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Abstract 

 

This thesis focuses on the behaviour of defects and polarons in TiO2, which is a model 

catalyst widely used due to its low cost, versatility and stability. TiO2 exists as two 

main polymorphs, anatase and rutile. Although these polymorphs have the same 

chemical structure, the manner in which defects exist and behave is distinctly different.  

Photoemission spectroscopies are suitable techniques for studying polarons. In the first 

results chapter, bulk defects in rutile TiO2 are investigated with two-photon 

photoemission and supported with density functional theory. It is found that bulk 

polarons are less bound than their surface analogues and create an alternative 

photoexcitation vector. 

The second results chapter describes the effect of formic and acetic acid adsorption on 

polaron behaviour in rutile TiO2. Carboxylic acids alter the local crystal field of 

polarons. Two-photon photoemission spectroscopy is used to demonstrate how this 

leads to adsorbate specific transitions which is dictated by the electronegativity of the 

adsorbate. 

Lastly, in the final results chapter, formic acid adsorption is also considered on the 

anatase surface. The valence band structure is studied with ultraviolet photoemission 

spectroscopy to show that oxygen vacancies migrate to the surface upon dissociative 

adsorption, leading to the stabilisation and diffusion of the associated polarons. 
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Impact Statement 
 

 

Many of TiO2’s functional properties are enabled by defects and charge carriers. For 

example, TiO2 is an electron collector in photovoltaic prototypes as a result of its 

outstanding charge carrier properties. In another example, water splitting occurs at 

surface oxygen vacancies which hydroxylates the surface. This fundamental reaction 

is a key step in TiO2’s H2 production capabilities. However, isolating the defect driven 

processes in TiO2 is challenging as extreme conditions are often required to study 

them. Typically, these are exceptionally low pressures with high energy 

spectroscopies.  

In this work, ultra-high vacuum conditions are coupled with a femtosecond laser 

system, which allows for increased insight into polaron behaviour. Specifically, it 

permits polaron – light interactions to be explored in a state resolved manner. To attain 

technological relevance, polarons are studied in model environments such as the bulk 

lattice and under common adsorbate terminations, which are stable in atmospheric 

conditions. Corroboration of the spectroscopic measurements is also attained via 

density functional theory calculations from a collaborating group.  

This thesis also furthers the understanding of the differences between rutile and 

anatase TiO2 by suggesting that the role of defects may be key. For example, oxygen 

vacancies in anatase have typically been ruled inert due to their protected environment. 

However, the work in this thesis provides a facile adsorbate-induced framework as to 

how they migrate to the surface.  
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Figure 5.5 - 2PPE measurements (3.35 – 3.87 eV, 370 - 320 nm, p-[001]) of the 

formate saturated TiO2(110) interface. As the photon energy increases, there is an 

increase in contribution from coherent 2PPE from the valence band tail and the 

appearance of the coherent 2PPE feature from the BGS. No evidence of feature 2 is 

observed at any photon energy. ................................................................................ 128 

Figure 5.6 - Left hand side - Extension of Figure 5.4(a), 2PPE measurements (3.65 – 

4.13 eV, 340 - 300 nm), light polarised perpendicular to [001] azimuth) of the acetate 

saturated rutile (110) interface. As the photon energy increases, there is a large increase 

in contribution from coherent 2PPE from the valence band tail. When this coherent 

feature is particularly prominent, the Auger process is less pronounced. This is likely 

due to the decay process being less probable due to multiphoton photoemission. The 

inset shows the dashed box, expanded. Feature 1 follows the expected wavelength 

dependence. Right hand side - Schematic of processes leading to features in the 2PPE 

spectra of AA-R110. ................................................................................................ 130 

Figure 5.7 - a) 2PPE measurements (3.54 eV, 350 nm, light polarised perpendicular 

to [001] azimuth) of the formate saturated rutile (110) interface under exposure of O2. 

High exposures of O2 are required to reduce feature 1 relative to adsorbate-free 

surfaces. Black, white and yellow lines represent locations of Evac, Feature 1 and EF + 
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2ℎ𝜈, respectively. (b) Normalised (N.) 2PPE spectra at points (a), (b), (c) and (d), 

normalised to the auger feature described in the main text. The inset shows the small 

difference in workfunction, magnifying the dashed region. (c) Normalised (N.) He-II 

(40.8 eV) spectra (Tougaard background removed) of the FA-R110, before and after 

the O2 dosing experiment. No significant change in any features of the spectra were 

seen. .......................................................................................................................... 132 

Figure 6.1 - (a) 2PPE spectra for the clean anatase TiO2 (101) surface acquired with a 

photon energy of 2.95 eV. The spectra were measured with both p-polarised (p) and s-

polarised (a) light. s is normalised to p at the secondary electron signal edge. P-NS 

denotes the difference spectra, which was obtained by subtracting the normalised s-

polarised data (NS) from the p-polarised data. Values on the top x-axis refer to the 

intermediate state before absorption of the second photon. (b) 2PPE spectra for the 

clean rutile TiO2 (110) surface acquired with a photon energy of 3.06 eV. Note the 

different scales in (a) and (b) R-TiO2 (110) is incorrectly labelled as R-TiO2 (101). (c) 

Photon energy dependence of the final-state level in 2PPE. (d) Valence electronic 

structure of anatase TiO2 (101) and rutile TiO2 (110) measured with identical 

experimental para- meters. The inset graph emphasises the band gap states on both 

TiO2 surfaces. Reproduced from reference [11] with permission from the PCCP Owner 

Societies. .................................................................................................................. 139 

Figure 6.2 - Possible binding geometries of formic acid to the anatase (101) surface. 

(a) Bidentate dissociative chemisorption along Ti5c rows in the [010] direction 

resulting in formate and OHb products. (b) Monodentate non-dissociated adsorption, 

stabilised by H-bonding to O2c atoms. (c) Monodentate dissociative adsorption (d) 

Bidentate dissociative chemisorption across adjacent Ti5c sites in the [101] direction 
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with Ovac below. Geometries deduced from work in [12-15]. Green, red and gold 

spheres represent titanium, oxygen and bridging oxygen atoms of the anatase (101) 

surface, respectively. Blue, grey and white spheres represent oxygen, carbon and 

hydrogen atoms of formic acid, respectively. .......................................................... 142 

Figure 6.3 - (a) 2PPE spectra (ℎ𝜈 = 3.44 - 4.00 eV, 360 – 310 nm) measured from C-

A101 with p-polarised light and the [101] azimuth vertical. Spectra were fitted using 

the procedure described in 2.1.5. The red circles represent the original data points and 

the blue line represents the fit. The gold peak represents the 2PPE background. Two 

dominant peaks are observed, labelled feature 1 and feature 2 (green and blue 

Gaussians, respectively). (b) 2PPE spectrum (ℎ𝜈 = 3.87 eV, 320 nm) measured with 

p- and s-polarised light. The spectra are normalised to the intensity at the workfunction 

cut off. The difference spectrum of p-s is presented and shows the presence of the two 

dominant features identified in (a) and the third smaller feature at ~7.7 eV from the 

free carrier population, which is enlarged in the inset. (c) Plot of the photon energy 

dependence of the two fitted peaks in (a) given by equations for coherent and 

incoherent processes (see 2.1.4). Blue diamond signifies feature 2 and the green 

pentagon feature 1. The resonant photon energy is identified by the point at which the 

two lines intersect and is calculated as ~ 2.81 eV (440 nm). .................................. 145 

Figure 6.4 - (a) 2PPE spectra of ℎ𝜈 = 3.18 eV (390 nm) and 4.00 eV (310 nm) with 

the peak locations for features 1 and 2 at each photon energy labelled (recorded with 

p-polarised light). The spectra are normalised at 4.89 E – EF. (b) 2PPE spectrum (ℎ𝜈 

= 3.18 eV, 390 nm) of C-A101 fitted with Gaussian peaks. The red circles represent 

the raw data points, and the blue line represents the fit as a result of the background 

(Bkg), feature 1 (F1) and feature 2 (F2) contributions. ............................................ 147 
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Figure 6.5 -(a) He-I (21.2 eV) UPS spectra of C-A101 and FA-A101 following in situ 

gas phase dosing of formic acid. (b) Difference spectra from (a) showing peaks 

associated with the 3𝜎 OH orbital and formate HOMO. Negative peaks represent a 

decrease in signal due to attenuation effects. (c) He-I (21.2 eV) UPS spectra of FA-

A101 following flashing to 396 K and subsequent cooling to RT. Dashed lines 

represent the MOs of interest. (d) He-II (40.8 eV) spectra showing a comparison of 

the VBM of C-A101, FA-A101, R-R110 and FA-R110. The inset shows an expanded 

region near the VBM. Dashed lines represent the subsequent shift of the VBM. The 

secondary electron contribution has been removed with a Tougaard profile. ......... 149 

Figure 6.6 - (a) He-I (21.2 eV) spectra of the BGS region in anatase TiO2 (101) before 

and after saturation of formic acid. (b) Difference spectra of (a). The arrow represents 

the shift in electron density. The dashed line represents the maximum of the valence 

band He-I 𝛽 spectrum that corresponds to the peak in Figure 6.5(b) at 4 eV BE in the 

He-I a spectrum. Increase in intensity at greater than 3 eV BE is due to band bending 

effects. (c) Example of removing the secondary electron contribution from a selected 

region to isolate peaks; in this example the BGS region. (d) BGS region following 

subtraction of the secondary electron background before and after saturated formic 

acid adsorption to the anatase (101) surface. Dashed lines represent peak maxima 

locations. Following adsorption, the distribution is 0.3 eV higher in BE and 63% 

larger. ....................................................................................................................... 151 

Figure 6.7 - (a) He-I (21.2 eV) 2-D plot of a formic acid dosing experiment onto 

anatase (101). Black and white lines represent the location of the 3𝜎 OH orbital and 

new BGS density. (b) Plot of the He-I intensity located at the 3𝜎 OH orbital and new 
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BGS density throughout the experiment. The inset represents the plot of the new BGS 

intensity versus OH coverage. .................................................................................. 153 

Figure 6.8 - (a) 2PPE spectra of anatase TiO2 (101) (p-[101], ℎ𝜈 = 3.87 eV (320 nm)) 

before and after saturation dosing of formic acid (b) 2PPE spectra of FA-A (101) (p-

[101], ℎ𝜈 = 3.94-3.40 eV (315 – 365 nm)) showing the formation of a resonance peak 

in the 2PPE spectra. In both (a) and (b) spectra have been normalised at the intensity 

at 5.2 eV (E – EF). The circle represents the increased 2PPE signal from coherent 2PPE 

valence band contributions at higher ℎ𝜈. ................................................................. 156 

Figure 6.9 - (a) Comparison of the s- and p-polarised 2PPE spectra (ℎ𝜈 = 3.87 eV 

(320 nm)) of FA-A101. Feature B is labelled on the s-polarised spectra (b) Stacked s-

polarised 2PPE spectra (ℎ𝜈 = 4.00 – 3.44 eV (310 – 360 nm)). Dashed lines represent 

two features: one present at constant E – EF regardless of ℎ𝜈, the other the movement 

of feature B with ℎ𝜈. ................................................................................................ 157 

Figure 6.10 - (a) Plot of E – EF versus photon energy for features A and B. The two 

features evidence a gradient of 1 and 2 for features A and B, respectively according to 

equations 2.3 and 2.4. The y-intercept values represent the intermediate state in feature 

A and the initial state in feature B. The circle represents the resonant photon energy 

for the excitation process. (b) Orbital energy level diagram demonstrating how the 

migration of Ovac to the surface results in the separation of the t2g-like orbitals of the 

octahedral crystal field. (c) Schematic of the 2PPE excitation processes at the FA-

A101 surface with ℎ𝜈 = 3.70 eV. The 2PPE spectrum has been amplified for easier 

visualisation. The resulting 2PPE spectra has been fit with Gaussian distributions 

where gold, blue, red and green Gaussians representing electrons from background, 
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Auger, coherent and incoherent processes respectively. The red line represents the raw 

spectra, and the blue line represents the fit as a result of the Gaussian distributions.

 .................................................................................................................................. 158 

Figure 6.11 - (a), (c) and (e) 2PPE spectra of FA-A101 at ℎ𝜈 = 3.81, 3.59 and 3.40 

eV, respectively.  Red lines represent the raw spectra and blue lines represent the 

subsequent fit as a result of fitted Gaussian distributions. Gold, blue, red and green 

Gaussians represent electron distribution from background, Auger, coherent (feature 

B) and incoherent (feature A) processes, respectively. Note the changing scale of the 

y-axis at varying ℎ𝜈. Feature B is relatively constant at all photon energies. (b), (d) 

and (f) Raw 2PPE electrons from ℎ𝜈 = 3.81, 3.59 and 3.40 eV, respectively, displayed 

in a 2-D plot. The Y-scale (y-axis) represents the cone angle of the analyser. Intensity 

is represented by the colour scale given and each panel is independent of each other. 

i.e., the colour gradient only represents intensity ratios within each data set. Data 

presented in this manner is designed to aid the visualisation of feature B moving into 

feature A. Three wavelengths were chosen in this figure to represent increasing 

resonant behaviour from 3.40 eV to 3.81 eV. .......................................................... 160 
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Abbreviations 
 
 
UHV  Ultra High Vacuum  

SXRD  Surface X-ray Diffraction 

PES  Photoemission Spectroscopy 

XPS  X-ray Photoemission Spectroscopy 

NAP-XPS Near-Ambient Pressure X-ray Photoemission Spectroscopy 

UPS  Ultraviolet Photoemission Spectroscopy 
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ARPES Angle Resolved Photoemission Spectroscopy 
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“ When I draw a molecule in China or in Argentina, it is the same molecule. People 

understand immediately without knowing Spanish or Chinese. That is beautiful. Our 

common goal is not about power or borders of the country, it is about bringing 

forward human knowledge.” 

Prof. Ben L. Feringa, University of Groningen 

 

 

 

“ Sound the horn; we come rumblin’ through the function. 

Precise laser beam technique to touch somethin’ ” 

       Above the Clouds, Gang Starr
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Chapter 1  

Introduction 

1.1 Surface Science of Metal Oxides 

The development of ultra-high vacuum (UHV) systems has facilitated the fundamental 

spectroscopic and microscopic surface studies of metal oxides at the atomic scale. 

UHV conditions are defined as pressures of 10-9 mbar or better. They permit the 

extended interrogation of surfaces through the understanding that gas phase collision 

rates are sufficiently low so as to preserve a prepared structure. In recent decades, this 

has led to a deeper understanding of technologically relevant processes and the 

development of new model catalytic prototypes. 

