energy of the first photon
matches with the energy difference between the initial and intermediate state as shown in
Fig. (a). The intensity of photoemission is stronger in resonant processes compared to
the non-resonant processes.

Non-resonant excitation: An electron is excited to an intermediate state by the first pho-
ton which is then relaxed to a real intermediate state via interband or intraband scattering
and subsequently a second photon is used for the photoemission from the intermediate state
as shown in Fig. (b).

Photoemission via virtual intermediate states: In presence of an intense optical field,
absorption of two photons of same energy or different energy occurs simultaneously due to
the transient second-order polarization of the material. Here, the first photon excites electron
to a virtual intermediate state as shown in Fig. (c). In contrast, the intermediate state
is a real state in resonant photoexcitation process. The type of excitation mechanism can be
differentiated by tuning the photon energy of the excitation. The energy of the photoemission
via virtual state varies as a function of the photon energy used for excitation.

Energy scaling: In 2PPE experiments, the photoemission intensity is measured as a func-
tion of the kinetic energy using a time-of-flight spectrometer. Rescaling of the kinetic energy
axis is essential for interpreting the energy levels observed in the spectrum which originate
as a result of physical or chemical interactions of the adsorbates with the substrate. The
commonly used energy references are initial state energy (E; — Er), intermediate state energy
(E— Ep), binding energy (E— Ey.) and final state energy (Ef;, — Er). The occupied energy
levels in the substrate can be meaningfully described using the initial state energy repre-
sentation. For instance, the occupied states such as Shockley surface state and d-band of
Cu(111) are observed below the Fermi level at 0.4 ¢V and 2 eV, respectively. The intermedi-
ate state energy is suitable for representing real energy levels that exist between vacuum level
and Fermi level. The unoccupied Cs 6s state of the chemisorbed Cs™/Cu(111) due to anti-
bonding is described using the intermediate state energy. The change in the energy due to
the adsorption of molecules at interfaces or the image potential states can be well described
in terms of the binding energy with respect to the vacuum level. Furthermore, the final state
energy representation is used where the absorption of photons excites bound electrons in the
material into a final state above the vacuum level. The 2PPE experiments provide access to
the dynamics of the unoccupied intermediate states and the proper selection of the energy
reference is required for a meaningful interpretation of the data.
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3.1.3. Time-resolved 2PPE and Population Dynamics
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Figure 3-2.: Schematic of the tr-2PPE spec-
troscopy experiment and a cartoon of the sol-
vation dynamics are shown. The electron at-
tachment to the unoccupied Cs 6s state from
the Cu substrate by pump pulse (bold verti-
cal arrow), energy transfer to the solvents dur-
ing relaxation and the excitation to the final
state by probe pulse (bold vertical arrow) are
depicted. The cartoon shows the electron at-
tachement to the Cs™ ion core (black curly ar-
row) and subsequent dynamics of the solvent
in the vicinity of the ion.

The time-resolved 2PPE technique enables
the investigation of the lifetime of pho-
toexcited electrons in materials, electron-
phonon coupling, surface exciton forma-
tion, magnon emission, and so on [14§].
The schematic of the time-resolved 2PPE
experiment and a cartoon of the dynamic
process are shown in Fig. The ex-
periment can be performed as either auto-
correlation (same photon energy for pump
and probe laser pulses) or cross-correlation
(different photon energies for pump and
probe laser pulses) measurements. In this
thesis work, time-resolved auto-correlation
2PPE is performed on Xe and D>O coad-
sorbed on Cs*/Cu(111) using 3.1 eV fem-
tosecond laser pulses. In the pump-probe
experiment, the pump pulse populates the
Cs 6s state by attaching an electron from
the metal substrate which triggers the dy-
namics of the solvents (Xe or D,O) due to
the transient change in the charge state of
the Cs atoms. A time-delayed probe laser
pulse is used for photoemission of the ex-
cited state to study the solvation dynam-
ics on the surface. The energy of the pho-
toemitted electrons are analysed using a
time-of-flight (TOF) spectrometer. The

relaxation dynamics of the solvent depends on the polarity and the coverage of the ad-

sorbates on the surface.

In general, the population at different energy states are described by optical Bloch equations.

These are a set of coupled differential equations which give the population of a state as a

function of population in other states (initial, intermediate, and final) and their plausible

decay rates. A detailed description of optical Bloch equations and its implementation in
the context of the time-resolved 2PPE can be found in several works [145,|146}/149-151].
The mathematical treatment of determining the population dynamics using optical Bloch

equations is presented in Appendix [A]l In this thesis work, the decay of the excited state is

fitted with a mathematical function which is the convolution of a linear exponential decay and
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3.1. Photoemission Spectroscopy

a Gaussian function. The procedure to determine the lifetime is discussed in the section|(3.1.5|

3.1.4. Technical Aspects of Photoemission Spectroscopy

A brief description of the data acquisition and
signal processing is presented in this section.
Detailed information can be found in previous
thesis works [152/{155].
The TOF spectrometer has a field-free tube of
length 297 mm and is grounded. The entrance
sample  gperture of the TOF has a diameter of 1.5 mm
- and the multi-channel plates (MCP) are situ-
ated on its back side for the detection of elec-

spec [0)

vac sample trons. It has an acceptance angle of & 3.8" for

the incoming photoelectrons. The TOF spec-

-0 i,,,, EFsamp'e trometer is coated with graphite to ensure a
€oUpias

uniform work function (®ror=4.45 eV) for the
detector. The work function of the sample and
Spectrometer spectrometer are slightly different and hence
the low-energy cut off region of the electronic

Sample spectrum cannot be detected in the spectrom-

eter. A bias voltage is applied to the sample
Figure 3-3.: Applying a bias voltage to com- to facilitate the detection of the entire spec-
pensate the difference in work function be- trum as shown in the schematic Fig.[3-3] The

tween sample and spectrometer. kinetic energy of the photoemitted electrons is
related to the TOF as:
. (LN L2
Ein = % (?) = 2.4828 (t_Q) eV ns>mm ™2, (3-8)

where m, is the mass of the electron, L is the length of the TOF spectrometer and ¢ is the
time of travel of the electrons from surface. The flight time of the electrons is measured
with a precision of the order of sub-nanoseconds where higher kinetic energy electrons take
relatively shorter time to reach the detector than those with lower kinetic energy. The
photoemitted electrons have to overcome the potential barrier (eoU) due to the difference
in the work function between the surface and the spectrometer (A®). Hence, a bias voltage
(Upias) is applied between sample and spectrometer to detect the complete spectrum of the
electrons as given below:

eOU =Ad + eOUbias- (3'9)

The acceleration of electrons due to the bias voltage is possible till the tip of the spectrometer

due to the variation of the potential. However, the electrons travel around 297 mm through
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the field-free tube of the spectrometer at constant velocity. Hence, the short acceleration
of the electrons by this bias potential can be ignored [156]. The kinetic energy of the
photoemitted electrons (equation [3-8) in presence of the bias voltage can be expressed as:

m L 2
Eyin = — — eoU, -1
g 2 <tm — to) c0 (3-10)

where the actual flight time ‘¢’ differs from the measured time, ¢,, by a constant ¢, due to the
difference in the ‘start’ signal in the electronics. The value of ¢y is determined by recording
spectra at different bias voltages.

Labview-based data acquisition and control unit on a PC

P7887 NI MIO E-1
Rs232 sfop start gate| | GPIB| |timer D/A A/D  Digital I/O

QMs stage shutter
controller
l bias relay
constant fraction delay stage voltage controller
discriminator hv
resistive
o photo [N\ : :
discriminator diode heating unit
hv
i N\ thermo |temperature
amplifier —H—I e- TOF couole | controller relays
-/ P |
sample

Figure 3-4.: Schematic of the 2PPE data acquisition and signal processing unit.

Data Acquisition and Processing: The key challenge in the data acquisition and signal
processing is the precise measurement of the time-of-flight of electrons originating from
different states of the surface under investigation. A schematic of the electron detection and
signal processing unit is shown in Fig. [3-4. The TOF is the time interval between start-
pulse which is generated from the femtosecond laser and stop-pulse which is coupled out
of the MCP electron detector by a condenser. Both signals are coupled to discriminators
for smoothing out fluctuations and producing negative pulses. Finally, these signals are
processed by time-to-digital card in the computer which can detect time differences with an
accuracy of 0.25 ns without dead time between events. The detectors can handle multi-hit
events upto a maximum rate of 10° cts/s. The detected electrons TOF information is sorted
into 8192 bins. The computer is also equipped with a multi-function measurement card that

has several signal processing options such as A/D and D/A converters, counters, and logical
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3.1. Photoemission Spectroscopy

and programmable channels. In the conversion of TOF to kinetic energy, ¢ — E, the count
of electrons N (t) is converted to N(FE) as follows:

AN _dN |dE
dE  dt |dt

- aN

= G I (3-11)

For time-resolved measurements, a stage controller is used to change the optical path length
between pump and probe via a GPIB (general purpose interface bus) port. Temperature
dependent measurements are performed using the relays connected to the sample surface.
The data acquisition is performed with the help of the LabView environment.

3.1.5. Data Analysis

In this section, the data analysis for a 2PPE spectrum and 2D false colour 2PPE spectra
(in static 2PPE and time-resolved 2PPE) are discussed to get an overview of the analysis
methods employed in the thesis. Igor Pro 6.z and Igor Pro 8.x software packages are used
for the analysis.
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Figure 3-5.: (a) Static 2PPE intensity from Cu(111) plotted as a function of kinetic energy
(bottom) and intial state energy (top) with fit on the low-energy cut off (red dashed line),
(b) false color 2PPE of Cs/Cu(111) while adsorbing DoO marked with Cs 6s state (blue
circles), water-induced state (red triangles), and change in work function (red squares), and
(c) spectrum extracted for specific water coverages from panel (b).

Static 2PPE: Static 2PPE spectrum of Cu(111) surface using 3.1 eV is shown in the
Fig. |13-5| (a). The spectrum has three distinct features such as Fermi-edge Er (highest

energy electrons emitted from the Fermi-level), surface state SS, and secondary edge Ej
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(electrons that just overcome the potential barrier). The bandwidth of the laser pulse is
taken into consideration while determining the Fermi-edge of the spectrum (a discussion
on the relationship between bandwidth and pulse duration of the laser pulse width can be
found in Section. A sharp and prominent SS indicates the quality of the surface because
irregular surfaces result in broadening of the peak due to the scattering of electrons. Finally,
determining the secondary edge or low-energy cut off is decisive for calculating the work
function of the surface. The intensity of the background secondary electrons is described by
a Heaviside step function and exponential decay as:

{A e for E > O,

I(E) = (3-12)
0 for £ < @,

where @, A, and d are the work function, the amplitude, and decay constant of the back-
ground secondary electrons, respectively. The secondary electrons loose their energy due to
electron-phonon and electron-electron scattering while leaving the surface. In the detector,
the cut off of the spectrum is broadened due to the finite resolution of the spectrometer.
So, a convolution of the step function and a Gaussian (with a width parameter w that is
related to the resolution of the spectrometer) which gives an Error function of the form as

follows |157]:

I'E)=1I+ A erf (q)\/;f) (3-13)

where Iy and A’ are the background intensity and amplitude of the function, respectively.
The fit of the secondary cut off of the spectrum is shown in Fig. (a) as a red dashed
line. The low-energy cut off and w are determined as 0.84 eV and 37 meV, respectively.
2D static 2PPE: In order to understand the change in electronic structure of the surface
during adsorption, static 2PPE spectra are recorded while adsorbing solvents on Cu(111).
The Fig. (b) shows a false colour representation of the change in static 2PPE intensity
from Cs/Cu(111) as a function of intermediate state energy and DO coverages. The spectra
at specific coverages are shown in the panel (c¢). The spectral peaks are determined manually
as shown in blue circles and red triangles. The change in secondary edge of the spectra is
shown in red squares and is analogous to the change in work function which is determined by
fitting the low-energy cut off with an error function as described earlier. Finally, a top axis is
introduced as ‘D,O per Cs atom’ which is evaluated by taking the ratio of D,O coverage and
Cs coverage. The methods of determining the DO and Cs coverages are described under
the surface preparation section later in this chapter. The quantitative analysis of the energy
states and their evolution are described in detail in Chapters 4 and 5.

tr-2PPE: Time-resolved 2PPE involves recording photoemission spectra with an additional
parameter AT, the pump-probe time delay. Analysis of such spectra give valuable infor-
mation on energy transfer rates in the excited system, population dynamics or relaxation

dynamics, nuclear motion, and so on [3}/4,44]. The schematic of the time-resolved 2PPE is
38



3.1. Photoemission Spectroscopy

Il:!:' | Figure 3-6.: Time-resolved
;A 2PPE intensity (a) in false
0 50 100 |

colour as a function of inter-
mediate energy (left) and time
delay (bottom) for 2 DyO per
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with yellow circles. (b) Nor-
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circles) integrated for an energy
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shown in the inset of Fig. The pump pulse excite an electron from the metal substrate
to the intermediate Cs 6s state and a subsequent time-delayed probe pulse photoemits elec-
tron. The relaxation rate and energy transfer rate of the excited state depend on the type
of solvent and coverage. A typical tr-2PPE spectra for D,O/Cs/Cu(111) surface is shown
in Fig. (a). The energy of the Cs 6s state (yellow circles) for time delays < 100 fs is de-
termined by manually finding the peak. For higher time delays, for which the peaks become
broadened and less intense, we considered the spectral weight for accurate determination of
the peak energy by evaluating I(E;) x E;/>_ I;. The analysis of the change in Cs 6s peak
energy as a function of time-delay is useful for the determination of potential energy surfaces
(PES) [3,/44,[105] and is adopted in the work on the Xe/Cs/Cu(111) system in Chapter 5.
The spectra at specific time delays are shown in Fig. (c) where the intensity and energy
of the peak vary as a function of time delay. Furthermore, the excited state population decay
dynamics of the DoO/Cs/Cu(111) system is shown in Fig. (b) where the excited state
2PPE intensity is integrated over the energy window from 2 eV to 3 eV (red circles) plotted

as a function of pump-probe delay. As mentioned previously, a convolution of Gaussian and
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exponential decay function is used to fit the data rather than optical Bloch equations. The
time-resolved 2PPE measurement is performed in auto-correlation mode where the pump and
probe pulses are of same photon energy. The intensity of the 2PPE from the intermediate
state can be expressed as:

Lic(t) = j dt'dt" (¢ ) (" — ARt —t'), (3-14)

where I; and I, are the intensity of the pump and probe laser pulses and R(t) is the response
function of the intermediate state. The decay of the intermediate state population N(At) is
modelled using an exponential decay of the form:

At} , (3-15)

N(At) = Nyexp {——
-

where Ny and 7 are the initial population and the decay rate of the intermediate state. The
convolution of the equation [(3-14] and equation results into a mathematical expression

of the form: o % eff(tféf) [1 ferf < %)} 7 (3-16)

where T}, is the FWHM of the Gaussian pulse. The fit of the population dynamics according

to equation is shown in Fig. (b) as red solid line which gives an excited state lifetime
of (35+3) fs. All the time-resolved data discussed in the thesis are fitted with equation [3-16]

3.2. Experimental setup

3.2.1. Generation of Femtosecond Laser Pulses

Femtosecond lasers are indispensable parts of the nonlinear pump-probe photoemission ex-
periments to investigate ultrafast dynamics. The schematic of the experimental setup em-
ployed in the thesis work is shown in Fig.[3-7] The femtosecond laser pulses are produced by
a commercial system from Coherent Inc. that consists of an Oscillator (Micra-5, Coherent
Inc.) and a regenerative amplifier (RegA 9000). Both oscillator and amplifier are optically
pumped by a CW solid state laser system ( Verdi V—18) operating at 532 nm. The oscilla-
tor employs Kerr lens mode-locking in conjunction with intracavity prism pair to generate
low-noise, large-bandwidth, and high-peak power laser pulses [158]. The active medium of
the oscillator is a Titanium:sapphire crystal capable of producing mode-locked femtosecond
laser pulses with a bandwidth exceeding 100 nm at the central wavelength around 800 nm.
The mode-locked power of the oscillator is 450 mW at a repetition rate of 76 MHz that
corresponds to 6 nJ energy per pulse.

The working principle of the oscillator is based on Kerr lens mode-locking (KLM) where

the interplay of Kerr lens effect and self-phase modulation (SPM) lead to the generation of
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Figure 3-7.: Schematic of the 2PPE femtosecond pump-probe experimental setup employed
for auto-correlation measurements using photon energy of 3.1 eV. See text for the details.

a stable train of femtosecond laser pulses. The oscillator cavity supports the oscillation of
several longitudinal modes which are out of phase with a frequency separation of Av given
by: .

Av = E, (3_17>
where ¢ and L are speed of light and cavity length. In a laser system, these modes are
oscillating independently without any phase relationship to other modes. These modes can
be made to oscillate with locked-phase by means of active optical components such as electro
and acousto optic modulators or passively by self-locking of modes or by using saturable
absorbers. Once several modes are phase-locked, the laser operation changes from continuous
wave to pulsed mode. These pulses are generated due to the constructive interference of

several modes and are separated in time by 7 as:
T=2L/c. (3-18)

These pulses occur at a frequency equal to the mode spacing of the laser, Av. If n is the
number of phase-locked modes, then the mode-locked bandwidth is nAvr. The larger the
mode-locked bandwidth, the shorter the duration of the laser pulse. The bandwidth and the
pulse duration are related by the relationship as:

k
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where the factor £ is the ‘time-bandwidth product’ and its value depends on the profile of
the laser pulse. For example, the value of k for Gaussian and sech? pulse profiles are 0.414
and 0.315, respectively [159]. The laser medium exhibits an intensity dependent refractive
index effect known as optical Kerr effect and can be expressed as:

n(w, I) = no(w) + nol, (3-20)

where ng is the linear refractive index and ns is the intensity-dependent refractive index.
A laser beam with a Gaussian spatial profile experiences non-uniform refractive index as
it passes through the lasing medium. The centre of the laser beam experiences higher
refractive index than the periphery that results into self-focusing of the laser beam inside
the laser medium. As a result, strong intensity maxima of the laser cavity will be focused
more tightly than the weaker intensity part of the beam. By placing an aperture inside the
laser cavity, one can favor certain modes of oscillations and suppress other modes. A rapid
transient change in the optical path length of the laser cavity is required for initiating the
mode-locking. As a result of the rapidly changing intensity I(t¢), the change in refractive
index occurs as a function of time as n = ng + n2l(t). This results in a rapid change of the
phase of the pulse as a function of time. This self-phase modulation broadens the spectrum
of the wave and hence shortens its duration. A pair of prisms are used inside the cavity to
compensate group velocity dispersion (GVD) of the laser pulses. The combined effect of the
KLM and the SPM lead to the generation of a quasi-soliton like pulse of femtosecond time
duration [160].

In most of the ultrafast laser experiments, amplified laser pulses are required for the gener-
ation of sufficient intensity of photoelectrons for the detection. Chirped pulse amplification
(CPA) is the technique widely used for the amplification of femtosecond laser pulses and
its invention was awarded the nobel prize in physics recently [161,/162]. The technique in-
volves mainly three steps: (1) stretching of the laser pulse, (2) amplification of the stretched
pulse and (3) compression of the amplified laser pulse. The CPA provides the amplification
of laser pulses from a few nJ to several mJ energy. In order to amplify the femtosecond
laser pulses, the laser pulses are stretched to picosecond duration by using a pair of prisms
or gratings. Otherwise, the high peak power of the laser pulses will lead to a damage of
the active medium and optical elements of the amplifier. The active medium of the ampli-
fier (Ti:sa) and an acousto-optic modulator (AOM), which serves as a Q-switch, are placed
between two totally reflective cavity mirrors. The active medium of the amplifier is a Tita-
nium:sapphire crystal which is also pumped by a part of the pump laser for the oscillator.
The stretched femtosecond laser pulses from the oscillator are seeded to the amplifier via
a Faraday isolator which prevents the reflected beam to travel back to the oscillator. The
acousto-optic cavity dumper reduces the repetition of the oscillator pulses from MHz to
KHz range, thereby allowing selected laser pulses to make several round trips and extract
maximum energy from the amplifying medium before it is deflected out of the resonator by

a cavity dumper [159,/163,/164]. The output of the amplifier has an energy of a few pJ with
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250 KHz repetition rate and a central wavelength at 800 nm. Finally, laser pulses from the
amplifier are compressed down to 45 fs using a pair of holographic gratings [165]. The output
of the laser system is continuously monitored using a photodiode, camera, and spectrometer
as shown in Fig.

As part of the thesis work, laser pulses with a photon energy of 3.1 eV are generated from
a BBO crystal by frequency doubling the fundamental of the amplified laser pulse. The
frequency doubled laser pulses are compressed again by using a pair of prisms. The laser
beam is subsequently split into pump and probe laser beams. The probe beam is allowed to
pass through a delay stage to capture the ultrafast dynamics of the surface under investiga-
tion. Fused silica glass plates are introduced into one of the beam paths to produce identical
pulses for the experiments. Both beams are focused onto the Cu(111) substrate positioned
inside the UHV chamber using convex lenses of focal length ~ 60 cm. The total optical
path length of the experimental setup is around 8 meters from the exit of the amplifier to
the sample under investigation. The optimization and characterization methods of the laser
pulses are described in the following section.