Whether information acquired through UHV studies transfers to ‘real life’ material 

understanding is a continuing subject of debate. This contention has given rise to an 

extended field of surface science that aims to bridge the differential in conditions, 

commonly referred to as the ‘pressure gap’. Experimental examples of metal oxide 

surface studies in more ‘realistic’ conditions include near ambient pressure X-ray 

photoemission spectroscopy (NAP-XPS) and liquid phase surface X-ray diffraction 

(SXRD).1-3 This expansion of ‘ambient’ surface science techniques still furthers the 

need for UHV studies. New structures, unexpected adsorbates and spectroscopic 

signals elucidated by these ‘ambient’ studies, require confirmation through the 

isolated, controlled conditions that UHV affords.  
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Studies of the electronic structure of metal oxide surfaces in UHV have been 

dominated by photoemission spectroscopy (PES) techniques, namely X-ray 

Photoemission Spectroscopy (XPS) and Ultraviolet Photoemission Spectroscopy 

(UPS). These give a direct representation of the occupied density of states (DOS) of a 

material and are suitable for smaller, laboratory-based UHV systems. In recent years, 

synchrotron radiation has advanced the capabilities of PES due to its high intensity 

and production of narrower line-widths. Furthermore, synchrotron radiation energy 

can be tuned, which allows for depth profiling and specific feature enhancement 

through resonance processes. Two examples of techniques that have evolved from 

laboratory-based PES are resonant photoemission spectroscopy (RPES) and angle-

resolved photoemission spectroscopy (ARPES), both of which have shed new 

information on the electronic structure of metal oxide systems.4-6 

Technologically relevant applications for metal oxides include heterogenous 

photocatalysis and photovoltaics. In these applications the catalytic process is driven 

by the generation of excited charge carriers through the interaction of visible or low 

energy UV photons. There is a motivation to understand the origin, pathways and 

dynamics of these charge carriers. Pump-probe spectroscopies allow this by first 

inducing a perturbation of the ground electronic state with a pump photon and, 

secondly, probing that perturbation before the system returns to an equilibrium state. 

To do this in a ‘state-resolved’ manner, that is by providing information on individual 

electronic states, requires PES. However, generating photoelectrons requires photon 

energies that exceed that of the sample workfunction (usually on the order of a few 

electron volts (eV)); which gives rise to a challenge in how to study these lower energy 

processes. Ultrafast lasers afford this study as temporally short laser pulses result in 

high local intensities and a degree of dynamic control that gives rise to a significant 
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number of two photon photoemission processes. The state-resolved study of a system 

perturbation under irradiation from visible or low energy ultraviolet light in UHV is 

therefore possible if the excited charge carrier energy plus the probe photon energy is 

greater than the sample workfunction. This technique is referred to as two-photon 

photoemission spectroscopy (2PPE).  

 

1.2 Titanium Dioxide 

Titanium dioxide (TiO2), also known as titania, has received widespread commercial 

and academic attention, largely due to its prominent role in an increasing number of 

technologically desirable applications. TiO2 is used practically as an electron collector 

in dye-sensitised solar cells (DSSC), a heterogenous photocatalyst, and as a component 

in almost any commercially available paint.7-9 

Stoichiometric TiO2 is an electronic insulator with a band gap of ∼3 eV. Consequently, 

band gap excitation occurs via light interaction with wavelengths of less	than	∼400 

nm, outside the visible light spectrum. As such, stoichiometric crystals appear 

transparent. It is widely accepted that the valence and conduction band of TiO2 is 

dominated by O-2p and Ti-3d orbitals, respectively. However, bonding in TiO2 is not 

purely ionic and covalent contributions in the Ti-O bond means there is a non-zero 

contribution from Ti-3d orbitals in the valence band and O-2p orbitals in the 

conduction band.10  

When preparing TiO2 for surface studies, vacuum annealing causes the loss of 

molecular oxygen from the surface and bulk lattice. This chemically reduces the 

sample and introduces excess electrons in the crystal lattice that formally occupy the 
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3d orbitals of Ti. As a result, a TiO2 crystal begins to appear light and eventually dark 

blue following repeated preparation cycles due to 𝑑 → 𝑑 electronic transitions. The 

binding energy of the states occupied by excess electrons is ∼1.0 eV below the Fermi 

level, within the band gap of the material. Therefore these are commonly referred to 

as the band gap states (BGS) of TiO2. Excess electrons also result in n-type 

semiconductor properties. This is advantageous to surface science experimentalists as 

increased conductivity allows photoemission and scanning probe studies without 

significant charging effects.9 Excess electrons generally localise at Ti ions near 

defects, which causes a slight lattice distortion. This results in a coupling and the 

formation of a polaron,11-13 which are thought to enhance many of the catalytic 

processes of TiO2.9 

TiO2 exists predominantly as three polymorphs: rutile, anatase and brookite. However, 

of these three, rutile and anatase have received significantly more interest due to their 

availability and higher catalytic activity (unit cells shown in Figure 1.1). In all 

structures the building block consists of a Ti ion surrounded by six O ions in a distorted 

octahedral lattice. The stacking of these octahedra results in 3-fold coordination 

Rutile Anatase

Figure 1.1 Ball and stick models of the rutile and anatase TiO2 unit cells. Turquoise spheres denote Ti 
ions. Red spheres represent O ions. In both unit cells, Ti atoms have six-fold coordination in a pseudo-
octahedral geometry to O atoms. O atoms have three-fold coordination in a trigonal planar geometry. 
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around the O ion. Significant deviations in the 90o bond angle around the central Ti 

ion are partly responsible for the differing bulk structure in anatase. Rutile is the most 

thermodynamically stable polymorph of TiO2 and can be reliably produced 

synthetically. This results in high purity crystals with conveniently large dimensions 

for surface analysis, leading to a number of well characterised surfaces. In contrast, 

anatase is a metastable phase of TiO2 and only in recent years have reliable synthetic 

preparation methods been established for single crystal samples. Many anatase 

samples are naturally occurring polished crystals containing variable levels of 

impurities.9  

In terms of their electronic structure, it is widely accepted that anatase has a slightly 

larger band gap (∼3.2 eV) than rutile (∼3.0 eV).4,9-11 Given this information it may be 

expected that the photocatalytic activity of rutile would be higher than anatase due to 

an increased photoyield in the near visible part of the electromagnetic spectrum. The 

opposite is true and anatase finds more widespread use in industrial photocatalytic 

processes.12,13 This suggests the full picture of catalytic activity is more complex than 

that of simple energetics.14 Photocatalytic studies have supported the idea that the 

differing photocatalytic activity is a result of how charge carriers are produced in each 

polymorph. Evidence suggests that charge carriers can originate up to 5.0 nm below 

the surface in anatase but only 2.5 nm below the surface in rutile.15  

Excess electrons in the two polymorphs show both similarities and differences. In both 

reduced rutile and anatase TiO2 the distorted octahedral arrangement impacts the 

energy levels of the BGS.16,17 In a simplistic picture, Ligand Field Theory describes 

that Ti 3d orbitals that point directly at O ions are energetically destabilised and those 

orbitals that do not are stabilised. This results in an octahedral splitting of the 3d 
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orbitals with 𝑡!"- and 𝑒"-like symmetry. Upon localisation of an excess electron at a 

Ti ion, a Jahn-Teller distortion is also formed which results in further splitting of the 

3d orbitals, creating the 𝑡!"-like state which excess electrons in both polymorphs 

occupy.18,19 In rutile TiO2, excess electrons solely localise as the aforementioned 

polarons. These can be thought of as quasiparticles of the excess electron formed by 

the surrounding virtual phonon cloud. Rutile polarons are known to have low energy 

barriers for ‘hopping’ to adjacent Ti ions at room temperature.20-22 However, excess 

electrons in anatase exist as polarons only at oxygen vacancy (Ovac) sites and have high 

energy barriers for hopping. Consequently, anatase polarons stay fixed at defect sites. 

In contrast, excess electrons in stoichiometric, defect-free anatase regions display free 

carrier properties and result in the increased conductivity observed in anatase 

compared to rutile.21,23,24 The behaviour of excess electrons significantly impacts the 

charge transfer and electrical properties of the two polymorphs. 

The surfaces of rutile and anatase also display differing behaviour with regards to 

chemical reactions. Certain chemical processes are mediated by the atomic 

morphology that a particular surface affords. Furthermore, many chemical processes 

occur at defects, which are coordinatively unsaturated and have a high surface energy 

relative to stoichiometric surfaces. Defect character is also non-identical across 

surfaces within TiO2 and therefore certain surface facets act as highly specific active 

sites for chemical processes. Although many defect mediated chemical processes have 

been identified in recent years, the full extent of their potential is still a fundamental 

question that surface science aims to answer.   
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1.2.1 The Rutile TiO2(110) Surface 

The rutile TiO2(110) (1×1) surface is the most stable facet of rutile TiO2. In a 

simplistic scheme, excess charge from cationic and anionic dangling bonds cancel 

each other most effectively in the (110) surface structure based on the auto-

compensation concept.25,26 These predictions have subsequently been extensively 

confirmed by both theory and experiment using ab-initio calculations, crystallography, 

scanning tunnelling microscopy (STM), low energy electron diffraction (LEED) and 

PES studies.27-31  

The structure of the rutile TiO2(110) surface is shown in Figure 1.2. It is dominated by 

alternating rows of two-fold coordinated bridging oxygen atoms (O2c) and five-fold 

coordinated titanium atoms (Ti5c) which run in the [001] direction, perpendicular to 

the [11@0] azimuth. Standard UHV preparation methods of sputtering and annealing 

result in the formation of ∼5% monolayer (ML) oxygen vacancies (Ovac) where 

bridging O2c atoms were previously located.32 A monolayer corresponds to the number 

Figure 1.2 – Ball and stick model of rutile TiO2(110). Turquoise spheres denote Ti ions. Red spheres 
represent O ions, with twofold coordinated bridging O shaded gold. White sphere signifies hydrogen. 
Common defects of interstitial titanium atoms (Tiint), bridging hydroxyls (OHb) and oxygen vacancy 
(Ovac) are labelled, which represent positions of polaron localisation.  

 

[001]

[11%0]
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of surface unit cells. Ovac are localisation points for the polaronic states discussed 

previously.31 Subsequently, Ovac are highly reactive sites with a particular affinity for 

water molecules, which adsorb dissociatively above 170 K to produce two bridging 

hydroxyls (OHb) per Ovac.32 Although OHb are more readily formed in UHV, terminal 

hydroxyls (OHt) on Ti5c rows can also be formed and have been shown to be present 

in ambient conditions.33 When all Ovac react to form OHb, a surface stable up to 520 K 

is produced. However, OHb are highly susceptible to reaction with oxygen, forming 

water and re-producing a stoichiometric surface.36,37 Understanding the intertwined 

nature of these processes has led to increasingly complex investigations. Despite a 

number of high impact studies the true structure of rutile TiO2(110) in ambient 

conditions remains controversial.3,33 

The origin of the BGS at rutile TiO2(110) surfaces has also been an active subject of 

debate. Proposed originally in 1976,38 formation of the BGS were rationalised through 

the creation and subsequent transfer of two excess electrons to neighbouring Ti5c atom 

upon removal of O2c. The Ovac origin of the BGS is widely accepted in the community 

due to extensive experimental support from a wide range of techniques.31,32,39,40 

However, it is now known that there are additional contributions to the BGS from OHb 

(following reaction with water),34,41,42 and Ti interstitials (Tiint) in the subsurface and 

bulk. 36,43 Tiint are Ti ions that assume a normally unoccupied site in the crystal lattice. 

These subsurface and bulk defects are responsible for the persistent blue colour and n-

type semiconductor behaviour that reduced TiO2 maintains in ambient conditions. In 

contrast, when surface defects such as Ovac and OHb react with O2 to produce H2O, the 

surface localised BGS is quenched.38,44,45,32    
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1.2.2 The Anatase TiO2(101) Surface 

Commercially, titania catalysts are used most commonly as powders or mesoporous 

networks of annealed powders. The most common of these powders is Degussa P25 

which contains 80-90% anatase, with the remaining component rutile. From a catalytic 

perspective this is a mixture that provides an optimum activity.13 The reasons for  

catalytic enhancement through anatase-rutile mixtures is a source of interest. It is now 

largely accepted that band alignment at the anatase-rutile interface creates an effective 

band gap that is lower than that of the individual polymorphs which drives efficient 

electron-hole separation.11  

Nanoparticles of less than 10 nm diameter are also more stable in the anatase phase.46 

However, due to their metastability on the macroscale, surface studies of single 

crystals have been less common compared to rutile. Natural anatase minerals also 

contain varying levels of inherently occurring impurities such as niobium, potassium 

and calcium, which can be detrimental for accurate electronic structure 

characterisation. 