3.2.2. Characterization and Optimization of Laser Pulses

In order to perform experiments in a consistent manner, laser pulse parameters have to be
set to optimum values. Since, the laser performance might vary as a result of change in the
temperature or humidity in the laboratory, significant attention is given to the optimization
and characterization of (1) the focal spot profiles of the pump and probe laser pulses, (2)
the optical spectrum of the laser pulses, and (3) the pulse duration and compensation of
the GVD laser pulses. A brief account of these experimental aspects are discussed in the
following paragraphs.

Characterization of focal spots: Since the laser pulses are travelling a few meters in
the experimental setup through various reflective and dispersive optical components, they
suffer non-uniform spatial intensity distributions. In order to characterize the focal spots of
both beams, a flip mirror is placed in front of the window for the optical coupling to the
chamber and a CCD camera (DMK21AU04, The Imaging Source, Inc.) is placed exactly at
a distance equal to the sample distance from the flip mirror so that one can reproduce focal
spots outside the chamber which are identical to that on the sample. The optimizations of
the focal spots of the laser beams are mainly done by fine adjustments of the mirror, Ms
and the orientation of the prism in front of that mirror. The focal spots of the pump and
the probe laser beams are shown in Fig. (a, b) as a false colour map. The vertical and
horizontal line profile of the fluence distribution of the pump and the probe are shown in
Fig. (¢, d). The fluence profiles in the horizontal and vertical profiles are fitted with
a Gaussian function. The spot sizes are 37 pm and 46 pm for the pump laser along the
horizontal and vertical directions, respectively. Similarly, spot sizes of the probe laser are

35 pm and 42 pm along the horizontal and vertical directions, respectively. The theoretical
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Figure 3-8.: False colourmap of the intensity of focal spot profiles of the pump and probe
laser beams are shown in panels (a) and (b). The vertical and horizontal intensity profiles
of the pump and probe laser beams are shown in panel (c¢) and (d), respectively (circular

markers). The intensity profiles are fitted with a Gaussian (solid lines) to determine the spot
size of the laser beams.

limit of the spot size (2wy) for a light beam of wavelength A with beam size of D on a lens
of focal length f is given by the equation:

ANMPNF
wD

2wy = (3-21)
Upon substitution of reasonable values from the experimental setup, the spot size is estimated
to be around 32 pm which is close to the values determined from the fit of the focal spot
profiles of the pump and probe laser pulses. The spot size values are necessary for the
determination of the laser fluence on the surface which is in the range of 1-5 mJ/cm? in our
experiments. A high laser fluence will generate a larger current of photoemitted electrons
which might lead to space-charge effects and hence distort the electronic spectrum. Such
effects are minimized by increasing the focal spot size and/or decreasing the energy of the
laser pulses.
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Figure 3-9.: (a) Optical spectrum of the 3.1 eV laser pulse used for the measurements and
(b) auto-correlation signal of the highest energy electrons (hot electrons) as a function of
pump-probe delay. The data points (circular markers) in panel (a) and (b) are fitted (solid
line) with Gaussian functions to determine spectral width and pulse duration, respectively.

Optical spectrum of the laser: The maintenance of the photon energy of the laser
pulses throughout the experiments is important because slight variations in alignment of
the setup can drift the photon energy of the pulse and affect the results. The optical
spectrum of the laser pulse is continuously monitored by using a fibre optic spectrometer
(HRA000CG — UV — NIR, Ocean Optics) and optimization is done by changing injection
and ejection settings of the amplifier and the orientation of the BBO crystal (which generates
the 404 nm by frequency doubling) to maintain the photon energy at 3.1 eV. The optical
spectrum of the laser is shown in Fig. (a) and a Gaussian function is used to fit the
spectrum. The central wavelength and full width at half maximum (FWHM) of the laser
beam are 404 nm and 8 nm, respectively.

Pulse duration measurement: The intensity of the photoemission depends on the du-
ration of the laser pulses. The optimization of the laser pulse duration is performed by
jointly adjusting the injection and the ejection of the laser pulses in the amplifier and the
compressor for the fundamental and the second harmonic frequency. It is inconvenient and
challenging the measurement of the pulse duration of the 404 nm (3.1 eV) pulses by second
harmonic generation in a frequency resolved optical gating device.

As discussed in the section [3.1.5 the time-resolved 2PPE spectrum from Cu(111) is con-
sidered here for the determination of the pulse duration. The electrons from the highest
intermediate state energy are analysed where the lifetime of the electrons is scaled with

T~ These electrons fairly represent the profile of the laser pulse because the inter-

1
(E—Ep)*"
mediate state for high-energy electrons is a virtual state with an infinitesimal short lifetime.
The measurements are done in the experiment in an auto-correlation mode where both pump
and probe pulses have same energy and the response function of the intermediate state can
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Figure 3-10.: False colour 2PPE intensity from Cu(111) surface as a function of kinetic
energy (eV) and pump-probe time delay. (a) Without any dispersion compensation optical
component. (b-d) Improving the symmetry of the spectra with respect to time-zero by the
insertion of a fused silica glass plate for the compensation of GVD in the optical paths. The
thickness of the glass plate is indicated in the corresponding panel.

be approximated by a ¢ function. Hence, the equation 3-14] can be expressed as:

Lic(t) = / dt' I () Lot — t'). (3-22)

A‘rpulse

2
The auto-correlation of a Gaussian pulse profile of the form I(t) = exp [— (@) } can

be expressed as:

2
AP (r) = exp —(2 MT> , (3-23)

ATAC

where A7, and ATy are the FWHM of the femtosecond laser pulse and the auto-
correlation function, respectively and are related by the expression [159]:

ATAC = 1-41A7—pulse- (3—24)
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The normalized energy integrated 2PPE intensity as a function of the pump-probe delay for
electrons in the highest intermediate state is shown in the Fig. (b). A Gaussian fit on
the data points provides the FWHM of the auto-correlation function as 43 fs. By assuming
a transform-limited pulse shape, the pulse duration of the femtosecond laser pulses in the
experiments is calculated according to equation as (32 +3) fs.

In addition, the optimization of pulse shape is required for producing symmetric time-
resolved data. The asymmetry originates from the difference in GVD for the pump and
the probe as they propagate through different optical path lengths in the setup. For in-
stance, in a beam splitter, the transmitted and reflected beams travel unequal optical path
length and hence they exhibit unequal GVD. In addition, the number of optical components
are different for pump and probe beam paths due to the time-delay stage in the setup.
Ideally, both optical paths length should be identical to obtain symmetric autocorrelation
traces. To compensate the difference in GVD between the pump and probe beam path, a
fused silica glass plate is inserted into the beamline where the optical path length is shorter.
The GVD values of the fused silica and N-BK7 (beam splitter) at 400 nm are considered for
determining the dispersion compensation [159,166]. The effect of different GVD on the time-
resolved spectra is shown in Fig.[3-10] The spectra are asymmetric with respect to time-zero
without any dispersion compensation and show better symmetry when the thickness of the
glass plate varies as shown in panel (b-d).
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Turbo Molecular spectrometer
um
pump e-analyser Electron time-of-flight
Quadruple low energy spectrometer
Mass electron diffraction
Spectrometer

e-gun

Cu(111)
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sublimation pump position sensitive
sputter gun and (dashed circle) time-of-flight
Ar reservoir spectrometer

Figure 3-11.: Schematic of the Ultrahigh vacuum chamber which is separated into a prepa-
ration chamber (a) and spectrometer chamber (b). See text for the details of the instruments
available in the chamber for surface preparation and analysis.
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3.2.3. Ultrahigh Vacuum System (UHV)

All measurements are performed in an UHV chamber with a base pressure < 2 x 107!° mbar
and at cryogenic temperature T' = 30 K or 80 K. A simple schematic of the chamber is shown
in Fig. . A gate valve is used to separate the chamber as (a) preparation chamber and
(b) spectrometer chamber. The ultrahigh vacuum is produced by a turbo molecular pump
(HiPace 700, Pfeiffer) and is connected to a pre-turbo pump (Pfeiffer) and a membrane pump
(Vacuubrand) to generate necessary pre-vacuum for the main turbo pump. After pumping
down the chamber to a pressure < 1 x 10~® mbar, a bake-out procedure at 7'~ 100° C has
to be carried-out to eliminate residual water molecules in the chamber and hence to obtain
pressure of the order of 1 x 107'° mbar.

The preparation chamber is equipped with several thermal evaporators which can be used for
deposition of alkalis, earth alkalis, and lead depending on the requirements. The working of
these evaporators are based on resistive heating of the desired material that is encapsulated
inside a cartridge. The Cs cartridges were procured from SAES Getters for the experiments.
Noble gases and different molecules for the experiments are introduced into the preparation
chamber via a pinhole doser with a diameter of 50 pm.

The adsorbates are introduced con-
Sputter trollably to the preparation cham-
ber with the help of a gas system
as shown in Fig. [3-12] The gas
system is always pumped with a
turbo pump (HiCube Eco, Pfeiffer)
and a capacitive manometer (Bara-

Preparation
chamber

g

pinhole
doser

tron, MKS instruments) is used for

measuring the pressure (base pres-
|:| sure of 2.5 x 107® mbar without

Ar CeHsF Xe Pump .
99.999% CHBr DO 99.999% System adsorbates). Several adsorbates in

gas phase and liquid phase are at-
Figure 3-12.: Schematic of the gas system attached to  t5ched to the gas sytem for dif-

the preparation chamber with several adsorbates for ferent experiments. In the scope

a wide range of experiments. of this thesis work, commercially

available D2O (Deuterium Oxide,
Sigma Aldrich) and Xe (Xenon 4.0, Westfalen) are utilized as solvents for the experiments.
The adsorbates are buffered into the gas system up to a pressure < 1 mbar and introduced
into the preparation chamber via a pinhole doser or leak valve. In addition, the sputter-
ing system (SPECS) in the preparation chamber produces high energy Ar ions for cleaning
the surface by bombardment. Furthermore, the preparation chamber has a low-energy elec-
tron diffraction (LEED) system (SPECS surface nano analysis, GmbH) for checking the

long-range uniformity of the Cu(111) surface. In addition, a quadruple mass spectrometer
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3.2. Experimental setup

(QMS) (MKS instruments) which is capable of identifying masses from 1 amu to 200 amu is
used for monitoring the residual gas in the chamber. With the help of an optional attach-
ment for temperature reading, the QMS is also used for characterization of adsorbates by
temperature-programmed desorption (TPD).

The spectrometer chamber (lower part of

the chamber) is equipped with Auger Elec-

A. Cryostat tron Spectrometer (AES), photoelectron

B. Holder time-of-flight spectrometer (¢TOF), and

C. Sapphire plates position sensitive time-of-flight spectrome-

D. Gold-coated ter(pTOF). The AES is based on the anal-

copper legs ysis of the energy of the secondary elec-

E I E Efg:&%ggg:ﬁgt trons emitted from the surface [167]. The
B G. Tantalum wires AES technique can be used for quantita-

&l D H. Crystal tive analysis of the composition of the sur-

«C faces because the energy of the secondary

< F electrons from the core level is unique for
S N © every atoms (not to be confused with the
{H>G electrons at the secondary edge in 2PPE).

© L io The eTOF and pTOF analyse the kinetic

energy and angle of the photoemitted elec-
Figure 3-13.: Design of the sample holder and trons, respectively. In the thesis work,

the lower part of the cryostat that are attached ) experiments are performed with eTOF

to the manipulator. spectrometer to study the ultrafast solva-

tion dynamics.

A motor controlled three dimensional manipulator is used for the transportation of the sam-
ple between preparation chamber and spectrometer chamber. The sample can be positioned
400 mm vertically and +12.5 mm laterally. In addition, we can rotate the sample approxi-
mately +20° to study the angular dependence of the photoemission. A cryostat (CryoVac)
on the manipulator is capable of cooling the sample surface down to 25 K - 30 K. All the
measurements were performed at cryogenic temperature using either liquid Ny or liquid He.
The schematic of the sample holder is shown in Fig. [3-13] The Cu(111) crystal (A) is placed
between two Tantalum wires (B) of thickness 0.4 mm which are mounted to gold-coated cop-
per legs (D). The copper legs are attached to a holder (E) with sapphire glass plates (C) as
a spacer for electrical insulation. The holder is connected to the cryostat (F). In addition,
metallic contacts are made to the sample (H) for heating or applying bias voltage. A Type-K

thermocouple is attached to the sample for determining its temperature.
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Chapter 3. Experimental Methods

3.3. Surface Preparation and Characterization Under UHV

To achieve high purity of adsorbates on the surface and a surface free of any residual gases,
experiments are performed under Ultrahigh Vacuum conditions. Alkali and solvents are
adsorbed on a freshly prepared Cu(111) surface for the experiments. In this section, the
preparation of Cu(111) surfaces, preparation of adsorbates, such as Cs, Xe and DO on
Cu(111), and their characterization are presented.

3.3.1. Preparation of Cu(111) Surfaces

The preparation of the single crystalline Cu(111) surfaces with crystallographic quality and
free of irregularities such as steps or terraces are essential for performing experiments. The
Cu(111) surface is prepared by several sputtering-annealing cycles. Commercially available
Ar gas (Argon 5.0, Westfalen) is introduced into the preparation chamber via a variable leak
valve and maintaining the chamber pressure of ~ 2 x 107° mbar. The Ar is ionised by the
sputter gun and bombarded to the substrate with an energy of 1.5 keV for 10 — 20 minutes
while maintaining the sample current of (1.0 +0.3) pA. The depth of removal of the substrate
depends on the type of sputtering gas and the energy of the ions. The sputtered surface
is subsequently annealed at a temperature of 500 — 600 K to minimize the irregularities by
mobilizing atoms. Normally, around 20 cycles of sputtering and annealing are performed
on a surface introduced into the chamber first time for measurement and a single cycle of
sputtering-annealing is sufficient for cleaning the surface in between the measurements.
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Figure 3-14.: The LEED pattern of the freshly prepared Cu(111) recorded with an electron
energy of 250 eV in panel (a) and 2PPE from a Cu(111) surface with spectral features in
panel (b).

The crystallographic quality of the surface is examined by low-energy electron diffraction
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3.3. Surface Preparation and Characterization Under UHV

(LEED) and 2PPE. A LEED is usually performed at the beginning of the measurement
period to understand the long-range quality of the surface since the probing electron beam
size is of the order of millimeters. The LEED pattern of a freshly prepared Cu(111) is
shown in Fig. [3-14] (a). The hexagonal diffraction pattern originates from the (111) surface
of the copper substrate. The sharpness, uniform intensity, and periodicity of the pattern
are a measure of the crystallographic quality of the surface. Furthermore, more systematic
characterization of the surface is performed using 2PPE where we continuously monitor the
width of the Shockley surface state and intensity of the photoemission at the secondary edge
of the spectrum after every sputter-annealing cycles. A 2PPE spectrum of a freshly prepared
surface is shown in Fig. (b) with the spectroscopic features marked. The sputtering
and annealing parameters are optimized in such a direction to obtain less-intense secondary
edge and reduced width for the Schotkly surface as we progress surface preparation. For
instance, two different surface quality can be inferred from the 2PPE spectra shown in the

Fig. (b) and the left panel of Fig. |3-5

3.3.2. Chemisorption of Cs on Cu(111)

o experimental [
= interpolated

Cu(111)
— 0.08 ML
— 0.11 ML
— 0.13 ML
— 0.15 ML

A
o

w
o

Work function (eV)
N
o
IIIIIIIIIIIIIIIIII

w
o
1

T T T T
0.00 0.06 0.12 0.18
Cs coverage (ML)

PES Intensity (arb. units)

I 1
0.5 1.0 15 2.0 2.5 3.0

Intermediate state energy, E-E¢ (€V)

Figure 3-15.: 2PPE intensity as a function of intermediate state energy plotted for different
Cs coverages. The inset shows the calibration graph (obtained from [168]) for Cs coverages
in the range of the experiments.

The Cs alkalis are chemisorbed on freshly prepared Cu(111) at 7" > 200 K from an alkali
catridge. The Cs catridge (SAES Getters) is mounted on a home-built resistive evaporator
for alkali deposition. The rate of ejection of the alkali from catridges is observed to be not

steady and varies over time. Depending on the coverage, we deposit Cs for a duration of
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Chapter 3. Experimental Methods

5 — 45 minutes and determine its coverage using 2PPE. The 2PPE intensty is plotted as a
function of intermediate state energy for different Cs coverages as shown in Fig. The
work function of the Cu(111) decreases upon chemisorption of Cs and as a result the width
of kinetic energy increases. This decrease in the work function of the surface is attributed to
the formation of surface dipoles that lower the energy barrier for an electron to emit from
the surface. The calibration of Cs coverages on Cu(111) is shown in the inset of Fig. [3-15|
and can be found elsewhere ,. In the experiments discussed in the thesis, coverages
up to 0.2 ML are prepared for experiments because above this coverage, the work function
reduces below the photon energy and that results in direct photoemission.

3.3.3. Physisorption of D;O Sub-bilayers on Metal

Dosing time (s) Dosing time (s) Dosing time (s)
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000

E-E; (eV)

0.29 mbar 0.32 mbar
00 02 04 06 08 00 02 04 06 08 0.0 1.0 2.0 3.0
D,0 coverage (BL) D,0O coverage (BL) D,0 coverage (BL)

Dosing time (s)
0 1000 2000 3000

&

1.0x10 "
w
5 0.8
—
3 c)
Q
uf g 06
w c
S
8 0.4
o
3
0.0 05 1.0
< T T T T
0.0 0.2 0.4 0.6 02 04 06 08
D,O coverage (BL) Dosing Pressure (mbar)

Figure 3-16.: False colourmap of intensity of 2PPE plotted as a function of intermediate
state energy and DyO coverage for different dosing pressures from panels (a)-(d). The inset
of panel (e) shows the calibration of D,O coverage according to and main panel shows
the determination of adsorption rates for different gas system pressures during dosing.

The DO molecules are buffered to the gas system and is then adsorbed onto the Cu(111)
either by directly placing it in front of the pinhole doser or while recording TOF spectra.
The experiments with D,O are performed at a sample temperature of 30 K and 80 K. The

2PPE of the surface is analysed for determining the coverage of D,O. The Fig. shows
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3.3. Surface Preparation and Characterization Under UHV

the false color representation of the photoemission spectra of Cu(111) while adsorbing D,O
for different gas system pressures. The work function of the surface decreases as result of the
adsorption of D,O due to the formation of surface dipoles. In the first set of experiments,
only the upper part of the gas system is used and the results are shown in Fig. (a,c).
The decrease in work function becomes faster as we increase the gas system pressure. To
maintain a steady adsorption, both upper and lower parts of the gas system are used and at
a pressure of 0.1 mbar as shown in panel (d) of Fig. The Dy0O coverage on Cu(111)
is calibrated according to [170,[171] and is presented in the inset of panel (e) of Fig. [3-16]
The adsorption rate for different dosing pressures are plotted in Fig. (e) for upper part
of gas system (red data points) and full gas system (blue data point). It is found that the
adsorption of D50 is linear. However, to achieve a better consistency during deposition, we
use both upper and lower part of the gas system.

3.3.4. Adsorption of Multilayers of Xe on Cu(111)

In order to perform experiments with
NERRERARNERERNERI RN AN NI RRENE RN NA | Xe asaSOIVGHt or anintermediatelayel“

— — for decoupling, the surface has to be
2ML cooled down with liquid-He. The cryo-
1ML stat in the manipulator is capable of
- — cooling the surface down to 30 K and
adsorption of multiple layers of Xe oc-
curs well above this temperature [110].
] B After the adsorption of Xe, TPD is per-
Multilayer . formed to characterize the coverage of
Xe/Cu(111). The Cu(111) surface is
heated at a rate of ~ 1 K/s. A typical
. - TPD of Xe is shown in Fig. where
=R SO CII. -2 the peaks at 82 K, 64 K and 60 K corre-

60 70 80 20 spond to first monolayer, second mono-

Intensity (arb. units)

Temperature (K) layer and multilayers of Xe. By varying

) ) the dosing pressure and the duration of
Figure 3-17.: TPD spectrum of multilayers of Xe

on Cu(111). The surface is heated at ~ 1 K/s.
The characteristic desorption energy are marked

adsorption, Xe layers of desired cover-
ages are prepared for the experiments.

and calibrated according to [110].
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4. Understanding the Electronic
Structure and the Ultrafast Dynamics
of Alkali-Water Clusters at Interfaces

In this chapter, a systematic investigation of the electronic structure and the ultrafast elec-
tron transfer processes in the Cs-water clusters at interfaces are presented. In the first
section, discussions on the results of static 2PPE experiments on chemisorbed Cs*/Cu(111)
while adsorbing D,O are presented. Similar experiments had been performed as part of the
Ph. D. thesis work of Michael Meyer, former graduate in our research group. The formation
of a novel state with a few 100 meV lower energy than the Cs 6s state was observed while
adsorbing water on alkali/Cu(111). The origin of this state was explained as the alkali-water
hybrid state and further insights on the electronic properties and the structural informa-
tion of the alkali-water cluster was not clear [4,[169]. The DFT calculation on hydrated
alkali (Na, K or Cs) on Cu(111) was reported recently based on the experimental observa-
tions in Meyer et al. and attempted to explain the origin of the novel alkali-water cluster
state [4,/43]. In this chapter, the first section presents the 2PPE experiments in conjunction
with STM and DFT calculations which shed light on the origin of the alkali-water state
and its properties. In the second section, time-resolved 2PPE experiments are presented for
various adsorbate coverages to understand the energy transfer to the solvent and population
dynamics of the excited Cs-water cluster state. More properties of the Cs-water clusters are
investigated using angle-resolved 2PPE experiments, temperature-dependent measurements,
and Xe overlayers to understand the confinement or delocalization, influence of structure on
dynamics, and the location of solvation site, respectively.