The (101) surface is the most stable facet of the anatase polymorph, forming 94% of 

the surface.9 The anatase (101) surface is a non-reconstructed bulk (1 × 1) termination 

that adopts a sawtooth structure. This structure is composed of both five and six-fold 

coordinated Ti atoms (Ti5c and Ti6c) and two and three-fold coordinated O atoms (O2c 

and O3c).9,23 Since standard preparation methods have been fully accepted, the 

structure of the anatase TiO2(101) surface and its adsorption behaviour to small 

molecules has been studied increasingly with STM.2,21,47-56 The anatase TiO2(101) 

surface is shown in Figure 1.3. A contrast between the rutile (110) and anatase (101) 
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surface structure is that of Ovac. This is seen at approximately ∼5% monolayer (ML) 

on the rutile (110) surface but is comparatively absent on anatase (101), despite PES 

confirming the reduction of the sample.4,5,57 Ovac form at the subsurface in anatase 

(101) samples following migration from the surface at temperatures greater than 200 

K.58 The energy barrier for subsurface migration is 0.7 eV, upon which evidence 

suggests they subsequently cluster, despite electrostatic repulsion. Although the 

thermodynamic driving forces for subsurface Ovac formation are still debated, one 

proposed explanation is the relative coordination environment that excess electrons 

would occupy at the surface of anatase (101). As can be seen in Figure 1.3, a surface 

Ovac would result in the formation of a four-fold coordinated titanium atom and excess 

electrons would therefore occupy a tetrahedral-like crystal field which is energetically 

unfavourable. Following migration to the subsurface the favourable octahedral-like 

environment is restored.16 Another explanation is the relative atomic relaxation that 

exists in the subsurface compared to the surface. At surface oxygen vacancies, Density 

Functional Theory (DFT) shows that four-coordinate Ti atoms lead to a rigid Ti-O-Ti 

bond angle, resulting in a high vacancy formation energy. Atomic relaxations in the 

[010]

[101%]
Ovac

Figure 1.3 - Ball and stick model of anatase TiO2(101). Turquoise spheres denote Ti ions. Red spheres 
represent O ions, with twofold coordinated bridging O shaded gold. A subsurface oxygen vacancy (Ovac) 
is labelled, which represents a common defect and localisation point of polarons. . 
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subsurface are much greater and result in lower vacancy formation energies.59,60  

 

1.2.3 The TiO2 Carboxylate Interface 

Discussion of the TiO2 carboxylate interface is ubiquitous within the study of TiO2 

surface science. Carboxylic acid groups generally adsorb to TiO2 surfaces via 

dissociative chemisorption across surface Ti atoms, resulting in carboxylate and 

hydroxylated surface products.61 Owing to this robust coupling, it has even been 

proposed that ordered overlayers of carboxylic acids form a terminal overlayer on TiO2 

surfaces in ambient conditions.3 The experimental and theoretical study of the 

reactivity, structure, photochemistry and decomposition of the TiO2 carboxylate 

interface has been truly extensive. A large proportion of this past work has been related 

to the simpler analogues of carboxylic acids such as formic, acetic and trimethyl acetic 

acid. This work is excellently summarised in reviews by Diebold, Thomas et al. and 

Pang et al.9,35,61,62 

Earlier work in the 1990s focused on the decomposition products of formic acid on 

TiO2 through Temperature Programmed Desorption (TPD) and High-Resolution 

Electron Energy Loss Spectroscopy (HREELS). Formic acid undergoes 

dehydrogenation and dehydration on the rutile TiO2(110) surface at 400 and 570 K, 

respectively.63-68 However, the interest in the acid-oxide interface is multifaceted and 

in a similar period, the function of TiO2 as a substrate for DSSCs led to increased 

interest in carboxylic acids as model dye analogues. Common ruthenium-based dye 

molecules in DSSCs such as N3 and N797 take advantage of the strong coupling of 

carboxylate groups to the TiO2 surface to form stable photovoltaic surfaces. It was 

found through STM, Photoemission Diffraction (PHD) and Low Energy Electron 
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Diffraction (LEED) that at both rutile and anatase surfaces, the simplest model dye 

analogues such as formic, acetic and benzoic acid can form ordered overlayers on 

TiO2. At the UHV and liquid interface these overlayers saturate with the availability 

of surface Ti atoms.54,63,69-72A systematic bottom-up approach over time has led to the 

increased understanding of the geometry of dye molecules in DSSCs.73,74 

Moreover, the influence that the simplest carboxylic acids, formic and acetic, may 

have on the heterogenous photocatalytic properties of TiO2 has been subject to debate. 

It has been established that carboxylates facilitate the diffusion and stability of 

photogenerated holes towards the surface, enabling redox processes and likely causing 

the foundation of TiO2’s applications in self-cleaning glass and water purification.75,76 

However, carboxylates also change the adsorption properties of TiO2 causing the 

surface to become hydrophobic. This likely limits the range of possible photochemical 

processes.9 Although the structure and reactivity of carboxylic acids on TiO2 is well 

documented, the effect that carboxylic acid adsorbates have on the electronic structure 

of TiO2 is still poorly understood.  
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1.3 Thesis Structure 

The introduction to this thesis provides an overview of the fundamental materials, 

surfaces and interfaces that are investigated in this work. Over the course of the 

Chapters 2 and 3, a full bottom-up description provides the foundation for a 

comprehensive understanding of the results in Chapters 4, 5 and 6.  

Chapter 2 describes the theoretical basis of the techniques used in this work. Firstly, 

background information about single-photon photoemission techniques is provided, 

with particular focus on XPS and UPS. Secondly, the fundamental aspects of two-

photon photoemission spectroscopy are described, including background on the 

generation of femtosecond laser pulses. Consideration is also given to LEED. 

Chapter 3 is focused on the operating principles of the instrumentation. While there is 

an emphasis on the ultra-high vacuum chamber and laser system used in this work, 

attention is also given to sample preparation and auxiliary techniques.  

Chapter 4 signifies the start of the results component of this thesis. In this chapter rutile 

TiO2 is studied with respect to the differing behaviour of surface and bulk polaron 

photoexcitation. These processes are differentiated with assistance from hybrid DFT 

calculations that were performed externally.  

Chapter 5 explains how the polaron population in rutile TiO2(110) is influenced by 

carboxylic acids. It is demonstrated that carboxylic acids not only drive polarons to 

the surface, but that they also form unique crystal fields with the adsorbates, allowing 

further excitations to occur.  
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Chapter 6 follows formic acid adsorption at the anatase TiO2(101) surface. In distinctly 

different behaviour, adsorption causes the surface migration of oxygen vacancies, 

causing the BGS to shift 0.3 eV to a higher binding energy. This diffusion has profound 

effects on the photoexcitation properties of the anatase polaron population, which are 

described in detail.  

Chapter 7 summarises the results chapters of this thesis within the context of how it 

pertains to TiO2’s applications. The opportunity is also taken to suggest follow up 

studies, focusing on both academic and industrial relevance. 
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Chapter 2  

Theoretical Aspects of Techniques 

 

Abstract 

To accurately interpret scientific data, a complete understanding of the practical and 

theoretical components of instrumentation is necessary. This chapter provides a 

theoretical description of the techniques that are used in this work. It focuses 

predominantly on one and two photon photoemission spectroscopy techniques and 

includes background on the generation of ultrafast laser pulses. Consideration is also 

given to low energy electron diffraction (LEED).  

 

 

 

 

 

 



Chapter 2 | Theoretical Aspects of Techniques 

50 
 

2.1 Photoemission Spectroscopy 

The mathematical description of the photoelectric effect by Einstein in 1905 provided 

a basis for the development of photoemission spectroscopies (PES), where the 

electronic density of states (DOS) of condensed matter systems can be accurately 

described. As the desire for a deeper understanding of electronic and surface processes 

has increased, so have the capabilities of PES.1 Indeed, variants of PES allow the 

unoccupied states to be interrogated, time resolution to be obtained on electronic 

transitions and surface DOS to be studied in ambient conditions.   

 

2.1.1 Single-Photon Photoemission Spectroscopy (1PPE) 

Single-photon photoemission (1PPE) techniques are the most common and accurate 

method of describing the occupied density of states of condensed matter systems. An 

incident photon of energy ℎ𝜈 may cause the emission of a photoelectron from a 

condensed matter system if the initial state electron binding energy, 𝜖#, plus ℎ𝜈, is 

greater than the vacuum level, 𝐸$%&. 1PPE occurs within the framework of the three-

step model of photoemission, which is shown in Figure 2.1. 2-4  

It may be desirable to study the core level or valence structure of a system. Two 

separate instruments and techniques, X-ray Photoemission Spectroscopy (XPS) and 

Ultraviolet Photoemission Spectroscopy (UPS), are typically required to fully describe 

these two regions of the occupied DOS, although increasing accessibility to 

synchrotron radiation facilities renders this possible without the need for two separate 

instruments. The kinetic energy (𝐸') of an emitted photoelectron is related to the 
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binding energy (𝜖#) of the core state by the following equation, where 𝜙( is the 

workfunction of the sample:  

𝐸' = ℎ𝜈 − 𝜖# − 𝜙(  (2.1) 

However, the detection of the photoelectrons 𝐸' at the analyser is also dependent on 

the analyser workfunction (𝜙%). A contact potential of 𝜙( − 𝜙% exists between the 

sample surface and analyser which (assuming 𝜙( > 𝜙%) results in the acceleration of 

the photoelectrons by 𝜙( − 𝜙%. The addition of this function to Equation 2.1 yields 

𝐸' = ℎ𝜈 − 𝜖# − 𝜙%. It is therefore necessary to apply calibration to a PES spectrum; 

commonly achieved by setting 𝜖# at 𝐸) to 0 eV or a known peak to a standard literature 

value.  

The surface sensitivity of 1PPE techniques is dependent on the photon ℎ𝜈. To describe 

this, the concept of inelastic scattering and the resulting electron inelastic mean free 

Figure 2.1 - The three step model of photoexcitation reproduced with permission from reference [2]: 
(1) Excitation from an occupied state to a bulk final state. (2) Travel of the electron to the surface and 
(3) transmission of the electron through the surface and into the vacuum.  
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path (𝜆*+) is imperative. The 𝜆*+ is often at a minimum with photoelectron Ek 

between 15 and 200 eV and results in a surface sensitivity of approximately ~10 -

100	Å. This range of photoelectron Ek is common in 1PPE. These values are 

surprisingly consistent throughout different materials despite differences in dielectric 

function. It is important to note that the electron 𝜆*+ refers to the photoelectrons within 

the solid, rather than that in the vacuum. Figure 2.2 shows the relationship between 

photoelectron kinetic energy and the effective attenuation length (EAL). The EAL is 

proportional to the 𝜆*+ but is also dependent on the elastic scattering of photoelectrons 

and the angle of the incident photon source. It is determined in this example by 

depositing thin films of a known thickness onto a substrate. The EAL is also not to be 

confused with the photon penetration depth, disconcertingly often referred to as the 

‘attenuation length’. The photon penetration depth is often of the order of hundreds or 

Figure 2.2 - Plot of effective attenuation lengths against electron energy for a range of material 
overlayers onto substrates. This figure is adapted with permission from reference [5] and shows what is 
generally referred to as the ‘universal curve’ for effective electron attenuation length. 
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thousands of Ångstroms KÅL of a material and is given by the relation, 1 𝛼(ℎ𝜈)N , where 

𝛼(ℎ𝜈) is the absorption coefficient for a specific material. The electrons in a solid are 

well described by Free Electron Theory, rendering the dominant factor in the EAL the 

average electron-electron distance which varies little throughout materials.5 There is a 

positive correlation between photoelectrons with Ek above a few hundred eV and the 

EAL, due to the excitation of plasmons in the material. At low Ek, the change in EAL 

is attributed to single particle, electron-hole excitations. Common laboratory-based 

photoelectron kinetic energies from 1PPE techniques are between 10 and 1500 eV, 

rendering 1PPE a surface sensitive technique in the absence of high energy 

synchrotron radiation. The 1PPE process from a state below EF is shown in Figure 2.3. 

Electrons excited into a bulk final state can travel to the surface (Figure 2.1, step (2)) 

with a probability to reach the surface without undergoing inelastic scattering and be 

transmitted into the vacuum (Figure 2.1, step (3)). These electrons are primary 

EF

Evac

hνpump

hνprobe

hνprobe

Δt

Ek Ek

t0
t0 +Δt

1PPE i-2PPE tr-2PPE

!

!!

!"

!!

hνpump

c-2PPE

!!

hνprobe

Figure 2.3 - Schematic of photoexcitation processes from occupied states: 1PPE, coherent 2PPE (c-
2PPE) and, incoherent 2PPE (i-2PPE). 2PPE processes may be temporally resolved by the controlled 
delay of one photon with respect to the other and is referred to as tr-2PPE.  

 



Chapter 2 | Theoretical Aspects of Techniques 

54 
 

photoelectrons and are of interest when interrogating electronic structure. They obey 

the relationship shown in Equation 2.1. However, electrons travelling to the surface 

can also undergo inelastic scattering processes, such as electron-electron, electron-

phonon and electron impurity interactions. These electrons can still undergo 

transmission to the surface, but their Ek will also be a function of the inelastic scattering 

processes undergone as well as the initial binding energy, (𝜖#) of the electron. This 

results in a background of secondary electrons in PES spectra that increases with 𝜖#.2,6 

 

2.1.2 X-ray Photoemission Spectroscopy (XPS) 

XPS, sometimes referred to as electron spectroscopy for chemical analysis (ESCA), is 

a technique used to monitor the DOS of core electronic levels. In laboratory-based 

XPS, common photon energies used are Mg-𝐾𝛼 (ℎ𝜈 = 1.2536 keV) and Al-𝐾𝛼 (1.4866 

keV). These energies far exceed common workfunction (𝜙) values of a few eV and 

provide a large spectral window of core-level occupied states.  

The core-level peak is given by a Voigt lineshape (a convolution of Lorentzian and 

Gaussian contributions). The inherent distribution of the core level DOS is described 

by a Lorentzian term, however Gaussian contributions from factors such as the finite 

width of the photon source, thermal broadening and energy resolution of the analyser 

result in the observed Voigt shape. The inherent lineshape and width of a core level, 

Γ,	 is related to the core-hole lifetime, 𝜏,-./, through Heisenberg’s uncertainty 

principle:2,6  

Γ = ℏ
1!"#$

       (2.2) 
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The observed peaks for a particular core state are dependent on a number of factors. 

Firstly, if the occupied state originates from p, d or f orbitals, a doublet will appear due 

to coupling between the electron spin and angular momentum vector of the orbital. 

This results in a parallel or anti-parallel alignment. The anti-parallel alignment is 

energetically more favourable and therefore has a higher 𝜖#. The area ratio of the two 

peaks within the doublet are dependent on the degeneracy, 2j+1, where j is the total 

angular momentum. The result is that to a first approximation p, d and f orbital doublet 

peaks have an area ratio of 1:2, 2:3 and 3:4 respectively. Electrons in s orbitals do not 

experience spin-orbit coupling and appear as a singlet peak, unless there are multiplet 

effects arising from unpaired spins in the valence orbitals. The 𝜖# of a core state 

electron may also be affected by the oxidation state of the atom/ion and/or proximity 

to electronegative neighbours. Electronegative neighbours will result in a higher 𝜖# for 

the core electron, as will an increase in the oxidation state of the atom/ion. This is 

referred to as chemical shift and is related to the shielding of a particular electronic 

core state. These factors allow a high degree of chemical specificity and therefore XPS 

is a powerful technique for measuring surface cleanliness, reduction levels and 

chemical state of adsorbates. XPS spectra are commonly calibrated to standard 𝜖# 

values of high photoionisation cross-section states such as O 1s and Au 4f orbitals or 

states from common impurities such as C 1s. 

Peaks in XPS spectra may also be attributed to Auger processes. Auger peaks generally 

appear broader than those through 1PPE and can be identified clearly by the 

independence of their kinetic energy on the X-ray photon energy. In the Auger process, 

electrons from a core state are ionised following interaction with an incident photon, 

leading to the creation of a hole in the core state. The hole is subsequently filled via 

an electronic transition with an electron closer to EF which produces a quantum of 
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energy to satisfy energy conservation. This quantum of energy is then either emitted 

via X-ray fluorescence or results in Auger electron emission. The kinetic energy of the 

Auger electron is therefore only dependent on the difference in energy between the 

core hole state and the initial electronic state that fills it, not the photon energy that 

created the initial hole. The Ek of Auger electrons follows Equation 2.3 where EL, EM1 

and EM2,3 are the energies of the L, M1 and M2,3 levels, respectively, where the latter 

represents the principle quantum number such that K = (𝑛 = 1), L = (𝑛 = 2), M = 

(𝑛 = 3) etc. If the Auger electron is produced through transitions via different 

electronic levels, then Equation 2.3 is modified accordingly.  