4.1. Formation of Cs-Water Clusters on Cu(111)

To understand the formation of Cs-water clusters, experiments are performed by varying Cs
and water coverages to observe the changes in the electronic structure as a result of water
adsorption on Cs™/Cu(111). The energy of the unoccupied Cs 6s state and the Cs-water
cluster state as a function of water coverage is analysed for more insights. In addition, our
findings are confirmed by complementary experimental (STM by research group of Morgen-

stern, Ruhr University of Bochum) and theoretical (DFT by research group of Saalfrank,
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University of Potsdam and research group of Michaelides, University of Cambridge) results
from our collaborators.

4.1.1. Evolution of the Electronic Structure of Cs-Water Clusters

In order to understand the coverage-dependent change in the electronic structure of sol-
vated alkali, 2PPE spectra of the Cs*/Cu(111) are recorded while adsorbing the DyO. The
schematic of the 2PPE process and representative data acquired with photon energy of 3.1 eV
are shown in Fig. [4-1] First a photon attaches an electron from the substrate to the unoccu-
pied Cs 6s state, a second photon photoemits the electron from that excited adsorbate state,
and the kinetic energy of the photoemitted electrons are analysed using a TOF spectrometer
as shown in Fig. (a). False colour representation of the 2PPE intensity for different
coverages of Cs™/Cu(111) as a function of intermediate state energy and water coverage at
80 K are shown in Fig. (b-d). The notable spectroscopic features in the false colour
spectra are Cs 6s state, Cs-water cluster state, and low-energy cut off or secondary edge.
The coverage of Cs and water are determined with respect to a 2 x 2 and V3 x 3 super-
structures on Cu(111), respectively, as described in the chapter 3 on experimental methods.
The average number of D,O per Cs™ is determined by calculating the ratio of the individual
adsorbate coverages with respect to the Cu(111) surface. The energy E-Er of the Cs 6s
state (denoted as state A here onwards) decreases with increasing Cs coverage consistent
with previous work [2]. The variation in the energy of this state while adsorbing water are
marked with blue circles. The Cs-water state (denoted as state B here onwards) appears for
a water coverage of above &~ 0.1 BL and is marked with red circles. In addition, the change
in the low-energy cut off of the spectra which is analogous to the change in the work function
of the surface are indicated with yellow circles. Individual spectrum for specific coverages of
water are shown in the right panel of the figures (b) to (d). It is obvious from the panels (b)
to (d) of Fig. that the energies of the states A and B change differently as a function of
the water coverages and an analysis of the energy of these states with reference to a proper
energy scale is required for better understanding their behaviour.

The energy of the states A and B for different coverages of Cs™/Cu(111) as function of the
excited state energy and the water coverage at 25 K and 80 K are shown in Fig. [4-2] The
measurements at 25 K and 80 K are indicated with ‘open’ markers and ‘solid” markers in the
figures, respectively. The energy references with respect to Fermi level (E-Er) and vacuum
level (E-FEy,.) are taken into considerations in the analysis. The former is used for describing
chemisorbed systems and the latter is used for physisorbed systems on metal substrates. In
the absence of water, the energy of the state A decreases with increase in Cs coverage for
both energy references as shown in Fig. (a, ¢). Upon adsorption of water, the energy of
the state A with respect to Ep increases with the coverage of water (panel a) and the rate
of the increase in energy is not same for different coverages of Cs*/Cu(111). The change in

the binding energy of the state A with respect to the vacuum level as a function of water
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Figure 4-1.: (a) Schematic of the static 2PPE experiment where two-photon photoemission of
electrons occurs from Cs*™ /Cu(111) while adsorbing water. (b-d) False colour representation
of 2PPE intensity for different coverages Cs™/Cu(111) as a function of intermediate state
energy, E-Fr (left axis) and water coverage (bottom axis). The spectra at specific water
coverages are shown in the right panel of (b-d). The water coverage in bilayer (bottom axis)
is determined according to and average number of water molecules per Cs™ is indicated
(top axis). The energy of the Cs 6s state (state A) and its variation as a function of water
adsorption are marked with blue circles. The intensity of the water-dressed Cs 6s state
decreases and vanishes around 3 DO per Cs™. The new Cs-water cluster state observed at
a coverage above 2 D,O per Cs' occurs due to the agglomeration of Cs™ in water and are
indicated with red circles. The change in the low energy cut off the spectra are indicated
with yellow circles and is analogous to the change in the work function. All measurements
are performed at a temperature of 80 K.

coverage is very small as shown in the panel (c¢). This indicates that the decoupling of the
state A is more sensitive to the changes with reference to the Fermi level than the vacuum

level. Similarly, the energy of the state B with respect to the Fermi level and the vacuum
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Alkali-Water Clusters at Interfaces
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Figure 4-2.: Detailed analysis of the states A and B as a function of water coverage on
Cst/Cu(111). (a-b) The change in the intermediate state energy, E-Ep as a function of
water coverage for the state A and Cs-water cluster state B for different Cs coverages. (c-d)
The change in the binding energy with respect to vacuum level as a function of the water
coverage for the state A and state B for different Cs coverages. The measurements are
performed at a substrate temperature of 25 K and 80 K and are represented with open and

solid markers, respectively.

level are shown in Fig. 4-2| (b, d). It is clear from panel (b) that the state B does not show
any Cs™ coverage dependenee as the data sets overlap each other. Hence, the energy of the
state B is independent on the coverage of the Cs' and overall, the energy of the state B
increases with water coverage up to ~ 10 D5O per Cs™. In contrast, the change in the energy
of the state B with respect to the vacuum level depends on the Cs coverage and is varying
only up to ~ 5 D,O per Cs™. The state B does not change at higher adsorbate coverages.
Hence, the energy reference with respect to the Fermi level is considered for interpreting the
scientific aspect of the investigation. In addition, the nearest Cs coverage are averaged from

Fig. for the upcoming discussion.
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Figure 4-3.: (a) False colour 2PPE intensity of Cs™/Cu(111) while adsorbing D20 at 25 K
as a function of the intermediate state energy, E-Er (left), and DyO coverage. The DyO
coverage is given as the number of DyO per Cs™ (bottom axis) and as in bilayers (top axis),
according to . The change in the Cs 6s state (state A) with water coverage is indicated
with blue circles and it diminishes around 4 DO per Cs™. The new state B, appearing
around 2 Dy0 per Cs™, is indicated with red circles. The state at energy 0.75 eV originates
from the d-band of Cu(111). The change in the energy of the secondary cut off is indicated
with yellow circles and is analogous to the change in the work function as a function of water
coverage. (b) The spectra extracted at different water coverages from the panel (a) for better
clarity. The compilation of the analysis of the energy of the states A and B for different
Cs™ coverages are shown in panel (¢). The open circles refer to the measurements at 25 K
and solid circles refer to the measurements at 80 K. Reprinted figure with permission from
Penschke, C. et al. Hydration at Highly Crowded Interfaces. Phys. Rev. Lett., 130:106202,
(2023). DOTI: https : //doi.org/10.1103/PhysRevLett.130.106202. Copyright (C) 2023 by the
American Physical Society. Ref. [140].

In experiments conducted at 80 K, the states A and B are broader and are sometimes overlap
each other. A few measurements are performed at 25 K which provide well-distinguishable
sharp features. The false colour 2PPE intensity from Cs*/Cu(111) while adsorbing D2O at
25 K is shown in the Fig. (a). In the absence of water, the peaks at energy F-Ep=2.47 eV
and 0.75 eV are originated from the state A and the occupied d-band of the Cu(111), re-
spectively. Upon adsorption of the water, the energy of the state A increases by 240 meV
from 2.47 eV to 2.71 eV as marked with blue circles in panel (a) and intensity of the pho-
toemission decreases gradually and disappear around =~ 4 D,O per Cs*. The d-band of the
Cu(111) is unaffected initially but disappears when the work function of the surface becomes

greater than the energy for 2PPE from the d-band. The state B which evolves at an energy
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of F-Ep=2.34 ¢V and its energy increases with water coverage as indicated with red circles.
The Fig. (b) shows the extracted spectra for a different coverages of water for the ease
of comparison. The state B is not visible in our experiments with Xe as a solvent [44] which
will be discussed in the chapter 5. In addition, Fig. (c) shows the compilation of analysis
of state A and B (panels (a) and (b) of the Fig. where the nearest Cs coverages data
from experiments at 80 K are averaged for better clarity. The change in the energy of the
state A due to adsorption of water depends on the coverage of the Cs*/Cu(111). However,
the energy of the state B is not directly depending on the coverage of Cs™ and it increases
around 300 meV as a function of the adsorbate coverage ratio. Slight changes in the energy
of the states A and B are observed in the experiments at 25 K and 80 K. However, the overall
trend in the change in the energy as a function of water coverage is similar in both cases.
Specifically, we can see for both at 25 K and 80 K that the energy of the state B is nearly
constant below 4 DyO per Cs™ and above 7 DyO per Cs™. There is a sharp transition of
the energy of the state B at 5 to 7 D,O per Cs™. This is attributed to the major structural
rearrangement of the adsorbates on the surface with increase in the coverage of the water

and will be addressed in the section |4.1.2] and [4.1.3] There are discrepancies in the energy
of the state B for 25 K and 80 K data which arise due to the inhomogeneous distribution
of the adsorbates (both adsorbates are at sublayer coverages) on the surface. More insights

on the morphology of the Cs-water clusters are revealed in STM experiments and will be
discussed in the next section.

4.1.2. Morphology of Cs-Water Clusters

This section is about the STM experiments performed by Cord Bertram in the research group
of Karina Morgenstern at the Physical Chemistry I, Ruhr University of Bochum. The results
discussed here are part of the published work by Penschke et al [140]. The 2PPE technique
provides the electronic structural information of the adsorbates from a probing region of
size of a few tens of microns and the STM provides the morphology of the adsorbates with
atomic scale resolution. A discussion on morphology is presented here to demonstrate the
link between the electronic structure and the morphology of the adsorbates at interfaces.

The STM studies on Cs*/Cu(111) surfaces which are partially solvated and completely
solvated with different adsorbate coverages are shown in Fig. [4-4] The bare Cs™ ions are ar-
ranged periodically as a 6 x 6 superstructure on Cu(111) with a separation of (1.55 4+ 0.07) nm
for a coverage of 0.2 ML as shown in the inset of Fig. [4-4fa). This periodic arrangement
is due to the long-range Coulomb interaction between Cs* ions and is consistent with pre-
vious observations [173]. The striped appearance of Cs™ is due to their motion during the
imaging. In a partially water covered Cs™/Cu(111), the region with bare Cs™ ions are well-
periodic and the remaining water-covered Cs™ ions are less-periodic due to the presence of
water molecules which screen the repulsion between Cs™ ions. The hexagonal distribution

of Cs™ ions become broader upon adsorption of water from an area of (0.34 & 0.08) nm? to
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(0.83 4 0.09) nm? and also its height increases from 125 pm to 170 pm as plotted as a line
profile in Fig. [4-4(b). This indicates that each ion is attached with one water molecule and
the hexagonal distribution is not affected significantly and hence the Coulomb repulsion still
persists. So, there is a coexistence of two morphological forms of adsorbates while gradually
progressing the solvation. Surprisingly, this is analogous to the observation in the 2PPE
experiments discussed in the previous section where two states (state A and B) are observed
as a function of the water coverage. The energy of the state A increases and its intensity
diminishes with water coverage. The state B evolves at a later stage of solvation and there is
coexistence of state A and B at intermediate water coverage in the experiments. The origin
of state A is due to bare Cs* ions on the surface and origin of the state B is attributed to
hydrated-alkali structures at the interface.

0 {
0 2 4 6 8 10 12 14 o 1 2 3 4 5 86 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18 20
x (nm) A (nm?) A (nm?) Nee

Figure 4-4.: STM images of Cs-water clusters on Cu(111). (a) Partially solvated Cs™ ions
on Cu(111) where diffusive regions are covered by water and periodic pattern is found for
bare Cs*. The inset of the panel (a) shows the bare Cs™ on Cu(111). The panel (b) shows
line profile of a partially covered region where water covered ions show increase in apparent
height. (c¢) Fully solvated Cs™ ions with a coverage of 10 DyO per Cs' and area histogram
of the cluster in panel (d) at a temperature of 7 K. (e, f) The change in the structure of Cs-
water clusters and its area histogram after annealing at 50 K. (g, h) Laplace-filtered image of
the panel (e) for enhancing the visibility of Cs™ ions at the periphery and histogram showing
the distribution of Cs™ ions on the surface. The STM imaging parameters are: (a) -250 mV,
10 pA (c¢) 53 mV, 7.5 pA (e) 40 mV, 7.5 pA and (g) 100 mV, 10 pA. Reprinted figure
with permission from Penschke, C. et al. Hydration at Highly Crowded Interfaces. Phys.
Rev. Lett., 130:106202, (2023). DOI: https : //doi.org/10.1103/PhysRevLett.130.106202.
Copyright (C) 2023 by the American Physical Society. Ref. .

At higher coverages of water, all the Cs™ ions are fully solvated as shown in Fig. (c).

The decrease in the number of individual clusters compared to partially solvated surface
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(panel a) indicates the presence of multiple Cs' ions in a cluster and is estimated around
four to five. The effective distance between the Cst on Cu(111) has been reduced after
adsorption of water since it screens the repulsion between ions. The Cs-water clusters are
also appearing as ellipsoids as marked in the Fig. (c) and their sizes suggest a coverage
of 10 D,O per Cs*t as reported earlier [174]. The area histogram of the solvated clusters
are shown in the Fig. (d) and ellipsoids structures are more prominent shapes for this
adsorbates coverage.

In order to prepare a nominally identical surface with 2PPE experiments, the surface is
annealed to 50 K as shown in the Fig. (e). The annealing results in increased mobility
of the adsorbates and formation of larger clusters due to the coalesce of smaller clusters.
The area disribution of the Cs-water clusters has increased by a factor of two after annealing
as shown in Fig. (f). The large Cs-water clusters have random shape and Cs™ ions
are located at the perimeter. The visibility of these ions are enhanced by Laplace filtering
the image as shown in Fig. (g). The number of Cs™ ions in the cluster are determined
as shown in the histogram in Fig. (h) where the majority of the clusters consist of 8-
10 Cs™ ions per cluster. To summarize, the STM studies shed light into a formation of a
novel solvation structure where ions are situated at the perimeter of the cluster instead of
at the centre in a conventional picture of the solvation model. In addition, STM provides
a convincing explanation of the two states A and B in 2PPE which originate from bare
and completely solvated Cs™ on the Cu(111). More insights on the electronic structure and
morphological aspects of the Cs-water clusters are revealed by DFT calculations and will be
discussed in the following section.

4.1.3. Theoretical Investigations on Cs-Water Clusters Using DFT

This section is about the DFT calculations performed by Christopher Penschke and Peter
Saalfrank at University of Potsdam along with Angelos Michaelides, Cambridge University.
The results discussed here are part of the published work by Penschke et al. and more
technical details can be found in the article [140]. These results are presented here to
facilitate the link between observations in STM and 2PPE experiments.

The most prominent spectroscopic features in 2PPE experiments are the states termed A
and B in Fig. (a). The DFT calculations provide a scenario to explain their origin as
a function of water coverage and are presented in Fig. The calculation of the density
of states (DOS) after the adsorption of n(HyO) on a single Cs on Cu(111) where n varies
from 0 to 6 are shown in Fig. (a). The DOS for Cu, HyO, and Cs are shown in brown,
red, and blue, respectively. The energy of the Cs 6s (state A) increases with the coverage
of the water up to 4 D,O per Cs™ akin to the observation in the 2PPE experiments shown
in Fig. (a). However, the calculations do not show the appearance of the new state
(state B) upon increasing the coverage of water. The change in the work function upon

adsorption of water is observed in theory (This result is not shown in the thesis and please
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Figure 4-5.: DFT calculations on different composition of Cs* and water clusters on Cu(111).
Panel (a): DOS calculations for Cu(111) (brown), cesium (blue) and water (red). The energy
of the unoccupied Cs 6s state increases with water coverage of around 4 H,O. Panel (b):
The electronic DOS of Cs-water clusters on Cu(111) with different Cs™ ions configurations
(blue, green and red). The inset of each panel shows corresponding structural configurations
(Cs atoms: grey, Cs atoms: blue, O atoms: red and H atoms: white). The energy of the
unoccupied Cs 6s state found to be decreasing when Cs-water forms various structures due
to agglomeration of Cs™ ions inside a water cluster. Reprinted figure with permission from
Penschke, C. et al. Hydration at Highly Crowded Interfaces. Phys. Rev. Lett., 130:106202,
(2023). DOTI: https : //doi.org/10.1103/PhysRevLett.130.106202. Copyright (C) 2023 by the
American Physical Society. Ref. .

refer [140]) which is in agreement to 2PPE results in Fig. [4-3| (a) where the change in work
function is manifested as the change in the low-energy cut off. The calculations also show
that for a given water coverage, the energy of the state A decreases if we increase the local
coverage of the Cs™ ions . The increase in energy of the Cs 6s state as a function of the

water coverage is attributed to the decoupling of the state from the Fermi level as a result of
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the overlapping of the DOS of water molecules (red colour) as shown in Fig. (a). More
details of this calculations can be found in the article by Penschke et al. [140].

To understand the formation of the state B in 2PPE, STM results in section [4.1.2] are con-
sidered for potential models for structural calculations. The STM shows Cs-water clusters
on Cu(111) with Cs™ ions at the periphery for higher coverages of water. It is not compu-
tationally feasible for considering the large Cs-water clusters similar to STM for theoretical
calculations. This requires sampling of large unit cell size and vast phase space. Hence,
different combinations of a few Cs* ions and water molecules are considered in the DFT
calculations. The electronic DOS calculations for different configuration of Cs* ions and
water molecules on Cu(111) are shown in Fig. (b). The inset of the figures show the
arrangement of Cu, Cs, O and H atoms on the surface which are represented in grey, blue,
red and white circles, respectively in the corresponding DOS calculations. Even though the
ratio of water molecules to Cs™ ions is one, the energy of unoccupied Cs 6s state has found to
decrease as a result of structural modifications as shown in blue, green and red (from top to
bottom) in the main panel of Fig. (b). This is attributed to the alkali-water interaction
in water clusters on the surface that results in the increase of local coverage of the Cs™ ions
and hence the evolution of the state B as shown in Fig. (a). For different configura-
tions, the pattern where Cs™ ions at the periphery are found to be stable is similar to the
observations in STM results as presented in Fig. [4-4] This novel solvation pattern arises
because the water-water interactions due to hydrogen bonding is stronger than Cs'-water
interactions on the Cu metal surface.

4.2. Ultrafast Electron Dynamics of Alkali-Water Clusters
at Interfaces

Understanding the ultrafast solvation dynamics of alkali-solvents at interfaces are impor-
tant due to their relevance in electrochemistry and catalysis [16,80,/175]. As part of the
thesis work, time-resolved 2PPE experiments are performed on Cs-water clusters adsorbed
on Cu(111) with a coverage ratio of up to around 7 DO per Cs™. The energy stabiliza-
tion and population dynamics of the adsorbate system are analysed for understanding the
solvation processes. The charged species are confined spatially by solvent molecules during
solvation and hence their energy states are localized. Angle-resolved 2PPE measurements
are performed to understand the degree of localization of the Cs-water cluster. Moreover,
the temperature dependence of the dynamics of the Cs-water cluster state is investigated to
understand the influence of solvent structure on dynamics since the water can form amor-
phous or crystalline structures depending on the substrate temperature. In addition, Xe
overlayer experiments are performed to analyse the surface or interface sites of the solvated

state and its population dynamics.
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4.2.1. Ultrafast Solvation Dynamics of Cs-Water Clusters on Cu(111)
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Figure 4-6.: (a) The schematic of the time-resolved 2PPE experiment shows the pump
laser pulse attaches an electron to Cst and a time-delayed probe laser photoemits electron
from the Cu(111) surface which is covered with Cs™ and DyO. The kinetic energy of the
photoemitted electrons are analysed by a TOF spectrometer. The photon energy used for
the auto-correlation measurement is at 3.1 eV. Panels (b) to (d) show the time-resolved
spectra measured for increasing water coverages as the number of D,O per Cs™ (©). Note
that the energy of the excited state changes with water coverage which is consistent with
the observation in Fig. (a). The change in the energy of the excited state as a function
of the time delay is indicated with red circles. The spectra at specific pump-probe delay are
shown in the right panels of (b)-(d).

The static 2PPE spectroscopy technique discussed in the previous section provides insights
into the electronic structure of the Cs-water clusters as a function of the water coverage.
The excited state dynamics of the adsorbates on Cu(111) is studied by time-resolved auto-

correlation experiment and is shown in Fig. [4-6{a). These measurements probe the ultrafast
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charge transfer dynamics which includes the electron attachment, solvation dynamics, and
the electron back transfer to the substrate. Here, the first laser pulse attaches an electron
to unoccupied Cs 6s from the Cu substrate to trigger the dynamics of the solvent molecules
in the vicinity of the ion due to transient change in the charge state. A time-delayed sec-
ond laser pulse is used for the photoemission from the excited state and the kinetic energy
of the electrons is analysed using a TOF spectrometer. The surface preparation and the
coverage determination of the adsorbates are performed as discussed in the chapter 3 on
experimental methods. The time-resolved experiments are performed for a Cs coverage of
above 0.1 ML where Cs ions form a stable periodic arrangement [173] which allows varying
the water coverage continuously by adsorption and desorption without altering the Cs cover-
age. Fig. [4-6](b-d) shows the time-resolved 2PPE of Cs-water clusters of different adsorbate
coverage on Cu(111) and their right panel shows the spectra at specific time delays. It is
clear from figures that the energy of the excited state varies with the adsorbate coverage
ratio and is consistent with the experimental observation in Fig. (a).

The time-resolved 2PPE spectra of the Cs-water clusters provide insights into the energy
transfer to the solvent molecules and the population dynamics. In an alkali-water cluster in
equilibrium, the charge density of the alkali is shared by the metal substrate and the oxygen
atom of the water molecules. The electron attachment to the alkali by resonant excitation
redistributes the charge density. As a result, the solvent molecules minimize their energy
by librational or vibrational or orientational responses. A time-delayed second pulse probes
the dynamics of the alkali-water adsorbates on the surface. The energy of the excited state
electrons decreases while transferring energy to the solvent. In addition, the lifetime of the
excited state depends on the coverage of solvent which reduces the back transfer of electrons
to the metal substrate.

Coverage 1.0 14 2.0 3.4 3.5 6.8
ratio
Error 0.1 0.1 0.1 0.2 0.2 0.4

Table 4-1.: Error in the calculation of adsorbate coverage ratio.

The energy transfer to the solvent and population dynamics for different adsorbates coverage
ratio are shown in Fig. [4-7] It is clear from the figures that the adsorbate ratio is relevant
in the dynamics of the excited Cs-water clusters. The error in the adsorbate coverage ratio
is determined by error propagation method as discussed in the Appendix [B] and they are
given in Table [4-1] Based on the similarities in dynamics as observed in Fig. 4-7] the
adsorbate ratio is grouped into three for the sake of discussion. They are no water coverage,
intermediate coverages and higher coverages which correspond to bare Cs™, 1 to 2 D,O
per Cs™ and 3.4 to 6.8 DyO per Cs™ on /Cu(111), respectively. (To remind the reader
that the adsorbate ratio is the average number of adsorbates on the surface.) As shown

in the Fig. (a), the energy transfer is smaller in bare Cs*/Cu(111) compared to the
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intermediate and higher adsorbate coverages. For bare Cs*/Cu(111), the change in energy
is attributed to the nuclear motion of the Cs atoms normal to the surface [3]. The energy
transfer becomes significant upon adsorption of water on Cs*/Cu(111). Noticeably, the
energy transfer is higher for intermediate coverages (&~ 340 meV) than higher coverages
(~ 250 meV). This is attributed to the fact that at intermediate adsorbate coverages water
is less rigid and hence dissipate more energy than higher adsorbate coverages where the
water-water bonding becomes stronger due to the hydrogen bonding as discussed in DFT
calculations in the section and also in [140]. The molecular mechanisms in liquid water
have been investigated earlier and the potential mechanisms are OH stretch, OH bend, and
librations with a lifetime of 200 fs, 170 fs, and sub-100 fs, respectively [176,177]. The excited
state lifetimes of Cs-water clusters reported in this thesis are sub-100 fs (See the discussion on
population dynamics in the next paragraph.). This suggests that the dominant mechanisms
during the energy transfer to the solvent in Cs-water clusters are librations of the water
molecules as well as nuclear motion of Cs atoms.

Lov v v by v e by g by v g by gy gy 1

Energy transfer (eV)
2PPE Intensity (normalized)

= 0.01

0 50 100 150 200 250 -300 -200 -100 0 100 200 300
time delay (fs) time delay(fs)

Figure 4-7.: The change in the energy of the excited state as a function of the time delay
provides the energy transfer dynamics of the solvent (D2O) -solute (Cs) system as shown in
panel (a). The energy transfer increases upon adsorption of water and it is larger at inter-
mediate adsorbate coverages than higher adsorbate coverages. The change in the energy-
integrated normalized 2PPE intensity of the excited state as a function of the time delay
provides population dynamics of the adsorbates as shown in panel (b). The data corre-
sponding to bare Cs™ and intermediate coverages ( © < 2 D,O per Cs™) are fitted with the
convolution of the Gaussian and exponential decay for the entire dynamic range. The higher
adsorbate coverages (O > 2 Dy0 per Cs') data deviate from single exponential decay as
shown with green dashed line. See text for detailed discussion.
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The population dynamics of Cs-water clusters for different adsorbate coverages is shown in
Fig. (b). The excited state lifetime of the Cs-water cluster increases with the adsorbates
coverage ratio for the normalized 2PPE intensiy above ~ 0.1. However, below the 2PPE
intensity of 0.1, the relaxation rate of the adsorbates is nearly same as bare Cs™/Cu(111).
For higher adsorbate coverages, the decay time changes slightly around the 2PPE intensity
of 0.1 and hence the data cannot be fitted accurately in the entire dynamic range (i.e. from
2PPE intensity of 0.005 to 1) with a convolution of single exponential decay function and
Gaussian function. A bi-exponential decay fit gives large error due to the small difference in
the decay time of the two mechanisms [178]. As shown in Fig. (b), the lifetime of the
excited state of the Cs-water clusters has increased significantly upon adsorption of water.
The intermediate adsorbate coverages are fitted up to a 2PPE intensity of 0.01 and higher
water coverage data are fitted up to an intensity of 0.1. A dashed green line is drawn on
the higher coverage to show the apparent deviation of the decay time at longer delays. The
lifetime for the nonoverlapping data in Fig. (b) are tabulated in Table [4-2]

D,0O / Cs* bare Cs™ 1.0 3.5 6.8
Lifetime (fs) 2343 31+£3 55+5 43+4

Table 4-2.: The excited state lifetime of the adsorbates.

We can see that the lifetime of the excited state is increased from 23 fs to 55 fs and then
decreases to 43 fs which correspond to adsorbate coverages from bare Cs™ to 3.5 D,O per
Cs™ and then to 6.8 D,O per Cs™, respectively. This implies that the water screens the Cs 6s
excited state from metal substrate by decoupling its wave function. The calculations of the
lifetime of the excited Cs-water cluster state for different adsorbate coverage ratio are under
consideration with the support of theory collaborators. However, it is plausible to propose a
mechanism analogous to the alkali solvation in bulk. As discussed in section 2.1, Bragg et al.
have reported the correlation between excited state lifetime and alkali coordination number
for Na* in THF [11]. The charge density of the Na™ is attracted by oxygen site of the THF
and it distorts as a function of the number of THF attached to the Na™. The excited state
lifetime of the Nat-(THF)y changes as N changes from 2 to 5. This is analogous to the
observation in Fig. (b). The Cs charge density is initially shared by the metal substrate
and oxygen site of water in equilibrium. The resonant excitation results the increase in
the charge density towards oxygen sites and as a result nonequilibrium molecular responses
occur. The response time vary as a function of the number of water molecules attached to
the Cs™. In the final stage, the population decays back to the metal substrate through the
Cs atoms irrespective of the adsorbate coverage ratio. This suggests that the similar decay
trends for 2PPE intensity below 0.1 are originated from identical decay mechanisms for all

adsorbate coverages.
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4.2.2. Localized Nature of the Cs-Water Cluster State on Cu(111)
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Figure 4-8.: The angle-resolved photoemission spectra of Cs-water clusters on Cu(111) at
an adsorbate coverage of 3.4 DO per Cs™. Panel (a) shows the spectra recorded for pho-
toemission angles from 0° to 12° for a pump-probe delay from 0 fs to 200 fs. The spectra
are normalized with respect to state B and plotted without y-offset (zero delay) and with
y-offset (100 fs and 200 fs). Panel (b) shows the role of non-uniform background on the
energy of the peak. The top panel is plotted without background subtraction of 0 fs delay
data and bottom panel is plotted after subtracting a linearly decreasing background in the
same energy window from 2.2 eV to 3.2 eV. Due to the asymmetric nature of the peak, the
spectral weight of the peak has to be taken into consideration to determine the centre of the
peak. The peak energy of the Cs-water cluster has increased by 30 meV and FWHM of the
peak has decreased by 50 meV for photoemission angles from 0° to 12°.

The solvated electron or ionic states are ideally localized states as the solvation processes are
associated with the confinement of charge by solvent molecules. The localization property
of the interfacial state trapped electrons are first reported by Ge et al. where angle-resolved
femtosecond 2PPE experiments are performed on n-alkane layers on Ag(111) [108]. The first

laser pulse excites electrons from the metal substrate into the unoccupied interfacial states
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and a time-delayed second laser pulse ejects the excited state electrons into the vacuum
where the kinetic energy of electrons is measured at various angles.

In a set of experiments, D;O-Cs clusters are prepared on Cu(111) at a coverage ratio of
3.4 D50 per Cs™ and static 2PPE spectra are recorded for different photoemission angles
and for pump-probe time delays from 0 fs to 200 fs with an interval of 50 fs. The angle
and time-dependent spectra for the solvated state are shown in Fig. (a). The peak
corresponding to the state B (E-Fp = 2.8 €V) is normalized for all the angles from 0° to
12°. Consistence with previous observations in Fig. (a), the energy of the Cs-water
cluster decreases as a function of the time delay. It is apparent from the zero delay data
that the background on the low energy region of the peak increases with increase in the
photoemission angle. To scrutinize the role of the background signal on the peak energy
value, the background of the zero delay data is subtracted as shown in Fig. (b). The
top panel shows the data with background from 2.2 eV to 3.2 eV and the bottom panel
shows the same data after subtracting a linearly decreasing background in the same energy
range. The FWHM of the peak has decreased by around 50 meV with increase in the angle
of photoemission. Due to the asymmetric nature of the peak, the energy of the peak is
determined by considering the spectral weight of the peak. The peak energy of the Cs-water
cluster has increased by 30 meV from 1.56 eV to 1.59 eV when the photoemission angle
increases from 0° to 12°. This indicates that the solvated state is localized to a larger extend
and the slight increase in the peak energy is attributed to the inhomogeneous nature of the
adsorbates on Cu(111) and the re-organization of the clusters at 80 K which is observed in
STM measurements.

4.2.3. Temperature Dependence of the Excited State Dynamics of
Clusters

It is well known that ultrathin water layers have amorphous (7" < 110 K) or crystalline
(T > 140 K) structures depending on the substrate temperatures |130]. There are several
investigations on the properties of solvated electrons in amorphous and crystalline water
structures [113,/131]. The 2PPE spectroscopy of the amorphous and crystalline structure of
ice layers shows a change in the work function by ~ 400 meV due to the phase transition.
However, no significant change in the dynamics of the solvated electrons are observed in water
on Cu(111) [131]. In contrast, a structural dependence on the dynamics is reported for the
solvated electrons in water/Ru(001) [132]. Depending on the temperature of the substrate,
the amorphous water cluster can be in the form of a porous or compact structure [113].
As part of the thesis, the temperature dependence of the ultrafast electron dynamics of
Cs-water clusters is investigated for understanding the structural dependence of solvents in
Cs™ ion solvation. The Cs ions are chemisorbed at surface temperature of around 200 K
and water is co-adsorbed at a surface temperature of 28 K. The LHe supply for cooling is

disconnected and allowed the surface to warm-up gradually during the acquisition of the
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Figure 4-9.: Energy-integrated normalized 2PPE intensity of the excited state for an adsor-
bate coverage ratio of 3.8 D,O per Cs™ as a function of the pump-probe time delay acquired
at different temperatures. The time-resolved 2PPE spectra is recorded continuously for a
specific time while allowing the substrate to heat up without any cryogenic support. The
temperatures at the starting and the end of the measurements are averaged to obtain the
surface temperature for a time-resolved data.

data. The temperatures in the beginning and end of the time-resolved data acquisition (5
scans for each data set) are noted and averaged for estimating the measurement temperature.
The average temperature of the Cu(111) substrate is increased from 28 K to 187 K during
the measurement. The energy-integrated normalized 2PPE intensity is plotted as a function
of time delay for different substrate temperatures as shown in Fig. The intensity of
the photoemission becomes asymmetric for both positive and negative time delay of a single
scan from 140 K and above. It is clear from Fig. that the electron dynamics of the
excited Cs-water cluster is weakly affected by the structural modification of the water till
122 K. It is reported that ice can form amorphous porous or amorphous compact structures
on a surface as a function of the temperature [113].

4.2.4. Influence of Xe Overlayer on the Excited Cs-Water State

Electron solvation is an extensively investigated phenomena and there are controversial re-
ports on the properties of solvated electrons such as locations, binding energy and so on in

the bulk water |7-{10,/117-121]. In surface science experiments, the structure of the water
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Figure 4-10.: Influence of Xe overlayers on the electronic structure and population dynamics
of Cs-water clusters on Cu(111). Panel (a): 2PPE intensity from Cs-water cluster at coverage
of 1.9 D0 per Cs™ (Top panel - orange trace) and 3.6 DoO per Cs™ (Bottom panel - magenta
trace) with subsequent adsorption of Xe overlayers at a coverage of 0.4 ML (blue), 0.8 ML
(green) and 1.0 ML (red). Panel (b): Comparison of the energy-integrated normalized 2PPE
intensity as a function of pump-probe delay for Cs-water clusters of coverage ratio 1.9 D,O
per Cs™ and 3.6 D,O per Cs™ with Xe overlayer and without Xe overlayer. The slight
asymmetric appearance of the data with respect to time-zero is due to small difference in
the intensity of two laser pulses.

depends on the temperature of the substrate. The water clusters can be in crystalline or
compact amorphous or porous amorphous as discussed in the previous section. To under-
stand the location of solvated electrons, Xe is coadsorbed as an overlayer over the ice water
clusters to identify the solvation sites [113]/133,[134]. The solvated electrons intereact with
the Xe since it is highly polarizable and the interaction can be strong or weak depending
on the location of solvated electrons. In experiments to identify solvated electrons location
for ice clusters, the peak shifts around 400 meV after adsorption of Xe overlayers in both
amorphous structures [113]. In layers of ice, the Xe overlayer had no influence on the binding
energy and stabilization rate of solvated electrons |133].

In the thesis, Xe overlayer experiments are performed to understand the characteristics of
the energy state for ion solvation. The energy change and population dynamics of the Cs-
water clusters upon Xe adsorption are investigated in the experiments as shown in Fig. [4-10]
Cs-water clusters are prepared at adsorbate coverage ratio of 1.9 and 3.6 D,O per Cst and
Xe is adsorbed over the clusters. The 2PPE spectra are recorded at Xe coverages of 0.4 ML,

0.8 ML and 1 ML as indicated in Fig. (a). It is observed that the energy of the
72



4.3. Conclusion

excited Cs-water cluster states at 2.70 eV and 2.85 eV does not change as a function of Xe
coverages. However, the work function of the surface decreases with increase in Xe coverages
(observed as the shift in the low-energy cut off of the spectra). In addition, time-resolved
pump-probe experiments are performed with and without Xe overlayer on Cs-water clusters
at a coverage ratio of 1.9 and 3.6 D2O per Cs* as shown in Fig. (b). It is clear that the
population dynamics of the Cs-water clusters is not significantly affected by the adsorption
of Xe overlayer. This is attributed to the fact that water-water or Cs-water interactions
in the cluster is stronger than the interaction of Xe with the cluster. The decrease in the
work function of the surface upon the adsorption of Xe overlayer also suggests that Xe is
interacting mainly with the metal substrate than the Cs-water cluster.

4.3. Conclusion

The efforts to understand the electronic structure of the interaction between alkali and
water on Cu(111) has begun more than a decade ago [4,|15,/169]. The formation of water-
induced alkali state (state B) was interpreted initially assigned to an alkali-water hybrid
structure [4,/169]. Very recently, DFT calculations of the alkali (Na, K, Cs)-water structures
on Cu(111) are reported based on the previous 2PPE experimental results [43]. Although
this work considered a completely different alkali-water structure with different coordination
number for the alkali ion, it explains the increase in the energy of the state A with water
coverage satisfactorily. However, this work interprets the origin of the state B as a result of
detachment of alkali from Cu surface upon complete hydration. As part of this thesis work,
interaction of alkali-water on Cu(111) are investigated extensively for different coverages of
Cs™ ions and D,O. The evolution of the energy states A and B are analysed systematically to
understand their properties. The STM experiments by collaborators has revealed an unusual
solvation pattern of alkali on surface where they preferably situated at the periphery of the
water clusters. The STM results also explains the simultaneous occurrence of states A and
B in 2PPE experiments. Furthermore, DFT calculations performed by our collaborators
support the observations in both 2PPE and STM. The calculations show that (1) the increase
in the energy of the state A with water coverage, (2) the origin of the new state as a result
of novel solvation pattern, and (3) the preference of Cs* ions to reside at the periphery of
the water clusters. The 2PPE, STM and DFT have synergistically explained the intricacies
associated with alkali solvation on a metal surface.

Investigation of ultrafast electron dynamics of alkali-solvent systems are key to understand
several fundamental processes in nature and also for designing energy storage devices where
solvation-desolvation of alkalis at interfaces are crucial. In time-resolved 2PPE experiments,
the energy transfer and population dynamics of Cs-water clusters for various adsorbate
coverages are investigated systematically. The energy transfer from solute to solvent increases
substantially upon solvation of water and our results show that at low adsorbate coverages,

the energy transfer is higher than that of higher adsorbate coverages. This is attributed to
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the fact that the water molecules are less-rigid at lower coverages than at higher coverages
that dissipates its energy by molecular level responses. At normalized 2PPE intensity above
0.1, the decay time increases from 23 fs to 55 fs and then decreases to 43 fs for an adsorbate
coverage from zero to 3.5 D,O per Cs* and 6.8 D,O per Cs*, respectively. In contrast, the
decay time does not vary significantly as a function of adsorbate coverage in the normalized
2PPE intensity below 0.1. We plan to perform theoretical studies to understand the coverage-
dependent dynamics of the adsorbates to gain more insights on the coverage dependent
dynamics of the adsorbate.

To characterize the features of the excited Cs-water cluster (state B), experiments are per-
formed for angle-resolved photoemission, temperature dependence and Xe overlayers. The
analysis of the angle-resolved data shows that the peak energy increases by 30 meV and
FWHM decreases by 50 meV for the state B when the photoemission angle increases from
0° to 12°. This is due to the inhomogenous nature of the surface and also increased mobility
at the measurement temperature. The investigation on the temperature dependence of the
ultrafast dynamics show that the dynamics is not affected significantly as a function of tem-
perature. As part of the thesis work, experiments are performed to understand the response
of the state B of the Cs-water clusters with Xe overlayer. It is found that the work function
of the surface decreases with Xe coverage and there is no noticeable shift in the energy of
the state B. This decrease in work function is due to the interaction of Xe with the Cu(111).
Furthermore, the population dynamics of the state B is not affected significantly by the Xe
overlayer.
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5. Unveiling the Solvation in
Alkali-Noble Gas Adsorbates at
Interfaces

This chapter presents the interaction of Cs* and Xe - an exemplary system - at the Cu(111)
surface. The solvation of alkali in non-polar solvents is one of the barely researched areas
and it provides valuable information on the nature of fundamental forces - Coulomb and
van der Waals - prevailing during the solvation. The section 1.1 presents the surface elec-
tronic structure of the adsorbates during the evolution of Xe-Cs™ aggregates on Cu(111).
The section 1.2 discusses the ultrafast electron dynamics of the excited alkali state in the
aggregates and associated energy transfer due to the transient polarization of the electron
cloud of Xe atoms. The comparison of the potential energy surfaces (PES) of Cs*/Cu(111)
in presence and absence of Xe is also presented in this section. The section 1.3 discusses
the STM investigation on the morphology of Xe-Cs™ aggregates on Cu(111) by the research
group of Karina Morgenstern, Ruhr University of Bochum. The stability of the aggregates
and the nature of the interaction are studied by performing coupled cluster calculations and
charge density difference analysis by the research group of Dominic Marx, Ruhr University of
Bochum and are presented in section 1.4. Finally, the section 1.5 discusses the results of the
experiments for adopting Xe double layer as an intermediate layer to negate the substrate
effects.