𝐸' = 𝐸23 − 𝐸43 − 𝐸4!,6 − 𝜙  (2.3) 

Auger electrons possess a kinetic energy that is specific to the energy levels of the 

element, therefore Auger peaks can also be used for chemical identification. Auger 

electron spectroscopy (AES) has been widely used to monitor surface contamination 

and is commonly part of low energy electron diffraction (LEED) apparatus, making it 

a viable economical alternative in the absence of XPS.   

 

2.1.3 Ultraviolet Photoemission Spectroscopy (UPS) 

The structure of the valence band is most effectively studied with lower photon 

energies due to improved energy and momentum resolution. Helium discharge lamps 

are a common laboratory-based instrument for UPS, giving access to photon energies 

of 40.8 eV and 21.2 eV from He-II and He-I 𝛼 emissions, respectfully. The kinetic 

energy of photoelectrons produced is therefore much lower than in XPS, and according 

to Figure 2.2, results in a higher surface sensitivity. The increased photon flux, higher 
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photoionisation cross sections and narrower excitation line in helium discharge lamps 

results in an increase in valence band clarity compared to the use of laboratory-based 

X-rays.6 The photoionisation cross-section, that is the probability of a particle being 

removed from its electronic state, is greater with lower energy photons for valence 

states which also adds to the greater valence band spectral intensity observed using 

UPS. UPS is also a useful technique for measuring the bonding orbital states of surface 

adsorbed molecules which can allow for the characterisation of the orientation and 

chemical nature of the adsorbate.7 The 𝜖# of valence electrons is heavily dependent on 

chemical bonding so it is therefore common to calibrate UPS spectra by setting the 𝜖# 

at 𝐸) to 0 eV. In semiconductor samples, the position of 𝐸) is found by measuring the 

spectra at the position of the metal sample holder.  

In 1PPE experiments of reduced TiO2, the greater signal to noise ratio observed with 

UPS is necessary to analyse the density of polaronic defect states, which are located 

close to EF and have low photoionisation cross sections with X-rays. However, 

measurement of the polaronic BGS is only possible in He-I mode due to the overlap 

of valence band signal from the He-II 𝛽 emission (48.4 eV) when operating in He-II 

mode.  

 

2.1.4 Two-Photon Photoemission Spectroscopy (2PPE) 

Two-photon photoemission spectroscopy (2PPE) is a pump-probe technique that 

allows for the interrogation of the unoccupied states of a condensed matter system 

through the production of a photoelectron via two-photon processes. This provides 

information on the impact of hot, excited electrons within chemical reactions and 

electron transport processes at interfaces.6 The two primary methods by which 2PPE 
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gains information about a system are energy and time-resolved spectra, respectively. 

In energy resolved 2PPE, spectral features are produced via two photon photoemission 

and are calibrated to 𝐸$%& where 𝜖# at 𝐸) is equal to 0 eV, resulting in an x-axis unit of 

(𝐸 − 𝐸)) eV.8-10 The features observed may be further interrogated to observe any 

intensity or energy dependence by altering a range of variables such as laser power, 

sample temperature and polarisation. Changing these variables is somewhat simplified 

due to the externally located laser light source. Practically, energy resolved 2PPE is 

commonly performed using a single wavelength (ℎ𝜈+7*+ = ℎ𝜈+8-9/) which allows 

the extraction of initial state energy, 𝜖# and the intermediate state energy, 𝜖:. In time-

resolved 2PPE (tr-2PPE), the dynamics and lifetimes of observed spectral features are 

measured by incrementally delaying one light pulse with respect to another. If the time 

delay between two pulses is greater than the lifetime of the spectral feature, then no 

spectral feature will be observed. In the instance of dichromatic 2PPE (ℎ𝜈+7*+ ≠

ℎ𝜈+8-9/), then tr-2PPE can provide evidence as to the order of the photoexcitation 

processes. 

Two-photon photoemission can occur via two separate processes: coherent and 

incoherent 2PPE (c-2PPE & i-2PPE).9 In the process of i-2PPE an incident pump 

photon Kℎ𝜈+7*+L excites an electron from an initial state, |𝑖⟩ with energy 𝜖#, to an 

unoccupied intermediate state, |𝑗⟩ with energy 𝜖:, if the condition 𝐸) < ℎ𝜈+7*+ + 𝜖# <

𝐸$%& is met. The electron in |𝑗⟩ has a probability of then undergoing photoemission 

following the absorption of a second, probe photon Kℎ𝜈+8-9/L if this happens within 

the lifetime of |𝑗⟩ and ℎ𝜈+8-9/ + 𝜖: > 𝐸$%&. i-2PPE produces a photoelectron at a final 

state energy, 𝐸 − 𝐸), according to the following equation: 
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𝐸 − 𝐸; = 𝜖: + ℎ𝜈+8-9/  (2.4)   

c-2PPE is the production of a photoelectron through the simultaneous absorption of 

two photons via a virtual intermediate state from an initial state |𝑖⟩ with energy 𝜖#. c-

2PPE produces an electron at a final state energy (𝐸 − 𝐸;) according to the following 

equation: 

𝐸 − 𝐸) = 𝜖# + ℎ𝜈+7*+ + ℎ𝜈+8-9/  (2.5)   

It can be seen through Equations 2.4 and 2.5 that 2PPE provides information on both 

the unoccupied states (via i-2PPE) and the occupied states (via c-2PPE). Using 

monochromatic photons, it is possible to extract 𝜖# and 𝜖: by measuring the photon 

energy dependence of features in the 2PPE spectra and plotting 𝐸 − 𝐸; (eV) against 

the photon energy (eV). c-2PPE processes will produce a photoelectron with a final 

state energy (𝐸 − 𝐸;) that is dependent on both ℎ𝜈+7*+ + ℎ𝜈+8-9/ according to 

Equation 2.5, resulting in a gradient of 2 in the above-mentioned plot. However, i-

2PPE processes produce photoelectrons with 𝐸 − 𝐸; values that are only dependent 

on ℎ𝜈+8-9/, resulting in a gradient of 1 in the above-mentioned plot. The 2PPE 

processes of i-2PPE, c-2PPE and tr-2PPE are shown schematically in Figure 2.3 and 

the resulting energy dependence on photon energy is shown in Figure 2.4(a).  

2PPE is a second-order process. As a result, the 2PPE signal is significantly lower than 

that in 1PPE. When performing 2PPE it is convenient to avoid 1PPE processes by 

keeping photon energies below that of the 𝜙 to avoid space charge effects from the 

first-order processes. However, when performing 2PPE with photon energies below 

the 𝜙, some 1PPE processes may still occur via thermally excited electrons above EF.11 
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2.1.5 2PPE Spectra 

Whilst the PES spectra of single photon processes can be thoroughly described and 

predicted through well-established models, there is a lack of fundamental 

understanding regarding the excitation processes in 2PPE. In 1PPE, electrons at kinetic 

energies close to threshold can be described through inelastic scattering. Tougaard and 

Shirley functions are widely used to remove background contributions of inelastically 

scattered electrons from 1PPE spectra and isolate the desired peaks. 12,13 In metals and 

semiconductors, the background contribution to 2PPE signal has been shown to have 

contributions from inelastic scattering, Auger processes, space charge effects, c-2PPE 

from valence band electrons and single photon processes from thermally excited 

electrons above EF. 8,9,11,14-16 Contributions from single photon processes and c-2PPE 

from the valence band become more dominant as higher photon energies are used or 

if the sample workfunction changes. The nature of the background function appears 

similar to that of a Tougaard background, decreasing in contribution until the end point 
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of the spectrum (𝐸) + 	ℎ𝜈+7*+ + ℎ𝜈+8-9/). However, there are also instances where 

linear envelopes have been used.11,17 2PPE spectra have commonly been normalised 

at the distribution at 𝐸$%&, but, if the contribution to this signal area significantly 

changes, such as through a reduction of workfunction or increased photon energy, then 

normalisation of the spectra can become inaccurate. The 2PPE spectra in Figure 2.4 

(b) shows a background that has been fitted by a function described by a convolution 

of Gaussian and exponential decay terms and peaks of Gaussian functions. In this 

work, fitted spectra are presented with a background of exponentially modified 

Gaussians and peaks of Gaussian lineshapes. The peak locations were confirmed with 

the removal of Tougaard and linear backgrounds.   

 

2.1.6 Optical Bloch Equations (OBE) 

The study of 2PPE requires the implementation of ultrafast laser pulses (see Section 

2.2). The underlying physical principles depend on the relative time scales of the 

relaxation (T1) and dephasing (T2) times of the unoccupied state and the laser pulse 

duration (tp). In the use of femtosecond (10-15 s) laser pulses the pulse duration (tp) is 

often less than that of the relaxation (T1) and dephasing (T2) time. A ‘coherent 

interaction’ term between the photon field and transition dipole moment is necessary 

to describe the temporal evolution of the density matrix, 𝜌, of the interacting system. 

The Liouville-von Neumann equation is used to mathematically describe this temporal 

evolution: 

<=
<>
= −𝑖[𝐻? + 𝐻#@>& , 𝜌] − 𝑖[𝐻#@>8 , 𝜌]	,  (2.6) 
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where 𝐻? is the unperturbed Hamiltonian of the electronic system, 𝐻#@>8  is a random 

perturbation responsible for the relaxation of the excited medium and 𝐻#@>&  is the 

‘coherent interaction’ of the density matrix with the photon field. If the duration of 

𝐻#@>8  is similar to that of the interaction with the photon pulse, then the right-hand side 

of Equation 2.5 can be reliably approximated as a ‘relaxation time’ that is described 

by the evolution of the system. The ‘relaxation time’ can be described by a three-level 

optical Bloch equation comprising of initial |𝑖⟩, intermediate |𝑗⟩, and final |𝑝⟩ states, 

where the final state |𝑝⟩ is the final photoelectron state. The form of the optical Bloch 

equation is a (3 × 3) matrix that is described as follows: 

𝜌(𝑡) = \
𝜌## 𝜌#: 𝜌#+
𝜌:# 𝜌:: 𝜌:+
𝜌+# 𝜌+: 𝜌++

]	  (2.7) 

The pathway from the initial state, 𝜌##, to the final state, 𝜌++, can be reached via the 

intermediate state, 𝜌::, representing single photon ionisation of the intermediate state 

and producing a peak in the 2PPE spectrum according to Equation 2.4. This can also 

deliver information on population relaxation through the introduction of a pump-probe 

delay. The final state, 𝜌++, can also be reached via a virtual state in which a quantum 

coherence, 𝜌+# (or 𝜌#+) is produced, representing the two-photon ionisation of the 

initial state and producing a peak in the 2PPE spectrum according to Equation 2.5. 

It is desirable to express a steady state equation for 2PPE spectra. To do so a single 

photon lineshape is introduced that represents the transition from the initial state |𝑖⟩ to 

intermediate state, |𝑗⟩. This takes the form: 𝐼#:(ℎ𝜈) = (	ℎ𝜈 −	𝜖#: − 𝑖 𝑇!
#:⁄ ). Where 𝐼#: 

represents the transition from 𝜌## to 𝜌::. In this scheme 𝜖#: represents the energy 
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difference between the initial and intermediate state and 𝑇!
#: is the dephasing of the 

electrons within these states. Using this, the 2PPE intensity is described as: 

𝑃Kℎ𝜈+7, ℎ𝜈+8; 𝜖L = 2𝑇3𝐼𝑚d𝐼:#Kℎ𝜈+7Le ∙ 𝐼𝑚d𝐼+:Kℎ𝜈+8Le −

																																																														𝐼𝑚d𝐼:#Kℎ𝜈+7L𝐼+:Kℎ𝜈+8L𝐼+#Kℎ𝜈+7 + ℎ𝜈+8Le       (2.8)  

Here the left-hand side and right-hand side represent the incoherent process (Equation 

2.4) and the coherent process (Equation 2.5), respectively. The term 𝐼+:Kℎ𝜈+8L 

represents either the transition from 𝜌:: to 𝜌++ or 𝜌+# to 𝜌++ and is present in both 

terms of Equation 2.8. This indicates that the coherent process (Equation 2.5) can also 

populate the intermediate state through the virtual intermediate state. Equation 2.8 is 

expanded to Equation 2.9 and terms for pure dephasing added: 

𝑃Kℎ𝜈+7, ℎ𝜈+8; 𝜖+L =
1

Kℎ𝜈+8 + 𝜖: − 𝜖+L
! + g 1

𝑇!
:h

! × 

																																									

⎣
⎢
⎢
⎡

A'
∗

B,BC)*DC)+EDF'GF)E
,
DA'

∗, + 2𝑇3Γ:
∗

-

.,
/'

B,C)*DF'GF/E
,
DI -

.,
/'J

,

⎦
⎥
⎥
⎤
      (2.9) 

Here, Γ represents the pure dephasing of the indicated state and the term on the left-

hand side represents the purely incoherent term. The first term on the right-hand side 

of Equation 2.9 is purely due to coherent excitation and the second term represents the 

incoherent and coherent excitation. It is necessary to include the terms for pure 

dephasing in |𝑖⟩ and |𝑗⟩ for the appearance of the intermediate state. It has been implied 

that phase-breaking scatterings during excitation destroys the coherence and generates 

an incoherent population in |𝑗⟩. 18,19 This has been suggested as a mechanism for the 
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reason as to why |𝑗⟩ can be observed in 2PPE spectra at non-resonant photon energies. 

Non-resonant photon energies are desirable for separating coherent and incoherent 

processes and for gaining time resolution on the incoherent process. At non-resonant 

photon energies where o𝜈+7 − 𝜖:#o ≫ 1 𝑇!
:#⁄ , Equation 2.9 can be approximated as: 

									𝑃Kℎ𝜈+7, ℎ𝜈+8; 𝜖L ≃

⎣
⎢
⎢
⎡ ,.-0/
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	   (2.10)    

It may be that |𝑗⟩ is populated via population from an intrinsic state |𝑖⟩ or via the 

continuum. In the latter case, only the incoherent peak will appear, superimposed on 

the 2PPE background. Mathematically, pure Lorentzian distributions are produced for 

2PPE peaks. However, in practice instrumental broadening results in the generation of 

Voigt or Gaussian distributions.   