5.1. Probing the Evolution of Xe-Cs™ Aggregates on
Cu(111)

In order to understand the interaction between Cs™ ions and Xe atoms, the 2PPE spectra of
the Cs™/Cu(111) are recorded while adsorbing Xe on the surface and are shown in Fig. [5-1]
The schematic of the static 2PPE process is shown in the right panel where the first photon
excites an electron to the unoccupied Cs 6s state from the Cu(111) and a second photon
emits that electron simultaneously. The kinetic energy of the photoemitted electrons are
analysed in a TOF spectrometer. In one-colour 2PPE, the work function of the surface
® is given by the difference between twice the photon energy and the width of the 2PPE

spectrum AF which is the difference between high-energy and low-energy cut off.
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The high-energy cut off is determined by the photon energy 2hv plus Er and is independent
of the changes on the surface. The electrons at the low-energy cut off (F) which have
energies just to overcome the work function of the surface and F, varies in response to the
changes on the surface. Mathematically, the work function can be expressed as,

® = 2hv — AE = 2hw — (Ep — E,). (5-1)

Hence, the change in work function while adsorbing Xe is manifested as the change in the
low energy cut off of the 2PPE spectra.
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Figure 5-1.: False colour representation of the 2PPE intensity for 0.14 ML Cs*/Cu(111)
as a function of the intermediate state energy and Xe coverage per Cs (left panel) and
spectra at specific Xe per Cs coverages (centre panel). The coverage values for first, second,
and third Xe ML are indicated with vertical white dashed lines in the left panel. The
coverage ratio of Xe to Cs is given as the number of Xe per Cs in the abscissa. The
peaks at F-Fr = 2.58 eV and F-Er = 0.80 eV originate from the Cs 6s state and Cu 3d
band, respectively. The scheme of the one-colour static 2PPE spectroscopy measurements
is shown in the right panel where the first photon excites an electron to an intermediate
state and subsequently a second photon photoemits that electron. The kinetic energy of the
photoemitted electrons are measured in a time-of-flight spectrometer. The experiments are
performed with a photon energy of 3.1 eV and temperature at T = 30 K. Reprinted figure
with permission from Thomas, J. et al. Competition between Coulomb and van der Waals
Interactions in Xe-Cs™ Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802,
(2021). DOT: https : //doi.org/10.1103/PhysRevLett.127.266802. Copyright (C) 2021 by the
American Physical Society. Ref. .

The Cs* ions are chemisorbed on freshly prepared Cu(111) from a commercial Cs getter

source (SAES getters) at a temperature 7' = 200 K. As a result, the work function of the
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surface is reduced due to the formation of surface dipoles. Subsequently, Xe is physisorbed
onto the surface at a background pressure of 1 x 1078 mbar and temperature 7' = 30 K. The
coverage of the Cs™ ions and Xe are determined according to [168] and [110], respectively,
and a detailed discussion on coverage determination can be found in chapter 3. The false
colour 2PPE intensity from 0.14 ML Cs™/Cu(111) as a function of intermediate state energy
E-Er eV (left axis) and Xe coverages (bottom) is shown in the left panel of Fig. The
Xe coverage interms of ‘number of Xe per Cs’ is determined by calculating the ratio of the
coverages (note that this is the average coverage of the adsorbate over a probing region which
is the focal spot size of the laser beam that spans a few tens of microns. The surface has
inhomogeneous distribution of adsorbates). The coverage in terms of Xe layers are marked
with vertical white dashed lines. The spectra at specific Xe coverages are shown in the centre
panel of the Fig.[5-1] The peak at E-Fr=2.58 eV originates from Cs 6s state and it increases
by 120 meV up to 1 ML of Xe and then remains nearly constant for higher coverages. Also,
the 2PPE intensity of the Cs 6s state decreases as a function of the Xe coverage. The peak
at F-Fr=0.80 eV originates from the Cu 3d band and it does not change as a function of
the Xe coverage. The change in the work function of the surface is analogous to the change
in the low energy cut off of the photoemission spectra which are marked as white squares in
the left panel of Fig. [5-1] The work function of the surface increases by 100 meV up to a
coverage ©=(1.0 = 0.2) ML and it decreases for higher coverages.

To understand the nature of interaction between the Cs* ions and the Xe atoms, the change
in work function and the binding energy of the Cs 6s state are analysed as a function of
the Xe coverage and is shown in Fig. [5-2] The increase in work function by 100 meV at
sub-ML Xe coverage is due to the screening of the Cs™ ions by Xe and the corresponding
modification of the surface dipole. The binding energy with respect to E,,. for the Cs 6s
state does not change significantly in the coverage of © < (1.5 + 0.2) ML and it decreases
for © > (2.0 £ 0.2) ML. It is shown in Fig. that the energy of the Cs 6s state E-Ep
increases up to Xe coverage of © = (1.0 + 0.2) ML which is due to the decrease in binding of
the Cs to Cu(111) upon the electron transfer. As shown in the Fig. [5-2] both energies have
different trends up to © = (1.0 £ 0.2) ML and the Cs 6s state is bound more to the metal
substrate. But, both energies decrease for higher coverages which indicate the repulsion of
the electron wave function (We,) from the substrate as a result of the interaction of the Xe
with Cs*/Cu(111). The temporal evolution of the W, at ultrafast time-scale in Xe-Cs™
aggregates is discussed in the section
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Figure 5-2.: The work function (left axis) and the binding energy with respect to vacuum
level of Cs 6s state (right axis) for Cs™/Cu(111) are plotted as a function of the coverage
ratio, Xe per Cs (bottom axis) and Xe in ML (top axis). Reprinted figure with permission
from Thomas, J. et al. Competition between Coulomb and van der Waals Interactions
in Xe-Cs™ Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802, (2021). DOL:
https : //doi.org/10.1103/PhysRevLett.127.266802. Copyright (©) 2021 by the American
Physical Society. Ref. [44].

Furthermore, coadsorption of Xe atoms on Cs*/Cu(111) is performed for several O¢s and
the analysis of the change in the Cs 6s state (E-Er) as a function of Xe coverage is shown for
a few representative data in Fig. [5-3| (a). Consistent with previous works, the energy of the
Cs 6s state decreases with increase in Cs coverage [2,/140] and also the work function of the
surface (not shown here) decreases with increase in Cs coverage up to 0.2 ML [168,/169]. The
energy of the Cs 6s state, marked with solid circles, increases linearly with Xe coverages for
all O¢g and is fitted with a linear function (solid line). The change in the Cs 6s state energy
per Xe is larger for higher value of ©¢s than lower ©¢,. The change in Cs 6s energy per Xe
which is the slope of the linear fit function is plotted as a function of the coverage of Cs™ ions
as shown in Fig. (b). It is observed that up to ©¢s of 0.11 ML, AE per Xe for the Cs 6s
state is almost independent of the ©¢y. But, it increases linearly above 0.11 ML Cs* which
implies that the interaction of Cs' ions and Xe atoms becomes more pronounced at higher

Cs coverages where the repulsion between Cs™ ions are significant. This increase in the AE
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Figure 5-3.: (a) The energy of the Cs 6s state as a function of the coverage ratio, Oxe/cs+
(solid circles) and the linear fit of the data (solid lines). Note that the slope of the lines
increases with the coverage of Cs™. (b) The slope of the fits i.e. AE of Cs 6s per Xe/Cs™
is plotted as a function of ©¢s+. The energy does not change for the Cs™ coverage below
0.11 ML and increases linearly for higher coverages. This is pointing towards a prominent
role of Coulomb interaction at higher coverages.

per Xe for Cs 6s state at higher Cs coverages is commensurate to the increase in the work
function of the surface upon adsorption of Xe as discussed in the context of Fig. where
a transition of the energy reference from the Fermi level to the vacuum energy is observed.

5.2. Ultrafast Dynamics of Xe-Cs™ Aggregates on Cu(111)

The chemisorbed Cs*/Cu(111) surface serves as a model system for understanding the elec-
tron dynamics of excited states of the alkalis on metal surface [1,3,[107]. The dynamics in
the alkali is initiated by resonant excitation of an electron from the metal substrate to the
unoccupied alkali state by the pump pulse which transiently populates the excited state.
The energy transfer to the solvent via molecular re-organization or electronic polarization
occurs when the excited state relaxes to the ground state. The dynamics of the system is
analysed by photoemission from the excited state using a probe pulse. In this section, the
results of the excited state dynamics of Cs™/Cu(111) in presence of a non-polar solvent Xe
are discussed. The lifetime and energy stabilization of the excited Cs 6s state are evaluated
and subsequently the potential energy surface as a function of the distance between the ion
core to the Cu substrate on Cs*/Cu(111) is determined before and after the adsorption of

Xe atoms.
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5.2.1. Energy Stabilization and Population Dynamics

2 ML Xe/ 0.16 ML Cs 1 ML Xe/ 0.16 ML Cs
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Figure 5-4.: Time-resolved 2PPE intensity in false colour as a function of intermediate
energy E-Fp and time delay for (Left) 0.16 ML Cs*/Cu(111), (Centre) 2 ML Xe on 0.16

ML Cs*/Cu(111) and (Right) 1 ML Xe on 0.16 ML Cs™/Cu(111). The measurements are
performed in the autocorrelation with photon energy of 3.1 eV. Well-ordered layers of Xe

are prepared according to [110].

To understand the interaction of Xe atoms with Cs™ ions at the interface, well-ordered
layers of Xe are adsorbed on Cs*™/Cu(111) and time-resolved 2PPE spectra are recorded
at different adsorbate coverages as shown in Fig. The Cs* ions are chemisorbed on
Cu(111) at T'= 200 K and subsequently cooled to T'= 30 K for recording the time-resolved
2PPE spectra as shown in the left panel of Fig. The peak at F-Fr = 2.46 eV and E-Ep
= (0.75 eV are originating from the Cs 6s state and Cu 3d band, respectively. The peak at
E-Ep = 0.23 eV arises from the secondary electrons which have energies just to overcome the
work function of the surface. Since the Xe multilayers show distinguishable desorption peaks
in TPD, desorption/adsorption and annealing of Xe layers at specific temperature result in
the formation of well-ordered layers. The Xe layers are prepared with the assistance of the
TPD technique as discussed in . The centre panel of the Fig. shows the time-resolved
2PPE spectra of 2 ML Xe on Cs*/Cu(111) where only the Cu 3d band is prominent. The
right panel of the Fig. [5-4]shows the time-resolved 2PPE spectra of 1 ML Xe on Cs*/Cu(111)
which is prepared by the desorption of the second monolayer. The peak at F-Erp = 2.55 eV

originates from the Cs 6s state of the Xe-Cs' aggregates. In a nutshell, the evolution of
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the electronic structure of Cs*/Cu(111) as a function of Xe layers is shown in Fig. from
the left panel to the right panel where the work function of the surface has increased upon
adsorption of Xe and the appearance (disappearance) of an upshifted Cs 6s peak at ~ 1 ML
(at 2 ML) is also observed. Furthermore, the lifetime and energy stabilization of the Cs 6s
state are significantly larger after the adsorption of Xe layers than that of bare Cs™/Cu(111).
A quantitative analysis of this excited Cs 6s state in the Xe-Cs™ aggregate is discussed in
detail as follows.
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Figure 5-5.: Time-resolved 2PPE intensity (a) in false colour as a function of interme-
diate energy (left), final state energy (right) and time delay for 1 ML Xe on 0.16 ML
Cs/Cu(111), (b) comparison of bare Cs/Cu(111) (black circles) and 1 ML Xe on Cs/Cu(111)
(red circles) and (c) spectra at specific time delays. Reprinted figure with permission
from Thomas, J. et al. Competition between Coulomb and van der Waals Interactions
in Xe-Cs™ Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802, (2021). DOL:
https : //doi.org/10.1103/PhysRevLett.127.266802. Copyright (€) 2021 by the American
Physical Society. Ref. .

To remind the reader, the time-resolved 2PPE experiment is shown schematically in the inset
of Fig. The pump pulse resonantly excites an electron to the unoccupied Cs 6s state and
a time-delayed probe pulse photoemits electrons from the intermediate state. The energy

of the photoemitted electrons are analyzed by a time-of-flight spectrometer as a function of
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pump-probe time delay. The time-resolved 2PPE autocorrelation intensity measurement of
0.16 ML Cs*/Cu(111) with 1 ML Xe overlayer is shown in Fig. (a) and the spectra at
specific time delays are shown in the panel (c). Consistent with the observation in Fig.
that the energy of the Cs 6s state increases as a function of the Xe coverage up to 1 ML, the
energy of the Cs 6s state in the Xe - Cs™ aggregates occurs at E-Ep = 2.6 eV at time-zero and
relaxes to lower energy as a function of the pump-probe time delay due to the propagation
of the nuclear wave packet [3]. It is observed that the Xe has dual impact on the excited
state of the Cs 6s antibonding orbital i.e. on the population dynamics and energy transfer
dynamics.

First, the lifetime 7 of the excited Cs 6s state increases to 80 fs on the Xe-covered surface
compared to 13 fs for bare Cs* ions on Cu(111) as shown in Fig. (b). This substantial
increase in 7 indicates a significant reduction in the overlap of the W4, wave function with
Cu(111) surface state [106]. Note that the convolution of a single exponential decay and
Gaussian is used for fitting the time-resolved experiments in this thesis. However, the optical
Bloch equations model which takes account of both elastic and inelastic contributions to the
lifetime is reported earlier [1{106]. Hence, the determination of lifetime is numerically smaller
in this thesis than in previous reports. The enhancement in the lifetime upon adsorption
of Xe is attributed to the repulsion of the Cs wave function Wg, from the substrate by
the electron cloud of the Xe atoms. Similar effects have been reported earlier for the image
potential states of metal surfaces which are attracted/repelled from the surface depending on
the electron affinity of the fully covered adsorbate gases [109-111]. However, in the context
of this work, electrons are excited to a localized alkali state which is solvated by Xe atoms.
Secondly, the change in the energy of the excited Cs 6s state as a function of pump-probe
delay provides insights into the energy transfer dynamics which is shown as red circles in
Fig. (a). As discussed in the Chapter 2, a Marcus type solvation picture is helpful
to understand the electron transfer processes in the solvation processes. The excitation to
neutral alkali state and the subsequent relaxation of the Cs 6s state transfers energy to the
solvent medium. The energy transfer has different influences depending on the nature of
solvents. It can be molecular vibrations, librational motions, or reorganization in the case
of polar molecules. The non-polar atomic solvent like Xe respond to charge transfer by
transient polarization effects in its electron cloud which are in the vicinity of Cs™ ions. The
energy transfer dynamics also depends on the type of the alkali chemisorbed on the metal.
Meyer et al. have reported different energy stabilization dynamics for Na, K, and Cs [4].
This is further confirmed in a recent theoretical work where Paz et al. have shown that the
partial charge distribution of the alkali/Cu(111) is different for Na than K and Cs [43] and
that it influences the charge transfer dynamics at the interfaces. Hence, the polarization
effects on the Xe atoms due to the energy transfer in the alkali/metal interface is influenced
by the type of alkali. To understand the influence of Xe on the excited state Cs 6s state,
the potential energy surface (PES) of Cs™/Cu(111) in the absence and presence of Xe is

simulated according to [3] and is discussed in the next section.
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5.2.2. Determination of the Potential Energy Surface
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Figure 5-6.: In panel (a) the time-dependent intermediate state energy is plotted for
Xe/Cst/Cu(111) as reported in Fig. and for bare Cs*/Cu(111) using data from [3]. The
respective distances Rcs..cu—ip and the ground state potential energy surface U(Rcs...cu—ip)
are determined with and without coadsorbed Xe, indicated in red and black, see panels
b and c, respectively. Note that there is no accurate information regarding the abso-
lute energy difference between the two potentials in (¢). Reprinted figure with permission
from Thomas, J. et al. Competition between Coulomb and van der Waals Interactions
in Xe-Cs™ Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802, (2021). DOL:
https : //doi.org/10.1103/PhysRevLett.127.266802. Copyright (€) 2021 by the American
Physical Society. Ref. [44].

The ground state (ionic state) energy of the alkali valence s orbital state as a function of
the distance Res. cu—ip from the substrate is evaluated in a previous study [105] and the
method of determination of the excited state (neutral) of an alkali on metal is discussed
in several works [179,|180]. Petek et al. have implemented these methods to determine
the potential energy surface of the excited and ground state of Cs™/Cu(111) in a later
work [3]. Similar methodology is adopted in our recent study to calculate the ground state

potential in the presence of Xe atoms [44]. The comparison of the change in the ground Cs 6s
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state energy as a function of the pump-probe time delay for Cs*/Cu(111) and Xe covered
Cs*/Cu(111) are shown in Fig. (a). The transient energy gain of around 0.24 eV is found
in both cases and the energy stabilization rate is different for both cases. The conversion
of the ground state energy to the distance between the Cs* and the image plane of the
Cu(111) (Res..cu—ip) has been performed as discussed elsewhere [3,/105] and is plotted as
a function of pump-probe delay in Fig. (b) where the data is fitted with an analytical
function. We have made an assumption that the energy to distance Res.. . cu—ip conversion is
the same for both systems because Xe has no major effect on the Cs 6s state energy. The
Xe/Cst/Cu(111) data shows an inflection point at A t = 70 fs (see the red arrow in panel
(a)) and is not prominent for Cs™/Cu(111) surface. Again the inflection point is appearing
for the Xe/Cs/Cu(111) data in panel (b) for higher time delays. The analytical function
for the fit in Fig. (b) is differentiated twice to obtain the acceleration of the Cs™ ion

2 . . . . .
%%. Using the acceleration, one can obtain the force acting on the Cs™ ion core

core as a =
F' = ma, which is further integrated as a function of the Res. cwu—ip to obtain the ground state
potential as U(Rcs...cu—ip) = — f F -dR¢s. cu—ip- The simulated potential energy surface
for Cs*/Cu(111) with and without Xe overlayer is shown in Fig. (¢). The minimum
of the potential U along the surface normal shifts by 4.0 pm toward the Cu(111) after the
adsorption of the Xe. Furthermore, the confidence interval analysis of the potential energy
curve is calculated which shows that the minima are not overlapping and hence, the shift of
the PES is not within the error of the fitting. The method adopted for the calculation of
confidence interval analysis is presented in the Appendix [C] It is realistic that the adsorption
of Xe on Cs™/Cu(111) compensates for the repulsive interaction between neighbouring Cs™
and promotes the binding of the Cs* ions along the surface normal. To understand the
morphology of Xe-Cs™ aggregates at different adsorbate coverages and the fundamental
interactions between adsorbates and their interactions with the substrate, complementary
STM investigations and coupled cluster calculations are performed by our collaborators and
are discussed in the following sections.

5.3. Morphology of the Xe-Cs™ Aggregates

This section presents the STM experiments initially performed by C. Bertram and addi-
tional measurements by J. Patwari and 1. Langguth at the research laboratory of Karina
Morgenstern, Ruhr University Bochum. The 2PPE experiments study the properties of the
aggregates over a probing region of ~ 40 pm and Cs atoms in the aggregate are in the
excited state (neutral charge). The 2PPE experiments do not provide enough photoemis-
sion signal when the ©¢s < 0.01 ML. On the other hand, the STM probes the morphology
of the aggregates at atomic resolution and the Cs atoms are in the ground state (charged
state). A discussion on the morphology of Xe-Cs™ aggregates is adopted in this thesis from
a joint publication to provide the link between electronic structure and morphology of the

aggregates which gives a comprehensive picture of the alkali-noble gas interactions [44].
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Figure 5-7.: Xe-Cs™ aggregates with different number of Cs™ on false color scale; (a~c) 3 Cs™;
(d-f) 4 Cs™; (g,h) 5 Cs™; ( tunneling parameters: 10 pA, -500 mV). The number of Xe atoms
and ratio of numbers Xe to Cs* in these aggregates are (a) 52 Xe, 17 Xe/Cs™; (b) 54 Xe, 18
Xe/Cs™; (c) 69 Xe, 23 Xe/Cst; (d) 75 Xe, 19 Xe/Cs™; (e) 84 Xe, 21 Xe/Cs™; (f) 90 Xe, 23
Xe/Cs™; (g) 100 Xe, 20 Xe/Cs™; (h) 94 Xe, 19 Xe/Cs*t. Panel (i) provides an overview of
the numbers of Xe atoms Nx, and Cs* ions N¢g in the analyzed aggregates. Reprinted figure
with permission from Thomas, J. et al. Competition between Coulomb and van der Waals
Interactions in Xe-Cs™ Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802,
(2021). DOT: https : //doi.org/10.1103 /PhysRevLett.127.266802. Copyright (C) 2021 by the
American Physical Society. Ref. .

The Cu(111) surfaces are prepared by sputter-anneal cycles and subsequently Cs™ are de-
posited from a commercial Cs dispenser at 7' = 200 K and Xe deposition at T'=8 K. The
Xe-Cst aggregates on Cu(111) for a wide range of adsorbate coverages are investigated as
shown in Fig. (a-h) and Fig. [5-8| (a-e). For lower coverages, all Cs* (dark blue circles)
are situated at the periphery of the aggregates for smaller aggregates as shown in Fig.
(a-h). These aggregates do not show any specific orientation on the Cu(111). For the case
of three Cs™ per aggregate (panel a-c), ions are placed equidistantly in the aggregate. How-
ever, aggregates form a random shapes while increasing the coverages of the adsorbates. The
relative number of the Xe and Cs™ in the analysed STM images are shown in Fig. (i).