 

2.2 Femtosecond Lasers 

The study of ultrafast processes, such as that in 2PPE, requires the application of 

femtosecond (fs) lasers. In this context, femtosecond (10-15 s) refers to the temporal 

spectrum of the laser pulse, where pulse is a defined region of an intense 

electromagnetic field. Pulsed lasers are, therefore, markedly different from continuous 

wave (CW) lasers. 

The generation of laser light requires a cavity, containing a gain medium such as a dye 

or crystal, and two mirrors at either end of the cavity. As light travels back and forth 

through the cavity it gains intensity via the electronic population inversion of the gain 
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medium. Within the cavity, optical modes exist as standing waves with nodes located 

at the two cavity mirrors. To generate fs pulses, the phases of the optical modes must 

interfere constructively at a single point in the cavity and destructively elsewhere in a 

term known as ‘mode-locking’.20 The resulting pulse then travels back and forth within 

the cavity at a frequency defined by the cavity length, L. The relationship between the 

superposition of optical modes and the temporal spectrum of the pulse is that of an 

Figure 2.5 - Schematic showing the generation of laser pulses via the in-phase oscillation of super 
positioned cavity modes. Mode-locked cavity modes a,b and c generate pulses A, B and C, respectively. 
Narrower spectral bandwidths result in longer pulses. Reproduced from reference [21] with permission 
from The Royal Society of Chemistry.  
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energy-time uncertainty principle and is given by ∆𝑡∆𝜈 ≥ 4ln2 2𝜋⁄ = 0.441. As such 

a large number of modes must be available for the generation of fs pulses (see Figure 

2.5),21 which is achieved via the use of a broadband gain medium such as Ti:sapphire.  

Mode-locking can be generated in an ‘active’ or ‘passive’ mechanism. In ‘active’ 

mode-locking, an external source creates a time-dependent cavity loss. In ‘passive’ 

mode-locking, no external signal is required. Instead, the light inside the cavity causes 

a change in an internal element that in turn perturbates the intracavity light. In this 

work, fs pulses were generated via passive mode-locking. More specifically by 

exploiting the optical Kerr effect, known as Kerr-lens mode-locking. This specific 

mode-locking exploits the change in refractive index of a medium (Ti:sapphire) 

induced by an intense electric field. As such the initiation of Kerr-lens mode-locking 

requires an intense broadband light source to start. The change in refractive index over 

its profile results in the self-focussing of the laser pulse which can then be isolated by 

passing the resulting beam through a slit and suppressing unfocused cavity modes.  

 

2.2.1 Regenerative Amplification 

The power output of the mode-locked oscillator is of the order of nJ. It is desirable to 

increase the power to the mJ regime in order to power further optical processes. To 

achieve this the pulsed beam is directed into a chirped-pulse amplification system. The 

first step is the stretching of the temporal profile (positive chirp) using gratings and 

collimation optics. This avoids damage to the laser gain medium inside the amplifier 

and prohibits non-linear processes. Pockels cells control the coupling of the oscillator 

beam and external ns-pulsed Nd:YLF laser, which serves to pump the amplifier gain 

medium (Ti:sapphire) and selects pulses at a 1 kHz rate. The output coupling of pulses 
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is also controlled by pockels cells after the desired power increase has been achieved 

in the laser cavity. The output light is then compressed by diffraction gratings and 

mirrors which introduce negative chirp. This achieves the same temporal profile as the 

original oscillator beam but with a greatly increased amplitude.   

2.2.2 Non-Linear Optics & Frequency Conversion 

Light exiting the amplifier cavity has a wavelength centred around 780 – 800 nm and 

is broadband. It is desirable to have access to a range of wavelengths from the infrared 

to visible and ultraviolet. A method of achieving this goal is by exploiting non-linear 

optics. Light propagating through a material distorts the local electron density and 

induces a polarisation, 𝛲, in the sample which is expanded in a power series as follows: 

𝛲 = 𝜖?K𝜒(3)𝛦 + 𝜒(!)𝛦! + 𝜒(6)𝛦6+.		.		. L         (2.11) 

Where 𝜖? is the vacuum permittivity, 𝛦 is the electric field of the light and 𝜒(@) is the 

nth-order susceptibility of the medium. Non-linear optical properties become 

prominent at high intensities (~ MW cm-2) of light. These intensities are generated in 

the amplification system described above. 𝛦 can be described by the expression 𝛦 =

𝛦? cos(𝜔𝑡) where 𝛦? is the amplitude and 𝜔 is the frequency. By substituting this in 

Equation 2.11 the following expression is achieved: 

									𝛲 = 𝜖?K𝜒(3)𝛦? cos(𝜔𝑡) + 𝜒(!)𝛦?! cos(2𝜔𝑡) + 𝜒(6)𝛦?6 cos(3𝜔𝑡)+.		.		. L      (2.12) 

Here 2𝜔𝑡, 3𝜔𝑡, etc. signifies the generation of frequencies of that order. To generate 

new frequencies, the input and output frequencies must be in phase so that they will 

interfere constructively. This is referred to as phase matching. However, the frequency 
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dependence of the refractive index results in phase-mismatch and causes poor 

efficiency. 𝛽-barium borate (BBO) crystals are anisotropic mediums where the 

refractive index is different for each axis of the crystal. These are commonly used to 

compensate for the phase-mismatching, resulting in higher output intensities.  

In this work, non-linear optics are exploited in the use of optical parametric amplifiers 

(OPAs) which utilises optical parametric generation (OPG). In this process, input 

photons transmitted through a medium are split, effectively producing two photons 

with a frequency sum equal to that of the input photon. This is in contrast to sum 

frequency generation (SFG), where two input photons produce a single photon with 

an output frequency equal to the two input photons. The resulting frequencies from 

OPG are referred to as signal and idler frequencies, which represent the higher and 

lower output frequencies, respectively. To maximise the efficiency of this process, one 

of the output signals (e.g. the signal) is passed through a non-linear crystal collinearly 

with the output from the amplifier. White light is used to seed the crystal as both signal 

and idler will then be amplified. The frequency of output photons depends on the 

propagation axis of the input light through the crystal. This means that an element of 

control can be obtained over output frequency by altering the angle of the crystal 

relative to the light propagation. The white light seeding, and addition of further 

crystals adds increased control over the output frequency resulting in a range of 

available photon energies (5.25 – 0.47 eV, 236 – 2630 nm).   
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2.3 Low Energy Electron Diffraction (LEED) 

The 1937 Nobel prize was awarded to Clinton Davisson and George Thomson for their 

work during the 1920s on the diffraction of electron beams by nickel and gold crystals. 

The result of their experiments was the development of LEED as a technique to 

elucidate surface structure. 22-25 

The practical aspects of LEED operation are detailed in Section 3.4.3. In this work, 

LEED is predominantly used to confirm the long-range order of the crystal and reveal 

crystal orientation in the absence of high-resolution microscopy, which is the case in 

the chamber described in Section 3.1.1. LEED typically employs electron beams of 

the order of 50 – 300 eV. According to the de Broglie relation, 𝜆 = ℎ 𝑝⁄ , where 𝑝 is 

the electron momentum, this gives electron wavelengths between 1.74 Å and 0.71 Å. 

This is of the same order as interatomic spacing of atoms on surfaces. Hence, electrons 

are a suitable probe for elucidating surface structure.  
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Figure 2.6 - Illustration of the surface diffraction from a 1-D array of atoms separated by a distance a. Two 
incident beams at an angle of 𝜃! are shown and two diffracted beams at an output angle of 𝜃" . 
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Figure 2.6 shows a one-dimensional line of atoms separated by a distance, a, with two 

parallel incident electron beams onto the periodic surface. The path difference, ∆s, 

between the two lines is related two incoming (i) and outgoing (o) angles, 𝜃, in the 

following equation: 

∆𝑠 = 𝑎(sin 𝜃- − sin 𝜃#)          (2.13) 

For constructive interference to occur between the two beams, the Bragg conditions 

must be met. This is that ∆𝑠 is equal to an integer number of wavelengths. Equation 

2.13 subsequently becomes: 

∆𝑠 = 𝑎(sin 𝜃- − sin 𝜃#) = 𝑛 ∙ 𝜆.                                (2.14) 

𝑎 �OPQ R"
S

− OPQ R'
S
� = 𝑛          (2.15) 

The incident and diffracted beam have a projected wavevector of 𝑘||#,-. Substituting 

this in (2.15) results in the equation taking the following form: 

𝑘||#,- =
!U
S
sin 𝜃#,-          (2.16) 

The projected distance between diffracted spots in k-space is:  

     𝑘||#,- = 𝑛 ∙ !U
%

           (2.17) 

Here !U
%

 is the reciprocal lattice vector and is inversely proportional to the lattice 

spacing, a, on the sample surface. The result is that the projected LEED pattern is a 
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representation of the crystal periodicity in inverse space. This may be exploited in PES 

experiments where it is desirable to know the crystal orientation.  
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Chapter 3  

Instrumentation 

Abstract 

A comprehensive understanding of both the theoretical and practical aspects of 

instrumentation is imperative for the acquisition and analysis of reproduceable, 

accurate data. The execution of 1 and 2 photon photoemission spectroscopies requires 

the preparation and characterisation of surfaces, maintenance of ultra-high vacuum 

and production of clean, stable light to operate in perfect harmony. This chapter 

describes the practical considerations made in relation to the experimental techniques 

used in this body of work. Firstly, the generation and preservation of ultra-high 

vacuum conditions is described. Secondly, the techniques required for the preparation, 

manipulation and characterisation of samples is considered. Lastly, three light sources 

for photoemission are detailed, which are all necessary for the full description of the 

electronic structure of materials.   
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3.1 Ultra-High Vacuum (UHV) 

Ultra-high vacuum systems are essential for reliable surface science photoemission 

experiments. To accurately interpret data from a surface science perspective it is 

critical to be able to describe the surface structure. This is only possible in 

photoemission experiments if an assumption is made that a prepared surface is 

maintained over the duration of an experiment. UHV typically refers to pressures less 

than 10-9 mbar. At these pressures, a ML coverage of molecules absorbs on the surface 

after approximately 10 hours, assuming a unity sticking coefficient. In contrast, if the 

pressure is in the region of 10-6 mbar, the time taken to form a ML coverage is 

approximately 1 second. Furthermore, the mean free path of photoelectrons in the 

vacuum is directly proportional to the pressure. At pressures of ~10-10 mbar, electrons 

have a mean free path of ~6×105 m. Again, in contrast, at pressures of ~10-5 mbar the 

mean free path is ~6 x 100 m, which is typically of the order of distance between the 

sample and the analyser, after which the signal to noise ratio would become 

unsuable.1,2 The process of achieving UHV is discussed here within the context of the 

system used in this body of work.   

The generation of UHV is a stepwise process. Firstly, rotary (positive displacement) 

pumps remove the majority of gas phase molecules from the system to reach pressures 

of ~10-2 mbar. The rotary pumps back turbomolecular (kinetic) pumps that reduce the 

pressure to ~10-7 mbar. Turbomolecular pumps also handle high gas loads during 

operations such as sputtering or gas phase dosing. To then bring the system to UHV 

pressure, it must be baked at ~400 K. In the system described in this work, a minimum 

of a 48-hour period is required to achieve desirable pressures. However, this period of 

time is system specific and is dependent on multiple factors such as the precise 
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instrumentation and the size of the system. Baking predominantly removes water and 

hydrocarbons from the inner chamber walls. After baking, ion getter pumps and 

titanium sublimation pumps (TSP) achieve UHV conditions. An important 

consideration for achieving low pressures is that of ‘degassing’, which involves 

passing a slightly higher current than used in normal operation through the UHV 

instrumentation (commonly via a filament) when the chamber is still hot post-baking. 

This ensures gases are evaporated from high surface area components.  

The pressure of UHV systems is monitored by Bayard-Albert type hot-cathode ion 

gauges and the residual gas composition monitored by a residual gas analysers (RGA). 

When changing samples in UHV systems, fast entry load-locks (FEL) ensure minimal 

disruption to the base pressure of the UHV system. FELs are generally pumped by a 

turbomolecular pump and the pressure monitored by a cold cathode ion gauge. A gate 

valve separates the FEL and UHV chamber. Pirani gauges monitor the pressure of 

backing lines close to the rotary pumps and monitor pressures from ~10-2 mbar and 

above. 

 

3.1.1 VUV-UHV System 

The experimental work in this thesis was performed in what is denoted the VUV-UHV 

system. In this section the specific nature of this system is described. The VUV-UHV 

system consists of a single mu-metal chamber, designed to shield low energy electrons 

from the influence of magnetic fields. The VUV-UHV system is shown schematically 

in Figure 3.1 where the configuration of all components is shown. The pressure in the 
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chamber is monitored via a hot cathode ion gauge and the residual gas composition 

via a quadrupole mass spectrometer (HAL 100 & 101, Hiden Analytical).  

Sample preparation consists of Ar+ sputtering via a sputtering gun and thermal 

annealing to ~1000 K via high energy (~1 keV) electron bombardment to the back of 

the sample plate. Sample cleanliness is typically verified by XPS via an X-ray light 

source (XR3HP, VG Microtech), although AES (ErLEED RFA, Specs) capabilities are 

also present. The long-range order of the crystal lattice is determined by LEED 

(ErLEED RFA, Specs). The sample manipulator is located at the top of the chamber 

and is capable of moving in three dimensions as well as rotating around a central axis. 

Extreme ultraviolet (EUV) light is introduced via a helium discharge lamp (UPS, VG 

Microtech). For 2PPE experiments, the laser beam is focused by a biconvex lens that 

enters the chamber via a CaF2 window that transmits a wide photon energy range and 

limits the dispersion and temporal broadening due to its low thickness. The laser beam 

is incident upon the sample at an angle of (68±1)o to the sample surface normal.  

UPS

Hemispherical 
analyser

XPS

Leak 
Valve

CaF2

Viewport

Load-
lockSample 

manipulator

Upper 
Level

LEED & AES

Mass 
spectrometer

Sputter GunIon Gauge

Mass 
spectrometer

Turbo & ion 
pump

Lower 
Level

Figure 3.1 - Schematic of the VUV-UHV system. Upper level contains the instrumentation required 
for photoemission experiments. Lower level contains the instrumentation for sample preparation as well 
as LEED/AES optics. Mass spectrometers are also located in the lower level of the chamber. 

 



Chapter 3 | Instrumentation 

78 
 

All photoelectrons from X-Ray, UV and laser light sources are collected by a 

hemispherical analyser (R3000, VG Scienta), which has its entrance lens normal to the 

sample surface.  

 

3.2 Femtosecond Laser System 

The femtosecond laser system used in this body of work is capable of producing laser 

pulses with sub-100 fs duration with an energy range of 6.20 – 0.47 eV (200 – 2630 

nm). The system is described schematically in Figure 3.2. The laser oscillator is 

labelled Micra (Coherent Micra) and is a broadband 80 MHz Ti:Sapphire laser, the 

oscillator is pumped by 5 W of 532 nm continuous wave light produced by a Nd:YLF 

laser (Coherent Verdi). The oscillator generates ~100 fs laser pulses with a central 

wavelength of ~780 nm. The oscillator output power is ~350 mW once mode-locked.  

The light produced from the oscillator seeds a 1 kHz regenerative amplification cavity 

(Coherent Legend) to give an output of ~3.5 W of 800 nm light. The amplifier is 

pumped by a nanosecond Nd:YLF laser (Coherent Evolution 30) which produces 30 

W of 527 nm light. ~1 mJ pulses of light generated from the amplifier were directed 

into each of two tuneable optical parametric amplifiers (OPA, Coherent TOPAS) (~0.7 

W per OPA, (5.25 – 0.47 eV, 236 – 2630 nm) and frequency doubling, tripling and 

quadrupling mixing boxes (SHG, THG & FHG, 400 (3.10), 267 (4.64) & 200 (6.20) 

nm (eV)). The OPA’s produce polarised light specific to the configuration for a 

particular energy range. The polarisation can be flipped from horizontal to vertical (or 

S to P) using a periscope. The laser produced a spherical beam profile with a diameter 

of approximately 0.5 mm. 
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Light generated from the OPAs is directed into towards a series of optics that serves 

to direct one or two pulses of clean fs light, of the desired polarisation, into the UHV 

chamber.  

 

3.3 Sample Preparation 

Surface studies of metal and metal oxide samples, generally require in-vacuo 

preparation methods to ensure minimal exposure to undesirable gases that may lead to 

surface contamination. Deposition, cleaving and growth techniques can be required to 

produce pristine surfaces on a range of substrates. For TiO2 samples, Ar+ sputtering 

and thermal annealing have become the standard preparation method for producing 

flat, clean, atomically resolved surfaces. A prepared surface can then be subsequently 

modified in a controlled manner through techniques such as metal deposition through 

sublimation, dosing of gas phase molecules or electron bombardment. In this section 

the main sample preparation methods used in this work are described.  

  

3.3.1 Sample Mounting & Manipulation  

 

Tantalum is an ideal material for mounting samples in UHV applications due to its low 

rate of degassing even upon heating. Samples are placed onto polycrystalline Ta plates 

and fixed via spot-welding of Ta-foil strips as shown in Figure 3.3. Care is taken to 

ensure that the sample is firmly fixed in place and that there is sufficient physical 

contact with the Ta plate to guarantee efficient thermal and electrical conduction. The 
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plate holder is required to transfer samples in and out of UHV systems which is 

achieved via a magnetic transfer arm from a fast entry load-lock. Inside the UHV 

system, the sample is transferred to a precision manipulator (Omniax Translator 

Vacuum Generators) which can rotate 360o around a central axis and translate in 𝑥, 𝑦 

and 𝑧 space.  

 

3.3.2 Sputtering & Annealing 

Sputtering and annealing forms the basis for TiO2 sample preparation. This is typically 

completed in two or three cycles to ensure adequate removal of contaminants and 

sufficient reconstruction of the surface.  

Sputtering is achieved via the bombardment of inert gas ions, such as argon. Sputtering 

is an efficient method of removal surface contaminants and for this reason is generally 

employed first in the cycles of sputtering and annealing. Laboratory-grade pure Argon 

gas is connected to a sputter gun (see Figure 3.1) (IQE 11 Specs) and the gas load 

controlled via a high precision leak-valve. The sputter gun contains a filament which 

Figure 3.3 - Schematic of a typical mounted sample. Ta foil strips secure the sample and are spot-welded to the 
polycrystalline Ta plate. The plate holder is used for transferring the sample into the UHV system. . 

 

TiO2
sample

Ta foil
strip

Polycrystalline 
Ta plate

Plate 
holder
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emits electrons and a grid that is positively biased by 1 kV, this results in the 

acceleration of electrons towards the grid and the subsequent ionisation of the argon 

atoms upon collision which forms an Ar+ plasma. The Ar+ ions are accelerated towards 

a grounded sample by the electric field generated by the grid via focussing elements, 

resulting in an ion beam between 200 – 5000 eV.  

The impact of the ion beam with the sample transfers the kinetic energy of the ions to 

surface atoms and removes them. This removes both contaminants and crystal atoms, 

resulting in a roughened surface. To minimise the concentration of embedded argon 

within the sample, the sample is rotated so that ion beam is incident at 45o to the surface 

normal. The degree of ion bombardment is monitored via the current produced as a 

result of the movement of electrons that recombine with the Ar+ ions, generally 

referred to as drain current. The drain current is a direct representation of the rate of 

ion bombardment and can therefore be controlled by the emission current, pressure of 

gas and the sample angle relative to the beam. A typical drain current value is 0.5 𝜇A 

but values in the nA regime are commonplace.  

A roughened surface, produced via sputtering, can be reconstructed via thermal 

annealing for 5 – 20 minutes. A 1 kV positive bias is applied to the sample plate which 

is electronically isolated from a filament located ~1 cm behind. The current is 

increased through the filament until there is emission of electrons that are subsequently 

accelerated towards the sample plate. The high flux of electron collisions with the 

sample plate causes a rapid rise in temperature in the thermally conducted sample. The 

flux of electrons is monitored via the emission current to the sample. A typical value 

of emission current for TiO2 thermal annealing is 25 mA. A K-type thermocouple 

located ~5 mm from the sample allows the temperature to be monitored, which is 
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verified via a comparison with a pyrometer (Minolta). The temperature of annealing 

is strongly sample specific. In TiO2 surface science, values of ~900 and 1100 K are 

typically used for anatase and rutile, respectively. 3,4  

 

3.3.3 Dosing of Gas Phase Molecules 

The controlled dosing of gas phase molecules is an advantageous method for creating 

molecular interfaces due to the minimal risk of unknown contamination and the minor 

effect on long term chamber pressure (assuming the room temperature vapour pressure 

of the molecule is high). In the system used for this body of work, the dosing of gas 

molecules is achieved via a high precision leak valve, see Figure 3.1. Generally, gas 

phase dosing into the vacuum chamber occurs using gases stored in a cylinder or from 

liquid or solid samples that are placed in a glass vial attached to the UHV chamber 

using a ConFlat flange. In this system, both gaseous and liquid samples enter the 

chamber via a single gas line that can be pumped by a rotary pump to remove and fill 

gases as required. Any gases dissolved in liquid samples are removed by freeze-pump-

thaw cycles. This is an integral step in this work as dissolved O2 may strongly affect 

surface reduction levels of the sample if dosed into the UHV chamber. The pressure 

and cleanliness of the dosing procedure is monitored by the ion gauge and mass 

spectrometer, respectively.  

When gas phase dosing from a liquid sample, the vapour pressure of the sample may 

alter the preparation methods. For example, the sample may be turned to face the leak 

valve to ensure a higher % of adsorption in low vapour pressure samples which 

minimises the long-term effects on chamber pressure. Further to this, in solid samples, 

the solid may be heated to increase the vapour pressure. For the gas phase molecules 
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dosed in this work, an advantageous scenario occurs where the sticking coefficient is 

significantly high to enable in-situ dosing and spectroscopic measurements. Other 

considerations that may have to be made are the cooling of the substrate to ensure 

adsorption. 

 

3.4 Ancillary Techniques 

3.4.1 Ultraviolet Light Source 

Ultraviolet light (40.8 eV, 21.2 eV) is generated using a commercial UV light source 

(UPS, VG Microtech) (Figure 3.4) and is used to acquire the density of states around 

the valence band and defect states of TiO2. 40.8 eV (He-II) and 21.2 eV (He-I) light is 

produced from the 𝛼 emission line from doubly and singly ionised He atoms, 

Figure 3.4 - Schematic of the VG Microtech UV source on the VUV-UHV kit. The plasma is created 
in the discharge region, resulting in photons being guided through the capillary towards the sample 
surface. Diagram scanned and adapted with permission from reference [6]. 
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respectively. Control over the emission originates from the pressure of He in the 

discharge region. At lower pressures the He-II 𝛼-line becomes dominant, whereas at 

higher pressures the He-I 𝛼-line is observed. The discharge region generates He ions 

via the application of a high bias voltage (1 kV) and the photons are subsequently 

guided into the UHV chamber via the final capillary tube (diameter ~1 mm) and onto 

the sample surface.5 

To prevent the undesirable exposure of the UHV chamber to high pressures of gas, the 

capillary contains two holes that are connected to a rough (rotary) and fine 

(turbomolecular) pump. Although this process removes the majority of gas, the 

pressure in the UHV chamber is still likely to rise by ~2 orders of magnitude. This 

section has focused on the emission of UV light from He. However, other gases such 

as Ne, Xe and Ar are also commonplace and give rise to their own signature 

wavelengths of emission. The UV light source has an incident angle of 47.5±1o onto 

the surface normal with an elliptical beam profile of approximately 0.5 – 1.0 mm in 

diameter (height). The photon flux is approximately 5×1018 photons/s.  

 

3.4.2 X-ray Light Source 

The X-ray source (XR3HP VG Scienta) in this work is a commercial device that 

generates non-monochromatic X-rays via Mg-K𝛼 (1252.6 eV) or Al-K𝛼 (1486.6 eV) 

emission and is shown schematically in Figure 3.5. A high voltage (10 – 15 kV) is 

applied across the anode resulting in the emission of electrons from hot-grounded 

filaments which bombard the anode and cause the emission of X-rays. Thin Al foil (15 

𝜇m) at the aperture prevents high energy electrons from becoming incident upon the 

sample and protects the sample against contamination from the source. To prevent 
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overheating of the X-ray source, the anodes are cooled by a supply of chilled water. 

The X-ray gun operates an interlock system where the vacuum conditions, water 

supply, high voltage and shield security are all required to be sufficient before 

operation.  

In this work, the Mg-K𝛼 source was predominantly used due to the narrower line 

width, which allows for higher spectral resolution. X-rays allow for the core levels to 

be interrogated, which provides information on reduction levels and specific chemical 

nature of adsorbed species. Moreover, it is an accurate, quick method for determining 

sample cleanliness.  The X-ray light source has an incident angle of 47.5±1o onto the 

surface normal with a spherical beam profile of approximately 20 – 30 mm in diameter. 

The photon flux is approximately 8×1010 photons/s.  

 

H2O

Mg anodeAl anode

Filament 2Filament 1

Air

UHV

X-Ray

15!m Al foil

Figure 3.5 - Schematic of the X-ray source. The X-ray source can be controlled manually via the control 
box to either Al or Mg. 
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3.4.3 LEED & AES Optics 

LEED and AES optics are available in the VUV-UHV system through a single piece 

of instrumentation (ErLEED RFA, Specs),which is shown schematically in Figure 3.6. 

For both techniques to be utilised an electron gun produces a monochromatic beam of 

electrons with an energy range of 0 – 3000 eV, although in LEED mode, energies of 

100 – 200 eV are typical to avoid electron damage to the sample. 

Pre-amp

e- gun

Phosphor screen

Grids

Sample
Modulator

Lock-in
Amplifier

Reference 
Oscillator

3.5 keV
Power Supply

RFA Spectrometer 
Control Unit

LEED 
control unit

e- gun

Phosphor screen 
(+7 kV)

Grids

Sample

(a) 

(b) 

Figure 3.6 - Schematic of the LEED/AES optics when operating in (a) LEED mode and (b) AES mode. 
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LEED was used to confirm the long-range order and orientation of samples in this 

work. Operating in LEED mode, the incident electron beam is diffracted by the 

sample, at which point it travels through four grids to the phosphor fluorescent screen, 

which is biased by 7 kV. The application of a negative bias to grids two and three 

ensures that electrons inelastically scattered are separated from the desirable elastically 

scattered electrons. Grids one and four are electronically grounded to earth to provide 

a region free of electric field through which scattered electrons travel. When electrons 

collide with the phosphor screen, they cause a green phosphorescence which can be 

subsequently imaged and analysed.   

To acquire Auger spectra, a RFA (retarding field analyser) mode must be employed. 

Grids two and three have a modulated bias applied. The modulator is connected to a 

lock-in amplifier which allows for the phase sensitive detection that is required to 

record Auger spectra in derivative mode.   

 

3.4.4 Quadrupole Mass Spectrometry 

Quadrupole mass spectrometry allows the partial pressures and chemical natures of 

residual gases in the UHV chamber to be detected. This detection is valuable in the 

dosing of gas phase species as impurities and partial pressures can be detected. 

Quadrupole mass spectrometers can also be utilised to monitor reaction products on 

the surface if placed in close proximity with the sample and is commonly referred to 

as temperature programmed desorption. In the VUV-UHV system, two commercially 

available mass spectrometers (HAL 100 & 101, Hiden Analytical) were available for 

use. The typical gas components of the system were a mixture of H2 (m/z = 2), H2O 

(m/z = 18), CO and N2 (m/z = 28) and CO2 (m/z = 44).  
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Chapter 4  

Photoexcitation of Bulk Polarons in Rutile 

TiO2 

Abstract 

The excitation of surface-localised polaronic states has recently been discussed as an 

additional photocatalytic channel to band gap excitation for rutile TiO2. A contribution 

from photoexcitation of bulk polarons could in principle provide a greater impact 

because of their higher number and their protection from oxidation. Here, two-photon 

photoemission spectroscopy is used to separate bulk and surface polaron 

photoexcitation. It is found that bulk polarons are less bound by 0.2 eV compared with 

polarons at the surface, consistent with supporting hybrid density functional theory 

calculations. Because the excited state is also shifted to higher energy, bulk polarons 

have the same photoexcitation resonance energy as at the surface (3.6 eV) with a 

threshold at 3.1 eV. This is degenerate with the band gap, suggesting that bulk polarons 

could also provide an additional contribution to the photoyield.  