Understanding the morphology of the large aggregates is important because of their nomi-
nally identical nature to the adsorbate preparation in 2PPE which requires higher coverage
of adsorbates for better signal. The key observations in the STM experiments are shown
in Fig. [5-8f The STM images of 7 x 107* ML Cs and 1 ML Xe on Cu(111) are shown
in Fig. [5-8| (a) and on its inset, respectively. The Cs* ions are partially mobile and ap-
pear as stripped in the STM images. The morphology of a Xe-Cs™ aggregate is shown in
Fig. |5-8| (b, ¢). The Cs* ions in the aggregate are arranged preferably on the borders of the
aggregate and rarely on the interior of the aggregate. The flat part of the aggregate consists
mainly Xe and they resemble to the R30° - v/3 x v/3 hexagonal superstructure shown in the
inset of Fig. (a) for pure Xe on Cu(111). To obtain better contrast of the aggregate,

the Laplace-filtered image of the panel (b) is shown in the Fig. |5-8 (¢). This reveal two
85



Chapter 5. Unveiling the Solvation in Alkali-Noble Gas Adsorbates at Interfaces

Figure 5-8.: STM images (a) of Cs*™/Cu(111), -500 mV, 10 pA, and (b) of a Xe-Cs™ aggregate
on Cu(111) using a false-color scale, 10 pA, -25 mV. Insets in (a,b) show 1 ML Xe/Cu(111),
recorded at 1.2 nA, 100 mV on a wetting ML and at an aggregate perimeter, 44 pA, 7 mV,
respectively. (c) Laplace-filtered image of (b). The Xe:Cs™ ratio in (b,c) is 40:1. (d) 0.16 ML
Cs*/Cu(111), 10 pA, 250 mV; (e) Original (top) and Laplace-filtered image (bottom) of 1 ML
Xe on top of 0.16 ML Cs*/Cu(111), 89 pA, 250 mV, (f) apparent height profiles (top) and
their Gaussian fits with maxima marked (bottom) in panel (c) in identical colors. Reprinted
figure with permission from Thomas, J. et al. Competition between Coulomb and van der
Waals Interactions in Xe-Cst Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802,
(2021). DOTI: https : //doi.org/10.1103 /PhysRevLett.127.266802. Copyright (C) 2021 by the
American Physical Society. Ref. .

types of Xe-Cs' coordination which are marked by yellow and black arrows. In the first
type (yellow arrows), a small feature with the size of Cs™ ions are laterally covered by Xe
atoms and the apparent height of the Xe atoms are larger compared to other Xe atoms. In
the second type (black arrows), the lateral size of all features is similar. These two types
of Xe-Cs' coordination represent 2D solvation of Cs™ ions in noble gases. The formation
of fully solvated Cs™' ions by a Xe heptamer is marked at the centre of the Laplace filtered

image. At a coverage of 0.16 ML Cs (Cs™ ions are uniformly spaced due to mutual Coulomb
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repulsion) and 1 ML Xe on top of the ions on Cu(111), the Xe heptamers become the dom-
inant species of solvation on the surface as shown in the raw (top) and Laplace filtered
(bottom) images of Fig. (e). Note that the spacing between heptamers become more
visible due to the attractive interaction alkali ion and noble gas atoms. The growth of Xe
layer follows a carpetlike mode |181,|182] over the Cs™ ions because of the larger size of Xe
(rxe=216 pm vs ro+=174 pm) and a physisorption distance of 360 pm [183] which is higher
than the chemisorption distance of Cs™ of 301 pm [184]. The height profiles of pure Xe (blue
line) and Xe-Cs™ (red line) are plotted in Fig. (f). For pure Xe layer, the Xe atoms are
arranged regularly with a separation of 0.45 nm and it is shortened by around 50 pm in the
case of Xe-Cs™ indicated by red arrow in the top panel. The bottom panel of Fig. (f)
shows a Gaussian fit of the both pattern which clearly shows the difference in the distance
between adjacent Xe atoms in pure layer and in aggregates. The similar effect observes for
Cs™ ions solvated by Xe heptamers as shown in Fig. (e).

The STM results discussed in this section poses further scientific questions such as how strong
is the interaction between an alkali ion and noble gases, why an aggregate with multiple Cs™
ions does not fragment into smaller units due to Coulomb repulsion of ions, and so on.

To address these aspects coupled cluster calculations are performed and is discussed in the
following section

5.4. Coupled Cluster Calculations on Xe-Cs™ Adsorbates

This section presents the Coupled cluster calculations performed by J. Daru at the theoret-
ical chemistry group of Dominic Marx, Ruhr University Bochum. The calculations on the
attractive/repulsive interactions between the constituents in the aggregates and their inter-
actions with the substrate are essential for understanding the reason behind the formation of
Xe-Cs™t aggregates and their stability. A discussion from our joint publication is presented
here to gain more insights on the solvation of alkali in noble gases at the interface [44].

The calculations aim to determine (i) the attractive interaction between Xe-Cs™ and (ii) the
repulsive interaction between Cs™ ions in the absence and presence of the substrate. The
calculations are supported by the STM results discussed in section The presence of an
ion induces electronic polarization on noble gas atoms [12] and a charge density difference
analysis is performed to understand the degree of the electronic polarization as shown in the
inset of Fig. (a). A linear combination of Xe-CsT-Xe are plotted where the yellow spheres
represent the nucleus of Xe and blue sphere represents the nucleus of Cs™. The accumulation
of the charge density is depicted in blue and the depletion of the charge density in red colour.
The charge density is more concentrated on the vicinity of the Cs* ion due to the attractive
interaction between Xe and Cs™. Furthermore, the attractive interaction in Xe-Cs' and
Cst-Xe-Cs™ arrangement is plotted in the inset of Fig. (a) which shows a minimum of
150 meV for an interatomic distance of 0.4 nm. This distance is in agreement with the STM

results shown in Fig. (f).
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Figure 5-9.: Cs™—Cs*t distances in Xe—Cs™ aggregates: (a) Repulsive interactions be-
tween two Cs™ without (solid line) and with contact to a metal (red dashed line) as a
function of the Cs™—Cs™ distance. Circles represent the CCSD(T)/CBS reference. In-
set: Attractive interactions between Cs' and one/two Xe atoms per Xe obtained from
CCSD(T)/CBS calculations as a function of Cs*—Xe (equi)distance; the resulting attrac-
tion of 150 meV per nearest-neighbor Xe atom provides the gray dashed line in the main
panel. The blue/red isosurfaces of the charge density difference visualize charge accumu-
lation/depletion of Xe—Cst—Xe at the optimized equidistance of 0.39 nm. Xe cores are
shown in yellow colour. (b) Nearest-neighbor distance histogram of Cs™ on Cu(111) in
green and in Xe—Cs™ aggregates in red normalized to the number of distances Ny in STM
images for Oce+r = 7-107* ML (low) and 0.16 ML (high). Reprinted figure with permis-
sion from Thomas, J. et al. Competition between Coulomb and van der Waals Interactions
in Xe-Cs™ Aggregates on Cu(111) Surfaces. Phys. Rev. Lett., 127:266802, (2021). DOI:
https : //doi.org/10.1103/PhysRevLett.127.266802. Copyright (©) 2021 by the American
Physical Society. Ref. [44].

In addition, the repulsive interaction between Cs* ions are calculated in vacuum (red open
circles and solid line) and on a substrate (red dashed line) as shown in the main panel of
Fig. (a). The metal substrate plays a prominent role on the repulsion between Cs*
ions since it reduces the repulsion up to 1 €V in the range of 1-2 nm separation of the ions.
Moreover, the nearest neighbour distances for bare Cs™ ions (dgg+_cs+) on copper and that
of aggregates on copper are determined and is shown as a histogram in Fig. (b). In the
low coverage (7 x 10~* ML in dark green), Cs™ ions have a broad distribution in the range
of 2-7 nm centred around 4 nm compared to high coverage (0.16 ML in light green). Upon
the adsorption of Xe, the distribution of Cs™ ions shrink and the mean of the distribution

occurs around 1.7 nm. In the higher coverage regime, the Coulomb repulsion between Cs™
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ions is stronger than the attractive interaction in Xe-Cs™. Hence, the distribution of Cs™
ions are not altered significantly while Xe grows in carpetlike growth over the Cs™ ions. But,
nearest neighbour distance of the Xe is affected by Cs™ ions as discussed in Fig. |5-8| (f).

5.5. Xe Double Layer for Decoupling Influence of Substrate
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Figure 5-10.: The static 2PPE spectra for various adsorbates on Cu(111). The work function
change is the pronounced effect and hence the spectra are normalized with a low-energy cut
off. The spectrum for bare Cu(111) is shown in orange colour as a reference. The work
function decreases upon adsorption of 2 ML Xe on Cu(111) (black trace). The surfaces with
Cs™ ions above Xe double layer are represented as ’solid line + circles’ with different colours
for clarity and the flipped configurations are shown as a solid line with same colour.

In the previous sections, all discussions are focused on the response of Xe as a solvent in
Xe-Cst aggregates at interfaces. This section presents results of the 2PPE experiments to
investigate the effectiveness of Xe as a decoupling layer where it physically isolates adsorbates
from the metal substrate. Such decoupling layers are fundamentally interesting because (i)
it reduces the electron back transfer rate to the substrate in time-resolved experiments and
hence increases the lifetime of excited adsorbate states and (ii) reduces the background 2PPE
signal contribution from the substrate. In a recent study, an ultra thin oxide layer is used
for decoupling the adsorbates from the substrate which offers suppression of the background
signal in photoemission orbital tomography experiments [185]. As part of this thesis work,
experiments are performed to explore whether a double layer of Xe is sufficient to act as a
decoupling layer or not. The observations from these experiments are discussed as follows.
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The static 2PPE spectra using
3.1 eV photon energy for differ-
ent adsorbate configurations are
shown in Fig. [5-10l The work
function of the surface changes
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for better clarity) of the spectra.
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tion of 2 ML Xe on Cu(111) (black
trace). The spectra for Xe double
layer doped with 0.07 ML, 0.12 ML
and 0.16 ML coverages of Cs™ ions
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Figure 5-11.. Static 2PPE intensity from are shown as solid line 4+ open cir-

0.16 ML Cs doped over 2 ML Xe/Cu(111l) as
a function of intermediate state energy and
acquisition time.  The work function change
which is analogous to the change in low-energy
cut off the spectra are indicated with a white
horizontal dashed line for guidance to the eyes.

The experiment is performed at 25 K.

cles in red, magenta and green, re-
spectively. The work function of
the surface drops as a result of the
Cs™ ions doping on the top of the
Xe double layers and is found to
be not linear where the decrease is
more for 0.12 ML Cs* ions than

0.16 ML Cs™ ions. Furthermore,
the flipped configuration (represented by solid line) i.e. Cs™ ions covered by 2 ML Xe shows
a relatively higher work function than the corresponding top-doped configuration. It is also
noticed that the 2PPE spectra of 0.07 ML Cs and 2 ML Xe in both configurations (red
traces) are nearly identical which questions the stability of the Cs* ions on top of the Xe
double layer.

To scrutinize this concern, 0.16 ML Cs* ions are doped on to the top of 2 ML Xe/Cu(111)
and continuously recorded static 2PPE spectra over a duration of 35 minutes as shown in
Fig. It is observed that the work function of the surface increases by around 100 meV
over the duration of data acquisition. This indicates a gradual modification on the surface
potentially due to the penetration of Cs™ ions into the Xe layers. It is also appropriate to
give general remarks on the adsorbate preparation at this moment. In experiments with
chemisorbed Cs*/Cu(111), the Cs ions are deposited around at 7' = 200 K to avoid coad-
sorption of residual materials from the evaporator. In the case of Xe layers on Cu(111), the
desorption temperature occurs at 82 K and 64 K for the first and second mono-layers, re-

spectively. Hence, the deposition of Cs* ions have to be carried out at a temperature below
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64 K which might lead to adsorption of residual materials from the evaporator. Overall, it
is possible to dope Cs™ ions on top of the Xe double layer. But, the purity and long-term
stability of the adsorbates on the double layer are not clear at this moment.

5.6. Conclusions

In combination of 2PPE, STM, and coupled cluster calculations, the fundamental interac-
tions between Xe and Cs on Cu(111) are investigated. The 2PPE probes the interaction
of neutral Cs atoms whereas STM probes the charged Cs' state interactions. The STM
measurements are performed for lower and higher adsorbate coverages. However, the 2PPE
measurements are performed relatively higher Cs™ coverage for obtaining better photoemis-
sion intensity.

The static 2PPE results show that the energy of the Cs 6s state increases by 120 meV with
respect to Fermi level up to 1 ML Xe coverage which indicates the gradual decoupling of
the energy state from the substrate. From the compilation of all experiments, it is found
that there is negligible change in the Cs 6s energy per Xe atom for lower Cst coverages
and it increases linearly for higher Cs* coverages. The time-resolved 2PPE results show
that Xe acts as a solvent which mediates an attractive interaction between Cs™ ions on the
surface by screening the Coulomb repulsion and enhances the binding of the Cs™ ions to the
Cu(111) substrate. In addition, Xe increases the lifetime of the Cs 6s state around six-fold
by repelling its wave function Wg, (decoupling from the surface) from the surface. These
properties of Xe originate due to the transient polarization of the electron cloud induced by
charge state of the cations.

The formation of Xe-Cs™t aggregates at lower adsorbate coverages is observed in STM where
Xe-Xe neighbouring distance has reduced in presence of Cs™ ions. Furthermore, Xe forms
heptamer structure around Cs™ ions for higher adsorbate coverages which resembles to a
2D solvation structure. In addition, Coupled cluster calculations based on the STM results
corroborate our observations. The effective repulsion between Cs™ ions in vacuum decreases
considerably in presence of a metal substrate due to the presence of image charge interactions.
Upon adsorption of Xe on Cs™/Cu(111), the repulsion between Cs™ ions become weaker than
the attractive interaction between Xe and Cs*. Furthermore, the charge density difference
analysis shows that the accumulation of the charge cloud of Xe toward the Cs™ ion core.
Furthermore, it is demonstrated that the Xe double layer can act as a decoupling layer.
The work function of the 2 ML Xe/Cu(111) surface decreases upon doping of the Cs* ions
and it is observed that the change in work function is not monotonically as a function of
Cs coverage. Moreover, further characterizations are required to obtain the purity of the
surface and long-term stability of the dopants to reside on the surface without penetration
to the substrate.
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6. Summary

This thesis work aims at understanding the elementary mechanisms and their interplay
during the solvation of alkali in polar and nonpolar solvents on a metal surface. These mech-
anisms include, but are not limited to, (1) ion-dipole forces in which the alkali ion interact
with the polar molecules, (2) hydrogen bonding between polar molecules, (3) van der Waals
interactions in nonpolar molecules, (4) Pauli repulsion, and (5) image charge interactions
between adsorbates and metal substrate. These interactions are either cooperative or com-
petitive during the solvation and they are decisive for the morphology of adsorbates. In
addition, the alkalis transfer the valence electron to the metal substrate upon chemisorp-
tion which offers an opportunity to study the charge transfer between alkali and substrate
upon resonant excitation by optical pulses. It is known that such charge transfer between
alkalis and the substrate are associated with nuclear motion normal to the surface. The
charge transfer process becomes complex when the alkali is solvated by polar or nonpolar
solvents. In such a scenario, the resonant excitation results a coupled nuclear-solvent motion
at ultrafast time scale and concomitant decoupling of the excited state from the substrate.
The dynamics of the adsorbate system vary as a function of the coordination of the alkali
to solvent molecules. Insights on heterogeneous charge transfer processes at interfaces are
important for the development of optoelectronic devices, electrochemical cells and energy
conversion applications.

Two-photon photoemission (2PPE) spectroscopy is employed to investigate the alkali-solvent
interaction at interfaces. The technique involves the excitation of electrons to the unoccupied
s orbital of the alkali by a laser pulse which drives the alkali-solvent system to a nonequi-
librium state. The dynamics of the solvation of the adsorbates on the surface is probed by
time-resolved 2PPE in which a subsequent laser pulse photoemits the electron from the ex-
cited alkali-solvent state on the surface. Also, the evolution of the electronic structure of the
adsorbates on surface can be studied using 2PPE as a function of the adsorbate coverages.
Furthermore, the 2PPE can be employed for investigation of the localization property of the
excited state, structural phase transition and solvation sites at interfaces. The complemen-
tary scanning tunneling microscopy (STM) and theoretical methods (by our collaborators)
have added a new dimension to the understandings on solvation at interfaces. The 2PPE
investigates the solvation of an alkali which is excited to a transient neutral state (M)
whereas STM studies the solvation of an alkali in ionized state (M*). The performances
of these techniques are different at lower and higher adsorbate coverages on the surface.

The theoretical methods such as coupled cluster calculations and DFT have supported the
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experimental observations and also facilitated the understandings on the surface solvation
of alkalis.

The interaction of Cs™-D2O and Cs*-Xe on Cu(111) are investigated using 2PPE as part of
this thesis work. The surface science approaches have facilitated the preparation of alkalis
and solvents on a metal substrate with well-controlled coverages. The frequency-doubled
laser pulses from a Ti:sapphire laser operating at a central wavelength around 800 nm are
employed for 2PPE experiments. The time-resolved autocorrelation experiments are per-
formed to understand the energy transfer to the solvent and population dynamics of the
excited state of the alkali-solvent adsorbates. Furthermore, 2PPE is utilized for probing
the evolution of the electronic structure of the Cs™/Cu(111) as a function of water and Xe
coverages. The adsorbates preparation in 2PPE is performed vis-a-vis STM to facilitate the
preparation of nominally identical surfaces. This strategy has enabled a direct comparison
of the spectroscopy results and the corresponding morphology of the adsorbates. Further-
more, coupled cluster calculations (for Xe-Cs*/Cu(111)) and DFT (for DoO-Cs™/Cu(111))
have accounted the morphology of adsorbates into consideration for the determination of
electronic and structural properties of alkali-solvent interactions on surface.

The investigations on the interaction of Cs™ and DO on Cu(111) have resulted into novel
insights on alkali solvation at interfaces. The formation of a hybrid alkali-water state is
observed during the interaction of alkali and water on Cu(111) in a previous work (Meyer
et al., 2015). As part of this thesis work, the properties of this state have investigated
extensively by 2PPE spectroscopy. The Cs 6s feature (termed as state A) and water-induced
alkali state (termed as state B) exhibit different behaviour as a function of solvent coverages.
It is observed that the energy of the state B increases due to structural modification of the
Cs-water clusters. The simultaneous occurrence of states A and B in 2PPE are explained
by STM as the presence of partially solvated alkali ions and bare alkali ions on the surface.
The STM of Cs-water clusters on the surface show an unusual inside-out solvation pattern
where ions are found at the periphery of the cluster. The DFT studies have accounted
this unusual solvation pattern by calculation of different properties of the adsorbates and
it has corroborated the experimental observations. The formation of inside-out pattern is
attributed to the preference of the water-water interactions over the alkali-water interactions
on the surface. In addition, the time-resolved 2PPE studies of Cs-water clusters show that
the energy transfer to the solvent and the population dynamics change as a function of the
alkali coordination to the solvent molecules. In our studies on Cs™ and Xe on Cu(111),
it is observed that the energy of the unocccupied Cs 6s state (state A) increases linearly
with respect to Fermi level while adsorbing Xe. This indicates that the bonding of the Cs
to the substrate becomes weaker as a result of Xe adsorption. Moreover, the lifetime of
the Cs 6s state has increased around six-fold due to the repulsion of its wave function by
Xe charge density. These properties of Xe are attributed to the transient polarization of its
electron cloud by the alkali ions. Remarkably, there is no formation of a hybrid state of alkali

with Xe aggregates on surface. This is a strong indication that 2PPE can differentiate the
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interaction of alkali with polar and nonpolar solvents. The STM results show that Cst-Cs™
separation on Cu(111) is reduced in presence of Xe atoms at lower coverages and also the
formation of Xe heptamer structures are observed around Cs™ ions for higher coverages. The
coupled cluster calculations show that the interaction between Cs™ and Xe is stronger than
the repulsion between Cs™ ions in the aggregates on Cu(111). Hence, Xe can compensate
the repulsive interaction between Cs™ ions on the surface. To sum up, the solvation of
alkali ions on surface is fundamentally different in polar and nonpolar solvents. Hydrogen
bonds and electrostatic interactions to substrate are prevalent in the former and Coulomb
interactions is favoured over van der Waals interactions in the latter. The 2PPE technique
along with STM and theoretical methods have synergistically provided novel insights on the
alkali solvation at interfaces.