    

The work in this chapter has been published as Reference [1]: 1  

Tanner, A. J, et al. Photoexcitation of Bulk Polarons in Rutile TiO2. Phys. Rev. B, 103, 

L121402 (2021)       
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4.1 Introduction 

Section 1.2 introduced the concept of polarons in TiO2. A recent review by Franchini 

et al. provides an excellent overview of the contributing work that has led to the current 

understanding.2 Polarons form in polarizable materials when a charge carrier couples 

with phonon modes in a crystal lattice. The extent of this coupling determines the 

degree of charge carrier localisation. Charge carriers exhibiting a high degree of 

localisation are broadly termed small (or Holstein) polarons whereas those with a long-

range electron-phonon interaction are termed large (or Fröhlich) polarons. Whether an 

excess electron forms a polaron or delocalises as a free carrier depends on the polaron 

formation energy (EPOL). This value is the difference between the energy gained by 

localising an electron at a cationic site, EEL, and the strain induced on the crystal lattice, 

EST.3 

In the long-accepted picture of TiO2 photocatalysis, electrons and holes created as a 

result of band gap photoexcitation in the depletion or accumulation layer are swept to 

surfaces where they enable redox processes.4-6 Recently, an additional photoexcitation 

mechanism has been identified at the surface of rutile TiO2(110) through a number of 

state selective studies using two photon photoemission (2PPE).7-14 This involves the 

initial excitation of polarons in surface-localised band gap states (BGS) to conduction 

band states. As reviewed in Chapter 1, the surface BGS arises from Ovac,15 which 

remains at the same energy after OHb formation, following the reaction with water.16 

The onset for this process is 3.1 eV,7 which coincides with the optical band gap. How 

much of a role this excitation channel plays in photocatalysis is not known. However, 

it is known that the active photoexcitation depth for photocatalysis extends to 5 and 
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2.5 nm for rutile and anatase,17 suggesting that the surface-localised component is 

likely to be small.   

Photocatalytic TiO2 surfaces are known to be extensively hydroxylated, protecting the 

surface BGS.18 However, exposure to O2 removes these electrons, with BGS electrons 

only remaining in the selvedge and bulk.19-22 These can be accessed by 2PPE since the 

probing depth is about 5 nm based on measurements of one-photon photoemission.23 

Chapter 1 also discussed polarons in bulk rutile TiO2. These have a different origin, 

arising from impurities and Ti interstitials (Tiint) resulting from reduction, giving rise 

(A)

(B)

Figure 4.1 - Typical 2PPE spectra for the reduced TiO2(110) (A) and hydroxylated TiO2(110) (B) 
surfaces. The spectra were measured with both p-polarised (P) and s-polarised (S) light with a photon 
energy of 3.22 eV. For comparison, S was normalised to P at the secondary electron signal edge. P-NS 
denotes the difference spectra, which was obtained by subtracting the normalised s-polarised data (NS) 
from the p-polarised data. The curves were smoothed by averaging the adjacent seven data points. The 
signal was integrated from −5 degrees to +5 degrees. Energies are measured with respect to EF; those 
in the top x-axis refer to the intermediate state before absorption of the second photon. Figure adapted 
with permission from reference [9]. 
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to n-type semiconductor behaviour. Vacuum annealing creates interstitials in TiO2, 

where excess electrons also localise as polarons. It has been established that this leads 

to an increase in the photocatalytic activity,17 which is an important motivation to 

further investigate the role of polarons. Considering the results from surface localised 

BGS, this suggests that polaronic states in the bulk may also offer an alternative 

photoexcitation channel to surface band gap excitation. In this chapter, a 2PPE study 

is presented that tests this hypothesis.  

BGS electrons in TiO2 lie in a pseudo-octahedral crystal field. At the rutile TiO2(110) 

surface, BGS electrons undergo a strong excitation to an intermediate state ∼2.6 eV 

above EF, producing a large feature in the 2PPE spectra following ionisation. 8-10,14 

This can be seen in Figure 4.1. Despite several 2PPE studies on the reduced and 

hydroxylated surfaces of rutile TiO2(110), there has been disagreement over the 

precise nature of the spectral features, namely the transition character and the presence 

of coherent 2PPE contributions. It is now known through density functional theory 

(DFT) calculations that the intermediate state is 𝑡!" in character, representing a 𝑡!" →

𝑡!" transition within the distorted octahedral crystal field of the BGS electrons.10 The 

transition intensity is dependent upon the polarisation of incident light being 

perpendicular to the [001] azimuth (see Figure 4.1) and increases with OHb 

concentration. UPS and DFT show that dissociated water both draws excess electrons 

to the surface and changes the 𝑑 electron character to 𝑑VW, which couples more 

effectively with the Ti3+ states in the conduction band. 16,24 The presence of a coherent 

contribution to the 2PPE spectra is directly investigated in this work. 

This chapter looks to resolve the surface and bulk contributions to the 2PPE spectra of 

rutile TiO2. At the rutile TiO2(110) surface, this work takes advantage of the surface-
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localised polaron population following preparation and carefully isolates the 

underlying bulk contribution by oxidising the surface states. This chapter is supported 

with theoretical calculations from hybrid density functional theory. These calculations 

were performed externally at Princeton University and were performed by Dr Bo Wen 

in the group of Professor Annabella Selloni.    
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4.2 Experimental Procedure 

The rutile TiO2(110) single crystal sample (10×10 mm2) was prepared via cycles of 

Ar+ sputtering (1 kV, 1.5 𝜇A cm-2, 20 minutes) and thermal annealing to a maximum 

temperature of ~1000 K. The temperature of the sample was monitored via a K-type 

thermocouple in close proximity to the sample, as well using a pyrometer (Minolta). 

The base pressure of the UHV chamber was ∼1 x 10-10 mbar, with the partial pressure 

of residual water ∼3 x 10-11 mbar. The crystal orientation and long-range order was 

verified by LEED. The crystal orientation was aligned so as the [11@0] azimuth was 

parallel to the plane of incidence and the [001] azimuth perpendicular. After cleaning, 

the level of contamination was below the detection limit of the XPS spectra.  

The gas phase dosing was completed according to the method described in Section 

3.3.3 and confirmed the purity of the gases via mass spectrometry. All measurements 

were obtained in the UHV system described in Section 3.1.1 and via the laser system 

described in Section 3.2. 2PPE (ℎ𝜈 = 4.43 – 3.10 eV, 280 – 400 nm, 0.3 – 0.5 mW, 

spot diameter ~0.5 mm) and UPS measurements (He-I, ℎ𝜈 = 21.2 eV, 58 nm and He-

II, ℎ𝜈 = 40.8 eV, 30 nm) were taken with a pass energy of 20 eV with an analyser 

acceptance angle of 15o and a slit size of 1.3 mm. All 2PPE spectra were obtained with 

a bias of 6 V (four 1.5 V AA batteries) applied to the sample. The polarisation of laser 

light was controlled via a periscope. Unless otherwise stated, all photoemission spectra 

were obtained at room temperature. Calibration of the sample EF was made in 

reference to the tantalum metal strips holding the sample in place via photoemission. 

The reduced, partially hydroxylated, fully hydroxylated and oxidised rutile TiO2(110) 

samples are denoted as R-R110, Hp-R110, H-R110 and O-R110 respectively.  
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4.3 Results & Discussion 

 

4.3.1 Photoexcitation of Bulk Polarons in Rutile TiO2 (110) 

Rutile TiO2(110) is usually hydroxylated in UHV, protecting the surface BGS.18 

However, exposure to O2 removes these electrons, with BGS polarons only remaining 

in the selvedge and bulk.20-22,25 These can be accessed by 2PPE since the probing depth 

is about 5 nm based on measurements of one-photon photoemission.23 This is much 

larger than the probing depths common in UPS (∼1 nm).15,20 Figure 4.2 demonstrates 

how the 2PPE spectra of rutile TiO2(110) evolve over time as the sample is partially 
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Figure 4.2 - Example of a 2PPE (3.54 eV, 350 nm) experiment involving exposure of TiO2(110) to O2. 
Spectra were recorded continuously throughout, which allows an accurate determination of 
workfunction changes (edge at ∼	5.0 eV) and eliminates many systematic errors such as fluctuations in 
laser power. The dashed white line represents the point at which the sample was exposed to 1×10-8 
mbar O2. The spectra presented in Figure 4.3 are taken from the highlighted areas, where O-R110 is 
formed after exposure to 54 L of O2. 
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hydroxylated and subsequently being exposed to O2. In this experiment the pump and 

probe photon energy is 3.54 eV (350 nm), with the sample orientation such that the 

[001] azimuth is perpendicular to the plane of incidence. The white dashed line 

represents the point at which the sample is exposed to gas phase O2. In Figure 4.3(a), 

three snapshots are shown from the predominant 𝑡!" → 𝑡!" transition signal from 

Figure 4.3 – (a) 2PPE spectra from R-R110, Hp-R110 and O-R110, illustrated by red, green and blue 
lines respectively, recorded with p-polarised 3.54 eV (350 nm) light and the [001] azimuth vertical. The 
prominent feature in the spectra arises from an initial 𝑑 → 𝑑 transition within orbitals of 𝑡23 symmetry.7 
Dashed lines indicate the peak maxima. The spectra are normalised to the peak at the workfunction cut-
off, as shown in Section 2.1.5. (b) Comparison between the H-R110 and O-R110 photon energy 
dependence of the incoherent 2PPE feature. The H-R110 plot contains photon energies 3.76 - 3.26 eV 
(330 - 380 nm) and the O-R110 plot 3.70 - 3.40 eV (335 - 365 nm) according to the equation 2.4. Data 
points are determined using the fitting procedure described in Section 2.1.5. 
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rutile TiO2(110) BGS polarons at three different terminations, R-R110, Hp-R110 and 

O-R110.  

The three terminations (R-R110, Hp-R110 and O-R110) were produced consecutively 

in-situ to reduce uncertainties in measurement variables such as changes in the laser 

power. The R-R110 2PPE spectrum was recorded after the sample cooled to 300 K 

following sample preparation. The accurate monitoring of the sample temperature is 

important as temperature is known to affect 2PPE spectra of TiO2.26 Surface Ovac will 

readily react with residual UHV water; however, the chamber base pressure of 1 x 10-

10 mbar ensures the slow rate of hydroxylation within the time required to record the 

R-R110 spectrum in Figure 4.3(a). In a concurrent experiment, He-II (40.8 eV) UV-

photoemission spectroscopy (UPS) showed no observable peak corresponding to the 

3𝜎 OH orbital at 11.0 eV binding energy (BE) (See Figure 4.4). 7,20 
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Figure 4.4 - He-II (40.8 eV) spectra of the R-R110, Hp-R110, H-R110 surfaces showing the level of 
OHb and the absence of molecularly adsorbed H2O by comparison with the spectrum of 1 ML H2O. The 
1 ML H2O surface is formed by reducing the temperature of the sample to 77 K and exposing to water 
vapour. 
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At longer times, the R-R110 gradually hydroxylates due to residual water in the UHV 

chamber. Hydroxylation is monitored by the decrease in workfunction (𝜙) with 2PPE 

and from the increase in the 3𝜎 peak in the UPS He-II spectrum (see Figure 4.4). The 

Hp-R110 spectrum in Figure 4.3(a) was recorded after the sample had been exposed to 

the residual UHV vacuum for approximately 90 minutes. The increased intensity of 

the resonance upon hydroxylation is understood within the framework of BGS electron 

redistribution towards the surface.7,16,24 At this stage the sample is partially 

hydroxylated at ~0.05 ML. It had been assumed that OHb causes an increase in 2PPE 

intensity due to the stabilisation of photoexcited electrons from H atom related s-

orbitals.14 As noted in the introduction to this chapter, it is now understood that 

electrons redistribute to the surface and undergo an orbital character change to dxy, 

which enhances the 𝑡!" → 𝑡!" oscillator strength. 10,24  

The sample was then exposed to O2 at a pressure of 2×10-8 mbar. This resulted in an 

immediate increase in the 𝜙 (see Figure 4.2) and an immediate decrease in the 2PPE 

resonance. As O2 is dosed, it primarily adsorbs at remaining Ovac and 5-coordinate Ti 

rows, while also reacting with OHb.20,27 This oxidation process decreases the 2PPE 

resonance by removing surface and subsurface BGS.20 The O-R110 spectrum in Figure 

4.3(a) was recorded following exposure to 54 L (1 Langmuir = 1.32 × 10-6 mbar for 1 

second) of O2. Corresponding UPS and 1PPE spectra also show the removal of the 

BGS (See Figure 4.5). The 2PPE spectra evidence a blue shift in the resonance energy 

by ~0.15 eV following removal of the surface BGS electrons.  

As discussed in Section 2.1.5, 2PPE can arise from an incoherent process (two 

sequential 1-photon excitations via an intermediate state) or a coherent process 
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(simultaneous 2-photon excitation of an occupied state).28 A plot of photon energy  

(eV) vs final state electron energy E – EF (eV) results in a gradient of 1 or 2 for 

incoherent and coherent processes, respectively, with a y-intercept that is equal to the 

intermediate or initial state energy, respectively. In the 2PPE spectra of rutile 

TiO2(110), it was suggested by Zhang et al. that both processes contribute to the 2PPE 

yield.7 In this picture, at the 2PPE resonant photon energy (3.54 eV, 350 nm for 

TiO2(110)) there is increased intensity in the 2PPE signal as the peak is a sum of the 

incoherent and coherent features (see below for further discussion).7,28 2PPE with 

higher photon energies separates the two features, allowing for peak fitting analysis 

Figure 4.5 - (a) One photon photoemission (1PPE) measurements of the BGS region of TiO2(110) with 
6.20 eV (200 nm) light. The intensity is constant at exposures above 40 L. The shift observed is due to 
the workfunction change upon exposure to O2. (b) He-I (21.2 eV) measurements of the BGS region 
showing the same trend as in (a). These two methods are unsuitable for observing small shifts in BGS 
electron energy due to the short spectral window when using 6.00 eV light and the influence of the He-
I 𝛽 line from the O 2p region when using He-I (21.2 eV) light. Moreover, for He-I data, a bulk BGS 
signal is not expected because of the shorter photoemission escape depth. 
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and the isolation of individual contributions. To achieve this, the 2PPE background is 

modelled and the peaks fit with Gaussians (see Section 2.1.5, Figure 2.4). Figure 4.3(b) 

shows a plot of ℎ𝜈 (eV) vs E – EF (eV) for the incoherent 2PPE from O-R110 and H-

R110, with H-R110 being a surface hydroxylated in residual UHV for ∼48 hours to 

ensure full occupation of Ovac (∼0.1 ML) with OH. This will remain stable throughout 

the 2PPE measurements.21,29 O-R110 spectra were recorded following a subsequent 

saturation exposure to O2, with PO, being maintained at 2 x 10-9 mbar to prevent step-

edge hydroxylation. 30,31 Figure 4.3(b) shows that the intermediate state in O-R110 lies 

0.14 eV higher in energy y than that for H-R110.   