Understanding the alkali solvation at interfaces has several impacts which include the de-
velopment of electrochemical cells, photovoltaic cells and electrocatalytic reduction for the
sustainable production of chemicals and fuels. The researches in these area rely on the elec-
tric double layer model for the description of interfacial processes. However, the surface
science approaches provide insights at a fundamental level on the morphology and heter-
geneous charge transfer at interfaces. Such approaches have the potential to improve the
present electric double layer model for interface chemistry. There are several future direc-
tions to be explored in the area of ion solvation at interfaces. One of the pathways is to
extend the studies to earth alkali metals to tune the local adsorbate-metal interactions. So
far, the thesis work has considered only water molecules and Xe noble gas. The ion solvation
in larger molecules such as ammonia or tetrahydrofuran would offer additional opportunities
to understand the influence of solvent structure and ion coordination on ultrafast surface
dynamics. Furthermore, the noble gases exhibit different electron affinity and experiments
to other noble gases offers additional opportunities to study their interaction with alkalis.
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A. Optical Bloch Equations

In order to study the population in different energy states, optical Bloch equations are
employed. These are set of coupled differential equations giving decay rate of a state as
a function of population in other states (initial, intermediate and final) and their plausible
decay rates. A detailed description of optical equations and its implementation in the context
of time-resolved 2PPE can be found in several works [145,/146,/149-151]. A naive picture
on the origin of optical Bloch equations in a three-level system is presented as follows. The
wave function at any time is the superposition of the eigenfunctions of the three levels which
are normalized and orthogonal:

U(7,t) = Co(t) - Uy (T, t) + Co(t) - U (T, t) + Cs(t) - Us(7, 1). (A-1)

The probability of the transition of an electron in any state depends on the expectation value
of that state and can be expressed as density matrix as:

P11 P12 P13
p=\pa pa ps|- (A-2)
P31 P32 P33

The diagonal elements of p describe the probability that the system is in state |i > with
decay time of T}. The off-diagonal elements give the probability of the optically induced
coherence between two different states decaying with T;j (4,7 = 1, 2 and 3). According
to Liouville-von Neumann theorem, the equations of motion of the density matrix can be
expressed as,

—1i

. d
) = H,p —p 1SS 3 A-3
p=—IH, P+ = pa (A-3)

B

where H = Hy(t)+H/(t). The Hy and H; are the time-independent contribution and incident
light field induced contribution to the Hamiltonian respectively. The strength of the optical
transition between the states and the polarization dependence of the incident optical field
are introduced by an additional value, ¢;(t) = 5 fi;; - E (t), which describes the polarization
dependence (y;; and E(t) are the transition dipole moment and electric field respectively).
We get a set of 9 coupled differential equations upon evaluating the Liouville-von Neumann

equations as given below [150]:
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Appendix A. Optical Bloch Equations

d . d diss
Eﬂn = —i12 - (p21 — p12) + Epu )

d . .
%Pu = —l(¢12 : (/722 - Pn) - ¢23 : P13) + Z(wl - w2)

d
d

d . )
£P23 = —i(pa3 - (P33 — pa2) + b12 - p13) + i(we — ws)

d - d 1SS
P —ia3 - (P23 — p32) + Epgg , and
d d

apijzap;},i;&j torj=12o0r3

. , d
%Pm = —1(¢12 “ P23 — ¢a3 - ,012) + Z(w1 - W3) “p13+ P13

. d
P = —i(P12 - (p12 — p21) + P23 - (P32 — pa3)) + T

d diss
- P12 + Epu )

diss

dt

diss

diss

" P23+ Ep% ;

(A-4g)

The set of equations given under are known as optical Bloch equations (OBE). To
study the population dynamics of different energy states, these equations have to be solved

numerically as a function of time delay between pump and probe laser pulses.
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B. Error Propagation Method to
Determine Error in Adsorbate
Coverage Ratio

Let © and A© be the adsorbate coverage ratio and the error in its determination, respectively.
Let the errors in the measured coverage of Cs (O¢s) and ice (Op,0) on Cu(111) be AO¢q
and AOp,o, respectively. The adsorbate coverage ratio can be expressed as:

Op,
@(@CS7@DQO) = (;CO' (B_1>

Now, the error in the determination of © can be expressed using the error propagation of
the measured quantities as:

00(Op,0, Ocs)

AO = A© AOc. B-2
01,0 D=0 T 50, c (B-2)
Use partial derivative of equation in equation [B-2, we get:
1 )
AB = —AOp,0 + 22 A (B-3)
®CS ®Cs

The equation gives the error in the determination of the adsorbate coverage ratio as a
function of the coverage of the individual adsorbates and error in its determination. The
adsorbate coverage ratio and the corresponding error in its determination are tabulated in

chapter [4-1]
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C. Confidence Interval Analysis of
Potential Energy Surface

As discussed in the section [5.2] the PES is simulated for Cs*/Cu(111) and Xe/Cs*/Cu(111)
based on the previous works [3,/105]. The minima of the PES for both surfaces are separated
by around 4 pm as shown in the Fig. (¢). The question arises whether both minima
overlap if the errors in the determination of energy are taken into consideration. In order to
address this concern, errors in the Cs 6s energy for different time delay are determined for
1 ML Xe/Cs™/Cu(111) as shown in the Fig. (a).

The conversion of ground state Cs 6s energy to the distance of Cs* from surface is shown
in Fig. (b). Since the energy scales linearly with the distance from Cu image plane,
considering only upper or lower bound errors in the energy simply shift the PES vertically
up or down. So, two cases are considered for determining the confidence interval of the fit
of the original data. In the case I, lower error bound of the energy is considered up to 100 fs
time delay and upper error bound for above 100 fs time delay (green data points and fits). In
the case II, upper error bound of the energy is considered upto 100 fs time delay and lower
error bound for above 100 fs time delay (blue data points and fits). The fitted analytical
function is processed further as discussed in the main text according to [3,44]. The PES
of the 1 ML Xe/Cs™/Cu(111) for different cases in panel (b) is shown in the Fig. (c).
The minima are distinguishable and a separation of 1.5 pm is found which is smaller than
separation of the PES minima in the Fig. (c). Hence, observation of the shift of PES
upon adsorption of Xe is reliable.
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Figure C-1.: (a) The change in the energy of the Cs 6s state of the Xe-Cs™ aggregates as a
function of time delay is shown with error bars. The lower (L)and upper (H) bound error in
the energy are considered along with the original data for energy to distance conversion in
panel (b). The panel (c) shows the PES determined for the original energy (red) and that
with maximum errors (green and blue). The minima of the red and blue are separated by
around 1.5 pm. See text for detailed description of the analysis.
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Microscopic insight into interactions is a key for understanding the properties of heterogenous
interfaces. We analyze local attraction in noncovalently bonded Xe-Cs™ aggregates and monolayers on
Cu(111) as well as repulsion upon electron transfer. Using two-photon photoemission spectroscopy,
scanning tunneling microscopy, and coupled cluster calculations combined with an image-charge model,
we explain the intricate impact Xe has on Cs™/Cu(111). We find that attraction between Cs™ and Xe
counterbalances the screened Coulomb repulsion between Cs™ ions on Cu(111). Furthermore, we observe
that the Cs 65 electron is repelled from Cu(111) due to xenon’s electron density. Together, this yields a dual,
i.e., attractive or repulsive, response of Xe depending on the positive or negative charge of the respective

counterparticle, which emphasizes the importance of the Coulomb interaction in these systems.

DOI: 10.1103/PhysRevLett.127.266802

Properties of heterogenous interfaces are determined by
covalent, Coulomb, and van der Waals interactions at an
extent which is specific to the particular interface system.
Competition or cooperation are decisive, as is highlighted,
for example, by a doping-induced, reentrant metal-insu-
lator-metal phase transition in alkali doped K, Cg, adsorbed
on a Au(111) surface [1-3]. While the individual fullerenes
are interacting among each other and with the substrate by
van der Waals interaction, the electrons donated by the
alkalis determine the electronic properties of the interface
by exchange and Coulomb interaction [3,4]. A similarly
promising, yet unexplored, pathway might be to prepare
aggregates consisting of atoms as building blocks which
allow a modification of the effective overall interaction by a
variation of the atomic interactions. In this Letter, we lay
the foundations of this approach. We demonstrate a
modification of the local interaction by coadsorbing Xe
to Cs/Cu(111).

On metal surfaces, the adsorption of noble gases like Xe
is governed by an interplay of van der Waals attraction and
Pauli repulsion [5,6]. Alkali atoms like Cs transfer, upon
adsorption, their single valence electron to the metal surface
[7-10]. They are, in a good approximation, cations Cs*
dominated by Coulomb interaction. The resulting surface
dipole lowers the work function [11-13]. The investigation
of coadsorbed Cs and Xe promises novel insights regarding
competition (or cooperation) of these interactions. Such
understanding is highly relevant from a fundamental view-
point because local Coulomb interactions are essential in
understanding structural order, electronic properties, and
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the elementary processes at heterogeneous interfaces.
Those local effects and a potential control of the inter-
actions are interesting for sensor design and energy con-
version [14,15], among other applications. So far,
electronic and ionic interactions in multicomponent adsorb-
ate systems are unknown on the single-particle scale.

Few percents of a monolayer (ML) Cs* form on Cu(111)
a hexagonal alkali lattice due to mutual Coulomb repulsion
of adjacent alkali ions observed in scanning tunneling
microscopy (STM) [16]. The missing valence electron of
the adsorbed alkalis induces an unoccupied electronic state
observed in inverse photoemission [17] and two-photon
photoemission (2PPE) [11,18]. The antibonding character
of this Cs 6s state manifests itself in an ultrafast energy shift
due to the propagation of a nuclear wave packet along the
Cu—Cs™" coordinate [19].

Adsorption of noble gas layers on metal surfaces
increases the lifetime of electrons in image potential states
(IPSs) in front of the surface [20,21] since their dielectric
response repels the electronic wave function reducing the
wave function overlap with electronic states of the substrate
[22,23]. Though well established in two dimensions, this
phenomenon remains to be explored for structures of lower
dimensionality. This holds even more since the highly
polarizable Xe is considered as a nonpolar solvent in the
presence of cations [24]. The fundamental question of
interest, here, is how Xe affects the structural and electronic
properties of alkali ions on surfaces.

In this Letter, we unveil that Xe mediates an
effective, attractive interaction between Cs™ on the surface

© 2021 American Physical Society
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and enhances attraction between Cs™ and Cu(l11).
Furthermore, Xe induces a repulsion of the Cs 6s electron
from Cu(111). We trace this dual impact of Xe back to its
polarization of opposite sign induced by cations and
electrons. This was achieved by using STM and 2PPE
as complementary tools which probe Cs* and Cs, respec-
tively, on a wetting Xe ML with Cs™ on Cu(l1l),
supplemented by aggregates at sub-ML Xe. Supported
by coupled cluster calculations in conjunction with image-
charge modeling of the screened Coulomb repulsion, we
showcase the impact of the dominant Coulomb interaction
locally.

The experiments were performed in two separate ultra-
high vacuum systems at a base pressure of 4 x 107! mbar.
STM was carried out at 7 < 8 K. 2PPE spectra were
measured at 7 = 30 K using two time-delayed laser pulses
of 3.1 eV photon energy, 40 fs pulse duration at an incident
fluence of 1 mJ/cm? [25]. The Cu(l11) surfaces were
prepared by sputter-anneal cycles. The Cs atoms were
deposited at 7 =200 K from commercial Cs dispensers
(SAES getters). The alkali coverage was determined by
counting the ions on Cu(111) using STM and an analysis of
the work function in 2PPE [11,12]. Xenon was deposited
from a background pressure of 2 x 107% mbar in the STM
and exposed to a Xe beam in the 2PPE setup. The Xe
coverage was determined from temperature programmed
desorption calibrated by desorbing the first ML from
Cu(111). All electronic structure calculations have been
performed using the ORCA package. The energies were
computed using canonical CCSD(T) theory employing
complete basis set (CBS) extrapolation [26].

After Cs deposition, protrusions cover the surface
randomly at an apparent coverage of 7 x 10~* ML, which
are identified as Cs™, Fig. 1(a). Cs™ is partially pinned at
defects and partially mobile, leading to a striped appear-
ance. After Xe adsorption, Cs™ ions are trapped in Xe-Cs™
aggregates, Figs. 1(b) and 1(c). The flat parts of the
aggregates exhibit the same R30° — /3 x v/3 hexagonal
superstructure as pure Xe/Cu(111), see insets in Figs. 1(a)
and 1(b). Thus, we assign the flat parts of the aggregates to
single Xe layers. The aggregates exhibit protrusions at the
border and in the center that do not exist for pure Xe layers,
Fig. 1(b) inset. The Laplace filtered image in panel (c)
identifies two causes. For some, marked by yellow arrows
in Fig. 1(c), a small feature with the lateral size of a Cs™ is
surrounded laterally by Xe atoms, which are imaged at a
larger apparent height than other Xe atoms. For other
protrusions, marked by black arrows in (c), the lateral size
of all features is similar. We assign these latter protrusions
to Cs™ covered by Xe. Both cases represent 2D solvation of
Cs™, but of different coordination. In the aggregate center,
one Cs™ is fully solvated, showing up in the Laplace-
filtered image as a Xe heptamer. Such heptamers are the
dominant species in STM images of 1 ML Xe/0.16 ML
Cs*/Cu(111) in Fig. 1(e). Their number reflects the Cs™

Zz,,/arb. units

0.0 0.9 1.8

FIG. 1. STM images (a) of Cs*/Cu(111), =500 mV, 10 pA,
and (b) of a Xe-Cs™ aggregate on Cu(111) using a false-color
scale, 10 pA, —25 mV. Insets in (a),(b) show 1 ML Xe/Cu(111),
recorded at 1.2 nA, 100 mV on a wetting ML and at an aggregate
perimeter, 44 pA, 7 mV, respectively. (c) Laplace-filtered image
of (b). The Xe:Cs™ ratio in (b),(c) is 40:1. (d) 0.16 ML
Cs™/Cu(111), 10 pA, 250 mV; (e) Original (top) and Laplace-
filtered image (bottom) of 1 ML Xe on top of 0.16 ML
Cs™/Cu(111), 89 pA, 250 mV, (f) apparent height profiles
(top) along the lines marked in panel (c) in identical colors
and their Gaussian fits with maxima marked (bottom).

coverage. The uniformity of the solvatomers facilitates an
analysis by a space averaging method like 2PPE reported
below. We explain the observed structure by a carpetlike
growth [36,37] of the Xe layer across Cs™ which is
facilitated by the larger size of Xe (rx. =216 pm vs
rest = 174 pm) and its larger physisorption distance of
360 pm [38] compared to the chemisorption distance of
Cs™ of 301 pm [39].

Height profiles across a row of Xe atoms in the interior of
the aggregate reflect the regular distance between two Xe of
0.45 nm, blue line in Fig. 1(f). The distances between the
maxima in the height profile across a Xe-covered Cs™ are
less regular and indicate a nearest neighbor Cs'-Xe
distance which is shorter by ~50 pm, red line and vertical
markers in Fig. 1(f), better observed in the Gaussian fits to
the height profiles (bottom). This leads to a larger distance
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FIG.2. Cs*-Cs™ distances in Xe-Cs* aggregates: (a) Repulsive
interactions between two Cs* without (solid line) and with
contact to a metal (red dashed line) as a function of the
Cs™-Cs™ distance. Circles represent the CCSD(T)/CBS refer-
ence. Inset: Attractive interactions between Cs™ and one (or two)
Xe atoms per Xe obtained from CCSD(T)/CBS calculations as a
function of Cs™-Xe (equi)distance; the resulting attraction of
150 meV per nearest-neighbor Xe atom provides the gray dashed
line in the main panel. The blue and red isosurfaces of the charge
density difference visualize charge accumulation and depletion,
respectively, of Xe-Cs™-Xe at the optimized equidistance of
0.39 nm. Xe cores are yellow [26]. (b) Nearest-neighbor distance
histogram of Cs* on Cu(111) in green and in Xe-Cs™ aggregates
in red normalized to the number of distances N,,; in STM images
for ®¢g+ = 7 x 107* ML (low) and 0.16 ML (high).

to the next nearest neighbor to maintain registry with the Xe
environment [40].

The formation of such aggregates is surprising as
aggregates containing multiple positive ions are expected
to break up into smaller ones due to Coulomb repulsion.
We shed light on this paradox by CCSD(T)/CBS calcu-
lations to compare the Cs*-Xe attraction to the Cs™-Cs™
repulsion in the absence and presence of screening by a
metal surface, see Fig. 2(a). At the preferred Cs™-Xe
distance of 0.4 nm, which is in accord with the measured
distances, see Fig. 1(f), the attractive interactions between
Cst and Xe amounts to ~150 meV in vacuum, see
Fig. 2(a), inset. We conclude that, although this Cs*-Xe
attraction features significant electronic polarization as
demonstrated by our charge density difference analysis,
Fig. 2(a) inset, in addition to dispersion, it is one order of
magnitude smaller than the unscreened Coulomb repulsion
between two Cs' at observed separations of deg_c+ ®
1-2 nm in the aggregates, see Fig. 2(b). Thus, without a
metal support, Xe-Cs* aggregates should disperse into
smaller ones in contrast to our observations.

To scrutinize the role of Cu(111), we have factored in
image charges [41,42]. Having shown that the Coulomb
repulsion between point charges represents the Cst-Cs™
interactions as given by explicit electronic structure calcu-
lations faithfully at the experimentally relevant distances
[compare solid line to circles in Fig. 2(a)], we discuss the
impact of image charges at the metal surface on equal
footing [26]. As evidenced by Fig. 2(a), the screening effect
is enormous at 1.5 nm: The Coulomb repulsion is decreased

from ~1 eV (solid line) to ~50 meV (red dashed line),
which is much smaller than the Cs™-Xe attraction of
150 meV per Xe atom (gray dashed line).

The distances between two Cs™ have been analyzed for
low and high Cs™ coverage @+ in the absence (presence) of
Xe yielding the green (red) data in Fig. 2(b). For low O¢+, a
sharp distribution of Cs*-Cs™ pairs at short distances of
about 1-2 nm is observed within Xe-Cs™ aggregates for
different Xe coverages [26]. In this limit, the screened
Coulomb repulsion between two Cs™ on Cu(111) is over-
compensated by the attractive interaction between Cs™ and
Xe, as revealed by the calculations. Phenomenologically, an
effective attraction between cations on Xe/Cu(111) with
reference to the pristine Cu(111) surface is obtained. The
picture extracted is that individual Cs*/Cu(111) prefer to
reside at Xe aggregates given their favorable interactions
with Xe. Being bound to the rim, the remaining weak
repulsion between any two such cations leads to similar
Cs'-Cs™ distances along the perimeter.

At higher O¢,+, a regular superstructure forms with an
average Cs™-Cs™ distance of (1.25 £ 0.22) nm, which is
smaller than the distance reported for the aggregates,
Figs. 1(d), 2(b). Xe adsorption leads to a regular array of
heptamers, also found in the aggregate center in Fig. 1(c),
with the same distance of (1.28 + 0.28) nm, Figs. 1(e), 2(b).
As for low O+, the Xe overgrows the Cs™ like a carpet,
Fig. 1(e). Within the carpet, the Xe-Cs™ interaction also
modifies the adjacent Xe-Xe distance, but the larger
Coulomb energy at the shorter Cs™-Cs™ distance is not
overcompensated so that the distance histogram remains
unaltered [40]. These are the surfaces that were investigated
by time-resolved 2PPE to provide insight in the response of
the environment to this local excitation [9,43]. As sketched
in Fig. 3, the photon energy is set for resonant electron
attachment from Cu(l11) to the Cs 6s state [18,19].
Adsorption of 1 ML Xe increases the work function of
0.14 ML Cs™/Cu(111) by (100 + 15) meV, while the
energy of the Cs 6s feature changes by (120 £ 15) meV.
As discussed in [26], this behavior suggests a Xe-induced
decoupling of the Cs 6s electron from Cu(111), contrary to
the effective attraction Xe mediates on the metal surface
between two Cs™ reported above.

Time-resolved 2PPE provides microscopic insights into
this decoupling. Figure 3(a) shows the 2PPE intensity
autocorrelation as a function of time delay Az between two
identical laser pulses. The Cs 6s feature occurs at time zero
at E-Ep =2.6 eV and relaxes to lower energy with
increasing At due to the progression of the nuclear wave
packet on the antibonding potential energy surface [19].
Two effects of Xe are identified. First, the Cs 6s electron
relaxation time 7 is increased by a factor of 6 from 13 to
80 fs, Fig. 3(b) and [44]. Since such a pronounced increase
in 7 represents a substantial reduction in the overlap of the
Cs 6s wave function with Cu(111) states [9], we conclude
that Xe coadsorption induces a decoupling of the Cs 6s
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FIG. 3. 2PPE intensity (a) of 1 ML Xe/0.16 ML Cs™/Cu(111)

recorded at 7 = 30 K in false color as a function of intermediate
energy E-Ep (left), final state energy (right), and time delay.
The time-dependent energy of the Cs 6s feature is indicated by
circles. (b) Autocorrelation traces of the Cs 6s state (circles),
obtained by integrating the intensity within 200 and 150 meV for
Cs/Cu(111) (black) and Xe/Cs/Cu(111) (red), respectively.
Relaxation times of (13 4 3) and (80 =+ 10) fs for Cs/Cu(111)
and Xe/Cs/Cu(111), respectively, are obtained by fits of single
exponential decays convolved with the autocorrelation of the
laser pulse (solid lines) [44]. (c) 2PPE spectra at the indicated
time delays.

wave function from Cu(111). Second, while the observed
transient energy gain is 0.24 eV, similar to Cs/Cu(111)
[19], Xe influences the time dependent energy changes AE,
Fig. 4(a). Following [19], we estimate the potential along
the surface normal direction from AE(Ar). We convert the
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FIG. 4. Time-dependent change of intermediate state energy
AE (a) plotted for Xe/Cs™/Cu(111) from Fig. 3 and for bare
Cs*/Cu(111) using data from [19]. The respective distances
Res. cuip and the excited state potential energy surface
U(Rcs...cuip) are determined with (red) and without (black)
coadsorbed Xe. Note that the absolute energy difference between
the two potentials in (c) is not known.

energy to the distance Rcg cu—ip between Cs and the
image-plane of the Cu(l11) interface using previous
calculations [45]. We fit the values by an analytical
function, Fig. 4(b), under the assumption of the same
Rcs.. cu—ip(E) because Xe has a minor effect on the Cs 65
energy. An inflection point identified in AFE for
Xe/Cs/Cu(111) at At =70 fs, see arrow in panel (a), is
not evident for Cs/Cu(111), but appears in Fig. 4(b) at later
delays than for Xe/Cs/Cu(111). Using OR?/OA#?, which
defines the force F acting on the Cs ion core, we determine
the excited state potential U(Rcs cuip) =— [ FdRcs. cuip-
The minimum in U shifts (4.0 + 1.5) pm toward Cu(111)
upon adding Xe, resembling the attraction Xe mediates
among two Cs™ concluded above, Fig. 4(c).

Our analysis establishes that adding Xe to Cs™/Cu(111)
compensates for the repulsive interaction in the surface
plane between adjacent Cs* and enhances the binding of
Cs™ to Cu(111) along the surface normal. The observed
increase in Cs 6s electron lifetime upon adding Xe is
explained by a decrease in wave function overlap with the
states of Cu(111), which implies that the respective Cs
wave function W, is repelled by Xe from Cu(111) to the
vacuum. Such repulsion has been previously concluded
from an increase in electronic lifetimes of IPSs upon
adsorbing a closed noble gas layer on metal surfaces
[20-23]. It is based on the dielectric polarization response
of the noble gas electron density to the transient IPS
population. In the present case, Cs™ is surrounded by
Xe (Fig. 1). Since W, extends laterally over several Cu
lattice constants [9] and affects the appearance of adjacent
Xe atoms in STM images (Fig. 1), we explain the repulsion
of W, by the part of the Xe electron density that is beneath
Cs™ which reduces the overlap of W, with Cu(111) states.
While on homogenous surfaces in two spatial dimensions,
1 ML of Xe doubles the IPS lifetime [23], the larger, sixfold
increase in 7, see Fig. 3(b), is explained by the localized
nature of Wg,. The lifetime increase for Xe/Cs/Cu(111) is
attributed to the reduced dimension where seven Xe atoms
modify a single Cs™, while for the two-dimensional layers,
the homogenous electron density acts and provides less
electron density for screening.

In conclusion, we have investigated the mutual influence
of Xe and Cs™ on a Cu(111) surface and discovered two-
dimensional, nanostructured Xe-Cs™ aggregates. Weak
interactions with Xe outperform the Coulomb repulsion
between cations due to screening by the metallic surface. A
proposed electron repulsion between the Xe electron
density and the Cs 6s wave function corroborates the
dominant character of the local Coulomb interaction. We
believe that our results are of general nature. Since alkali
and noble gases represent groups in the periodic table,
systematic variation of the described local interactions
could become feasible by changing the atomic polariz-
ability via the noble gas and the different surface dipoles
via alkalis. Extension to earth alkalis and halogens bears
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additional potential. Since the interfacial electronic struc-
ture and the electron affinity of the constituents contribute
as well [23], further means for modification exist. The
atomic-scale understanding established here provides
opportunities to tune local, noncovalent interactions and
opens the doorway toward establishing novel nanostructur-
ing strategies of heterogenous interfaces.
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Understanding the molecular and electronic structure of solvated ions at surfaces requires an analysis of
the interactions between the surface, the ions, and the solvent environment on equal footing. Here, we
tackle this challenge by exploring the initial stages of Cs* hydration on a Cu(111) surface by combining
experiment and theory. Remarkably, we observe “inside-out” solvation of Cs™ ions, i.e., their preferential
location at the perimeter of the water clusters on the metal surface. In addition, water-Cs complexes
containing multiple Cs™ ions are observed to form at these surfaces. Established models based on
maximum ion-water coordination and conventional solvation models cannot account for this situation, and
the complex interplay of microscopic interactions is the key to a fundamental understanding.

DOI: 10.1103/PhysRevLett.130.106202

The interplay of screening local charge accumulation and
high electronic density of states at metal surfaces is decisive
for understanding the fundamental aspects of surface
reconstruction and reactions [1]. This is particularly pro-
nounced for, but not limited to, metal-electrolyte interfaces,
because screening and local reorganization occurs in this
situation not only in the metal, but in the electrolyte as well
[2]. Prominent examples of such interfaces include alkali
ions in aqueous solution approaching metal surfaces [3,4]. In
the presence of water, either as a reactant or as part of the
environment, hydration of adsorbates may occur even with-
out an extensive liquid phase due to its local character on the
molecular scale of the solvent. Thus, hydrated ions at
interfaces are relevant in many fields, for example, atmos-
pheric aerosols, corrosion, and aggregation of biomolecules
[5], which also results in a multifaceted landscape of
potential applications. However, the complexity of the
different types of interactions (ion-surface, ion-solvent,
solvent-surface, solvent-solvent, ion-ion) also impedes
understanding of such interfaces, and fundamental questions
like the effect of ions on the structure of interfacial water are
of considerable current interest [6,7].

Surface science studies at defined model systems provide a
well-established approach to analyze the fundamental,
microscopic interactions since they promise insights regard-
ing competing or cooperative effects in general [§]. One such
model system is Cs on Cu(111) [9-14], which has been
investigated for a range of catalytic conversions, including
reactions involving water (e.g., the water-gas shift reaction).

The interaction between adsorbate and metal surface
affects both the geometric and the electronic structure at the
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interface [15]. It is well known that the most stable clusters
in bulk water consist of single alkali ions surrounded by
four (Li™) to eight (Rb™, Cs™) water molecules [16]. Close
to a transition metal surface, the solvation structures may be
entirely different [17,18]. Model systems with reduced
complexity (i.e., adsorption at submonolayer coverage
under ultrahigh vacuum conditions) provide valuable con-
tributions to understanding the interface and the funda-
mental interactions determining its structure. In addition,
such model studies can also reveal changes in the electronic
structure of the surface [19]. The formation of alkali ions
upon adsorption of neutral alkali atoms is due to an electron
transfer to the surface accompanied by the formation of
unoccupied, short-lived resonances, which are decisive for
the occurrence or nonoccurrence of photoreactions [20].
For example, photoexcitation into the Cs 6s resonance on
Cu(111) leads to an increase of the Cs-Cu bond distance
[21], but photodesorption is unlikely because of the low
cross section under experimental conditions [22,23]. While
changes in energy and lifetime of the alkali resonances on
Cu(111) by solvation were experimentally detected [24,25],
a microscopic understanding of the complex interactions of
water and alkali ions on metal surfaces remains elusive.

In this Letter, we investigate the relationship between the
geometric and electronic structure of Cs™ ions coadsorbed
with water on a Cu(111) surface. Combining density
functional theory (DFT), scanning tunneling microscopy
(STM), and two-photon photoelectron emission (2PPE),
we show how the relative strengths of water-ion and water-
water interactions lead to coverage-dependent changes
in the structure of the coadsorbates. We find that clusters

© 2023 American Physical Society
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crowded with ions form with the ions solvated at the
perimeter of the water clusters. The results also suggest that
the local ion and water concentration causes pronounced
energetic shifts and splitting of the Cs resonance, which
may significantly affect the properties of the interface.
While this Letter focuses on the fundamental aspects of
such interfaces, the results may be relevant in diverse fields
such as ion hydration, catalysis, and atmospheric science.

To calculate the Cs*™-water clusters on Cu(111) for
different Cs* and H,O coverage, we used the exchange-
correlation functional by Perdew et al. [26] together with
the D3 dispersion correction [27,28] as implemented in
VASP [29,30]. The Cu(111) surface was modeled by 5 x 5
surface unit cells, in which the different clusters are placed
individually. Thus, the clusters are defined by the number of
Cs™ ions (one to three) and water molecules (zero to six) per
unit cell. One Cs™ per unit cell corresponds to a coverage of
0.16 monolayers (ML) defined with respect to a closed-
packed (2 x 2) monolayer. The water coverage is given in
fractions of a bilayer (BL), which is a closed hexagonal
layer with two water molecules per three surface atoms [15].
See the Supplemental Material for more details [31].

The Cs™-water and the water-water interactions are of
comparable strength. For instance, the agglomeration
energy of a Cs™ ion and a water molecule on Cu(111) is
—0.36 eV, compared to a value of —0.28 eV for two water
molecules. This competition between ion-water and water-
water interactions has been discussed in the context of gas-
phase Cs'-water clusters [39]. In contrast to the typically
three-dimensional gas-phase clusters with many Cs-water
bonds, flat structures are more favorable on Cu(111) due to
the strong adsorbate-surface bonds. Because of the large
size of Cs™, it is difficult to build flat clusters with both
many Cs*t-water and many hydrogen bonds. Remarkably,
we find that the most stable structures are hydrogen-bonded
water clusters with Cs™ located at the perimeter or as part of
aring; see Fig. 1(a). We emphasize that structures with Cs™
in the center of surrounding water with maximal coordination
on Cu(111), which were analyzed in Ref. [40], are found to
be less stable; see Supplemental Material [31].

Increasing the amount of water per Cs changes the
electronic structure. Up to four water molecules per Cs™
ion, the work function increases by 1 eV [see Fig. 1(b)], and
the band center of the unoccupied Cs™ 6s states shifts to
higher energies by 0.8 eV; see Fig. 1(c). For a more detailed
depiction of the computed band centers, we refer to the
Supplemental Material [31], Fig. S4. We also investigated
clusters with multiple Cs™ ions. The cluster structures are
similar to those with one Cs™ ion; i.e., Cs™ is located at the
perimeter of water clusters or part of a ring. The Cs-Cs
distances are 50 to 150 pm shorter in the presence of water.
Increasing the Cs* coverage from 0.16 to 0.48 ML at a
given water coverage reduces both the work function
and the Cs'6s energy, as shown in Figs. 1(b) and 1(c).
A computed phase diagram (see Fig. S10 in the
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FIG. 1. (a) Clusters of one Cs™ ion with two, three, and five

water molecules, two Cs™ ions with two, four, and six water
molecules, and three Cs™ ions with three water molecules
obtained by DFT calculations. Cs, Cu, O, and H are depicted
in blue, gray, red, and white, respectively. A complete overview
of the structures is available in the Supplemental Material [31];
see Figs. S5-S7. (b) Computed work function as a function of the
number of water molecules per Cs™, for adsorbed clusters
containing one (blue circles), two (green squares), and three
(brown diamonds) Cs™ ions, which correspond to coverages of
0.16, 0.32, and 0.48 ML, respectively. The work function of clean
Cu(111) and 0.06 BL H,O/Cu(l11l) (one adsorbed water
molecule per 5 x 5 unit cell) is indicated by black and red lines,
respectively. (c) Computed band center shift of the unoccupied Cs
6s states, Aef, relative to a single adsorbed Cs™ ion (0.16 ML);
see Supplemental Material [31].

Supplemental Material [31]) shows the most stable clusters.
It demonstrates that small changes in concentration affect
the cluster size, suggesting that the cluster structure changes
depending on the local concentration of Cs™ and water,
which complements the changes in the electronic structure
discussed above.

To verify the calculated cluster structures, we used STM;
see Supplemental Material for details [31]. Starting with Cs
deposited without water, a hexagonal superstructure forms
[see the inset of Fig. 2(a)] at a coverage of 0.2 ML Cs™, in
agreement with Ref. [41]. With a distance of (1.55 4= 0.07)
nm between the protrusions, this corresponds to a (6 x 6)
superstructure with respect to the hexagonal Cu(111) surface,
suggesting long-range interaction between individual Cs™,
which was attributed to electrostatic repulsion [41]. The
striped appearance of some ions within the Cs* layer reflects
their mobility even at 7 = 7 K; cf. Supplemental Material
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FIG. 2. Scanning tunneling microscopy of Cs™ ions coadsorbed on Cu(111) with D,0. () Initial hydration; circle surrounds some of
the larger clusters; arrow points to a diffusive region. Inset: Cs™ only. (b) Height profile along the line in (a). (¢),(d) STM image and area
histogram of hydration at approximately ten D,O molecules per Cs* ion, with some clusters marked with the number of their subunits.
(e)—(h) Ten D,0 molecules per Cs* ion annealed at 50 K for 15 min. (e),(g) STM images on gray and Laplace filtered on false-color
scale (cf. Fig. S1 in the Supplemental Material [31]). (f) Area histogram; (h) histogram of estimated number N, per cluster. Tunneling
parameters: (a) —250 mV, 10 pA; (c) 53 mV, 7.5 pA; (e) 40 mV, 7.5 pA; (g) 100 mV, 10 pA.

Fig. S2 [31]. For an incompletely hydrated layer, parts of the
surface are still covered by the hexagonal layer; upper left in
Fig. 2(a). Here, protrusions in the hexagonal array are imaged
broader, at an area of (0.34 +0.08) nm? as compared to
(0.83 4+ 0.09) nm?, and higher, at 170 pm instead of 125 pm;
Fig. 2(b). Their distinct size suggests that only one water
molecule is attached to a single ion. On other parts of the
surface, wider clusters exist; see circle in Fig. 2(a). Here, the
distance between the clusters is larger than in the hexagonal
array. These regions are surrounded by some diffusive layer,
indicative of mobile Cs™. Such a mobility is possible if there
is more than one Cs* ion bound in each cluster, and each ion
occupies less space than before solvation. For such an
approach of Cs™ ions, the water needs to screen the ions
and compensate their repulsive Coulomb interaction by
bonding.

At higher water coverages of approximately ten water
molecules per Cs™, all Cs™ ions are bound within D,O-Cs™
clusters; see Fig. 2(c). The considerably decreased number
of D,0-Cs™ clusters as compared to the original number of
Cs* ions confirms that more than one Cs* is bound within
each cluster; on average, we identify four to five. Elongated
clusters are frequent and are marked by ellipsoids “2.”
These lead to a distinct maximum at an area of (1.9 £
0.2) nm? in the area histogram in Fig. 2(d), which suggests
clusters of around half and 1.5 times this size. Their
apparent size in the STM image as compared to sizes of
pure water clusters is consistent with ten water molecules
per Cs* ion [42], suggesting that these smallest units
contain one Cs™ ion. The smallest clusters thereby show the

characteristic stripes of a mobile species marked by circles
“1” in Fig. 2(c). This is in contrast to immobile, larger
clusters which consist of subunits of this size, leading to
distinct multiples in the area histogram. Thereby, clusters
with three protrusions are triangular and those with four
protrusions rectangular. Larger clusters are far from being
uniform in shape.

Similar structures were found after increasing the tem-
perature. Upon annealing at 50 K, the cluster size increases;
Fig. 2(e). The mean area doubles from (2.7 & 1.2) to
(5.9 4 2.3) nm?; see Fig. 2(f). The cluster size is far from
uniform, but all clusters seem to consist of subunits that
align along their perimeter. These subunits are enhanced in
visibility by color coding a Laplace-filtered image in
Fig. 2(g) (see also Fig. S1 in the Supplemental Material
[31] for a comparison of regular and filtered images).
Assuming that each of the circular blue dots of smallest
height contains one Cs™ ion and that the elongated or the
higher protrusions contain two Cs™ ions leads to a number of
Cs™ ions per area equivalent to the deposited value. The
corresponding histogram reveals that 85% of the clusters
contain eight to ten Cs™ ions, a rather uniform distribution.
Thus, the STM results at high water coverage confirm the
structure found by DFT. Instead of a central ion with a
solvation shell, we observe water clusters with multiple ions
at the perimeter, an arrangement which we term “inside-out
hydration.”

Having established a good agreement between calculated
and experimental cluster structures, we turn now to the
electronic structure. Experimentally, this was studied by
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FIG.3. (a) Schematic of 2PPE on Cs*/Cu(111). (b) False color
map of 2PPE intensity as a function of the D,O coverage and
E — Er. The D,0 coverage is given in bilayers (top axis) and as
the number of molecules D,O per Cs™ (bottom axis); see
Supplemental Material for details [31]. The Cs 6s states dressed
with D,O until 2.7 D,0/Cs™, for ® > 0.16 BL or 2.7 D,0/Cs™,
and the change in work function are depicted by blue, red, and
yellow circles, respectively. (c) 2PPE spectra at selected O.
(d) The change in energy of the two states (at low water coverage,
A, in blue, and at high water coverage, B, in red) as a function of
D,0/Cs™ for different Cs™ coverage O¢¢+ and T = 25 and 80 K
depicted by open and closed symbols, respectively.

2PPE, for which we employ femtosecond laser pulses of
photon energy #iw = 3.1 eV [25,43]. In 2PPE, the first
photon 7@ excites resonant electron transfer from Cu(111)
to the unoccupied Cs 6s state. A second photon generates
the photoelectron analyzed in a spectrometer [43];
see Fig. 3(a). To study the interaction of D,0O with Cs*,
we acquired 2PPE spectra while adsorbing D,O on
Cs™/Cu(111) at 25 K as shown in Figs. 3(b) and 3(c).
The peaks at energies E — E = 2.47 and 0.75 eV observed
for bare Cs™/Cu(111) are assigned to the unoccupied Cs
6s state [44] and the occupied 3d band of the Cu(111)
substrate, respectively. Here, Ef is the Fermi energy of Cu
(111). The energy of the Cs 6s state increases during the
adsorption of D,0O by 240 meV; see Fig. 3(b). The intensity
of the Cs 6s state decreases with D,O coverage and
vanishes at four D,O molecules per ion. Slightly below

this coverage, a new state appears at 2.34 eV. Its energy
increases with D,O coverage as well; see red circles. This
state may be solvent dependent, as it was not observed for
Cs™-Xe on Cu(111) [25]. The change in the work function
of the surface is manifested as a change in the low-energy
cutoff of spectra; see yellow circles.

Figure 3(d) compiles energies for different Cs™ cover-
ages O¢¢+ and at two water adsorption temperatures, 7 =25
and 80 K. In agreement with Ref. [44], the energy of the Cs
6s state for bare Cs*/Cu(111) decreases with increasing
Oc¢+. The unoccupied Cs 6s state dressed with D,O is
designated as A (blue markers). The unoccupied Cs 6s
derived state observed for more water is denoted as B (red
markers). Upon adsorption of D,0O, the energy of the A
state increases. Remarkably, the energy of the B state is
independent of the Cs* coverage but increases with D,O
coverage by more than 200 meV. At 7' = 25 K, the energy
of the B state is nearly constant below four D,0/Cs™ and
above seven D,0O/Cs™, and the increase in energy occurs
via a jump at around six to seven D,O/Cs™. This is in
contrast to the weaker, more gradual increase at 7 = 80 K,
which indicates limited mobility of Cs-water clusters at the
lower temperature.

These results agree qualitatively with our DFT calcula-
tions, but the latter overestimate the observed shifts by a
factor of 2; cf. Figs. 1 and 3. The appearance of two different
resonance states at water coverages around one D,O/Cs™
suggests that different clusters coexist, in agreement with the
STM results. To test this hypothesis, we performed calcu-
lations using a larger 7 x 7 unit cell. This enables us to
investigate the electronic structures of different clusters
within one unit cell. As shown in Fig. S6 of the
Supplemental Material [31], the maxima of the unoccupied
Cs 65 bands of Cs™ ions in different clusters have different
energies.

This agreement among experiment and theory allows us
to propose a scheme for the hydration of Cs™ on Cu(111).
At low water coverage (< 1 water molecule per Cs™), Cs*
ions are dispersed on the surface in a hexagonal array and
are bonded to at most one water molecule. Adding water
leads to the formation of small clusters with low water:Cs™
ratio (up to ca. 3:1), which shifts the 6s state to higher
energies. At a coverage of three water molecules per Cs™
ion, larger clusters with multiple Cs™ ions start to dominate.
They show a new lower-energy 6s state due to the higher
local Cs™ coverage. Adding water shifts this state to higher
energies.

The hydration structure of Cs™ on Cu(111) is markedly
different compared to bulk water or the gas phase. Because
of adsorbate-surface interactions, two-dimensional clusters
are energetically preferred. Together with the large size of
Cs™ ions, this leads to a competition between Cs™-water
bonds and hydrogen bonds. The latter dominate in the most
stable cluster structures, leading to a preference for water
clusters with Cs* ions at their perimeter.
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As demonstrated here for a highly crowded situation,
the relationship between coverage, cluster structure, and
unoccupied electronic states may have important conse-
quences for the reactivity of solvated alkali or metal
interfaces. Such an understanding of the elementary inter-
actions that determine the structures of ion-solvent clusters
may also provide useful input for an advanced model
description of electrode-electrolyte interfaces. While the
peculiar inside-out solvation structure may not be visible at
high water coverages, the balance of the fundamental
interactions shown could still play an important role in
the chemistry and physics of solvated alkali ions at the
metal-liquid interface.
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