To assist with the interpretation of the experimental observations, DFT calculations 

were employed using the HSE06 hybrid functional.32,33 This is known to describe 

polaron states in TiO2 with good accuracy.10 The partial density of states (PDOS) and 

oscillator strengths were calculated for polarons arising from OHb, Ovac and Tiint at the 

rutile TiO2(110) surface (modelled using a 6 tri-layer slab). For the case of Tiint, the 

location was varied from the immediate subsurface (L1) to two (L2) and three (L3) 

layers below the surface. These different locations represent the behaviour of polarons 

in surface and bulk-like environments. Figure 4.6 (a), (b) and (c) show the PDOS of 

rutile TiO2(110) surfaces with Ovac, OHb, and (L3) Tiint, respectively. The polarons 

towards the surface (Ovac and OHb), lie at slightly lower energies (i.e. deeper in the 

band gap) than those in the bulk ((L3) Tiint), as generally expected.34 This is mirrored 

in the trend of the BGS PDOS of Tiint located at L1, L2 and L3 in the pristine surface 

(See Figure 4.7). At L3, polarons are degenerate around a single peak ∼ 1.2 eV below 

EF, however at L2 the distribution splits into two peaks at ∼1.1 and 1.4 eV below EF. 

At L1, the peaks are separated further with one at ∼1.5 eV, and the other ∼0.9 eV 
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below EF, reflecting the more diverse coordination environments of polarons in 

proximity of the surface. 

The oscillator strengths of electron transitions from BGS associated with Ovac, OHb and 

Tiint (L3) are shown in Figure 4.6 (d), (e) and (f), respectively. The contributions are 

separated into the directions of the transition dipole moments according to the sample 

azimuths. The stabilisation of the occupied states in Figure 4.6 (a) and (b) is largely 

reflected by a shift in peak oscillator strengths from 2.8 eV for (L3) Tiint to 2.6 eV for 

Ovac and OHb. The oscillator strengths were also calculated for Tiint at L1 and L2 and 

evidence the same surface to bulk trend (see Figure 4.7). The configuration and 

Figure 4.6 - (a), (b) and (c) show the calculated PDOS for Ti3+ ions induced by Ovac, OHb and Tiint (L3), 
respectively (blue lines) in R110. The blue trace is magnified by a factor of 10 relative to the PDOS for 
Ti4+ and O (pale blue and pink shadings). Arrows and dashed lines represent the width of the occupied 
BGS. (d), (e) and (f) represent the calculated oscillator strengths for electronic excitations from BGS 
induced by Ovac, OHb and Tiint (L3) to the conduction band. Arrows and dashed lines represent the width 
and location of maximum transitions. Transitions with the dipole moment along the [001], [11(0], and 
[110] are represented by red, green and blue lines, respectively. To be consistent with experimental 
observation, the Fermi energies in (c)-(h) are rescaled to the conduction band minima. [The calculations 
in this figure were performed by Dr. Bo Wen and organised by the author]. 
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locations of polarons in the 6 tri-layer slab models from Figures 4.6 and 4.7 are shown 

in Figure 4.8. Prior to dosing O2, the 2PPE signal is a sum of contributions from 

polarons in the surface, subsurface and bulk. However, after exposure to 54 L of O2 

only bulk polarons contribute to the spectra. Both the experimental data and the 

calculations show the associated intermediate states lie at 0.14-0.20 eV to higher 

energy for the bulk polarons. 

From the discussion above, the 2PPE resonance in R- and H-R110 will have four 

contributions, with incoherent and coherent components from the surface and bulk. 

This is demonstrated with peak fitting in Figure 4.9(a). In Figure 4.9(b) the variation 

of the normalised intensity of the 2PPE resonance recorded from H- and R-R110 
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Figure 4.7 - (a), (b) and (c): calculated PDOS of rutile TiO2(110) surfaces with Tiint located at L1, L2 
and L3, respectively. Arrows and dashed lines represent the energy width of the occupied BGS. (d), (e), 
and (f): calculated oscillator strengths for excitations from BGS to the conduction band. Arrows and 
dashed lines represent the location and width of maximum transitions. Transitions with the dipole 
moment along the [001], [11(0] and [110] directions are represented by red, green and blue lines, 
respectively. [The calculations in this figure were performed by Dr. Bo Wen and organised by the 
author]. 
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shows that both have a maximum at 3.54 eV, indicating that the initial excitation state 

is also 0.2 eV lower in energy at the surface and the splitting of the 𝑡!"-like states 

remain constant, as suggested by the DFT calculations. As a result of the discussion 

above, the excitation scheme of polarons at the rutile TiO2(110) surface and bulk is 

shown in Figure 4.9(c). 

Figure 4.8 - Spin density of BGS polarons (Pn) originating from OHb, Ovac and Tiint located at L1, L2 
and L3, respectively. Polarons P1 and P2 from Ovac and P1 from L3(Tiint) reside at subsurface Ti sites, 
that are most favourable on the clean TiO2(110) surface. The models represent a 6 tri-layer TiO2(110)-
(4x2) slab. Blue and red spheres represent Ti and O atoms, respectively. The light pink sphere represents 
an H atom. An isosurface of 0.05 (arb. units) was set to show the spin density contour of excess 
electrons. Blue and yellow contours come from different phases of wavefunction. P labels represent 
polaron locations from Figure 4.3. [The calculations in this figure were performed by Dr. Bo Wen and 
organised by the author]. 
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Figure 4.9(d) shows the time variation of the predominant 𝑡!" → 𝑡!" 2PPE feature 

intensity as the surface is first exposed to the residual vacuum and then to O2. The 

maximum intensity observed (100%) corresponds to Hp-R110, as also seen in Figure 

4.3(a). The intensity is seen to increase with OHb coverage and decrease rapidly after 

exposure to O2, stabilising at 25% of the Hp-R110 intensity. This clearly evidences the 

surface dominance of the resonance. This 18 L exposure to O2 is significantly higher 

than that used in previous studies, which likely explains the conclusion in earlier work 

that the intense resonance arises from up to 4 nm into the bulk. 13,14 It is noted that 
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Figure 4.9 - (a) 2PPE (3.65 eV, 340 nm) spectrum from H-R110 fitted with Gaussian distributions 
showing the incoherent (i) and coherent (c) contributions of the bulk and surface features at this photon 
energy. (b) Plot of peak intensity as a function of photon energy. The peak intensity represents a 
convolution of both coherent and incoherent 2PPE processes. The spectra are normalised at the 
workfunction cut off. (c) Schematic of the excitations in bulk and surface environments on the basis of 
calculations and 2PPE spectra as well as previously published data. (d) Time evolution of the rutile 
(110) 2PPE peak monitored over the course of 200 minutes. There is an immediate decrease in intensity 
when the surface is exposed to O2. 
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UPS and 1PPE spectra recorded after a lower O2 exposure (7 L) still contain a 

significant surface BGS intensity (see Figure 4.5). When fitting spectra with Gaussian 

distributions, the positions and heights of the incoherent (i) peaks are determined from 

a comparison of H-R110 and O-R110 spectra, which are shown in Figure 4.10, where 

the spectra have been normalised at the workfunction cut off. The location of the 

coherent peaks (c) is attained from 2PPE spectra taken with higher photon energies 

(3.76 – 4.20 eV). At lower photon energies (3.44 – 3.65 eV) the coherent peaks are 

constrained in their location and relaxed in their FWHM. This is shown in Figure 4.11 

and is an extension to Figure 4.9(a). Figure 4.11 also serves to confirm the presence of 

the coherent contribution, which has been a source of debate.14 The separation of the 

resonant peak at 3.54 eV into the incoherent and coherent contributions can clearly be 

seen when moving to higher wavelengths and is confirmed in the resulting plot in 

Figure 4.11(b), where the y-intercept value corresponds to the BGS population. 
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Figure 4.10 - Comparison between the 2PPE spectra of H-R110 and O-R110 with 3.54 eV (350 nm) 
light, where H-R110 is a fully hydroxylated (0.1 ML) sample and O-R110 has been exposed to 54 L O2. 
The spectra are normalised to the workfunction cut-off. The surface contribution to the excitation is 
much larger than that of the bulk. The inset shows the 2PPE resonance normalised to the peak intensity. 
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Figure 4.11 - (a) 2PPE spectra (3.54 – 4.00 eV, 350 – 310 nm) of H-R110 fit with Gaussian 
distributions. This demonstrates the increasing contribution of the coherent process at higher energies, 
relative to the incoherent component. The relative intensities for the bulk contributions were obtained 
from figure 4.6, relative intensities for coherent contributions from spectra at higher energies, and the 
relative position of the peaks from the spectra in figures 4.2(a) and 4.6. (b) An example of a plot of peak 
E – EF vs. photon energy from 2PPE spectra (ℎ𝜈 = 3.87 - 4.43 eV, 280 – 320 nm) measured from the H-
R110 surface with p-polarised light. This is for the surface coherent 2PPE process via gap states 0.8 eV 
below EF. 
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4.4 Summary & Conclusion 

In summary, this chapter identifies the depth dependent photoexcitation channels of 

polarons in rutile TiO2(110) using 2PPE and DFT. 2PPE spectra of reduced and 

hydroxylated samples are dominated by photoexcitation of surface localised polarons 

at Ovac and OHb. Nevertheless, photoexcitation of bulk polarons can be distinguished 

after oxidation removes the surface component. The resonant photon energy of the 

bulk process is the same as at the surface, where both the initial and excited states lie 

about 0.2 eV higher in energy than at the surface. These photoexcitation events in the 

bulk are more likely to contribute to photocatalytic processes simply because of the 

greater number of polarons arising from Ti interstitials. Furthermore, surface-localised 

polarons are readily removed in ambient conditions through oxidation, meaning their 

presence in industrial catalysts is minimal.  

Understanding the fundamental processes of TiO2 photocatalysis is imperative to 

ultimately gain control over the future design of catalysts. In this chapter, it is shown 

that bulk polarons interact with light to create photoexcited charge carriers. In activity 

studies, vacuum annealed TiO2 generally shows higher photocatalytic rates, relative to 

as-synthesised samples.17 In these ambient and liquid phase activity studies, the 

surfaces can generally be assumed to be oxidised due to the reactivity of OHb and Ovac. 

The role of bulk polarons therefore offers a potential reason as to these differences.  

Furthermore, this work helps clarify sources of debate in the community. It has been 

suggested previously that the 2PPE spectra of R-R110 contains two nearly degenerate 

states, both of eg character.13,14 This work demonstrates that this observation is likely 

due to surface and bulk contributions.   
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Chapter 5  

Polaron-Adsorbate Coupling at the 

TiO2(110)-Carboxylate Interface 

 

Abstract  

Understanding how adsorbates influence polaron behaviour is of fundamental 

importance in describing the catalytic properties of TiO2. Carboxylic acids adsorb 

readily at TiO2 surfaces, yet their influence on polaronic states is unknown. Using 

UPS, 2PPE and DFT this chapter shows that dissociative adsorption of formic and 

acetic acids has profound, yet different effects on the surface density, crystal field and 

photoexcitation of polarons in rutile TiO2(110). It is also shown that these variations 

are governed by the contrasting electrostatic properties of the acids, which impacts the 

extent of polaron-adsorbate coupling. The density of polarons in the surface region 

increases more in formate terminated TiO2(110) relative to acetate. Consequently, 

increased coupling gives rise to new photoexcitation channels via states 3.83 eV above 

the Fermi level. The onset of this process is 3.45 eV, likely adding to the catalytic 

photoyield. 

The work in this chapter has been published as Reference [1]: 1  

Tanner, A. J. et al. Polaron-Adsorbate Coupling at the TiO2(110)-Carboxylate 

Interface. J. Phys. Chem. Lett. 12, 14. 3571-3576 (2021)  
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5.1 Introduction 

Carboxylic acids are ubiquitous at photocatalytic titania surfaces due to their high 

affinity for bonding to surface Ti atoms.2 Formic (HCOOH) and acetic (CH3COOH) 

acid represent the simplest carboxylic acids. Their adsorption on TiO2 results in the 

formation of atomic scale ordered overlayers at the ultra-high vacuum (UHV), liquid 

and atmospheric interface, which can be observed by STM.2-6 At the rutile TiO2(110) 

surface specifically, the dominant adsorption configuration of these acids consists of 

bidentate bound carboxylates (RCOO–) at five coordinate titanium atoms (Ti5c) along 

the [001] direction.7 This is accompanied by the protonation of bridging O (OHb) and 

the formation of a (2×1) majority phase adsorption structure. A minority carboxylate 

component is also present, which is a monodentate species oriented perpendicular to 

[001] and accounts for up to 1/3 of the interface.4,8-10 Formic and acetic acid adsorption 

saturates at ∼0.5 ML in UHV at 298 K, where a monolayer corresponds to the number 

of surface unit cells. The two terminations are denoted FA- and AA-R110, 

respectively.  

The bidentate binding of carboxylic acids results in high adsorption energies compared 

to other common functional groups such as alcohols and amines. TPD measurements 

show that adsorbed formic acid is stable at the rutile TiO2(110) surface to temperatures 

above 100oC whereas methanol, the alcohol analogue, has high desorption rates at 

room temperature.11,12 As a result, STM studies show that rutile TiO2(110) surfaces 

become terminated by ordered overlayers of formic and acetic acid when exposed to 

atmospheric conditions.2  
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Despite the numerous studies on the structure and reactivity of simple carboxylic acids 

at TiO2 surfaces, highlighted in Section 1.2.3, the effect of the adsorption of formic 

and acetic acid on the electronic structure of rutile TiO2 has been reported somewhat 

sporadically. The first publication on the effect of acetic acid on the valence band of 

rutile TiO2 was by I.D. Cocks et al. in 1997 who reported on the appearance of two 

main peaks at ~11.0 and ~14.4 eV binding energy in the He-I (ℎ𝜈 = 21.2 eV) UPS 

spectrum following adsorption of acetic acid. Furthermore, it was shown that the BGS, 

located at ~1.0 eV binding energy had a smaller intensity. However, no mechanistic 

framework for this observation was provided.13 More recent work has used 

synchrotron radiation (ℎ𝜈 = 80 eV) to study the BGS of rutile TiO2(110) following 

acetic acid adsorption. It was confirmed in two publications by Tao et al. that the BGS 

intensity decreases following acetic acid adsorption. Tao et al. also reported on the 

peak at ~11.0 eV but noted that the overlap of the OH 3𝜎 orbital and methyl molecular 

orbital render the unambiguous assignment of the peak at ~11.0 eV, challenging. 14,15 

Wang et al. showed that the peak at ~11.0 eV remains at full intensity following 

photodegradation of trimethyl acetate (TMA) on rutile TiO2(110), thus confirming its 

OH origin.16  

With respect to the formate termination, He-I (ℎ𝜈 = 21.2 eV) and He-II (ℎ𝜈 = 40.8 eV) 

spectra were reported in 1997 and 1994, respectively.17,18 The He-II spectra showed 

an almost identical spectrum to that with acetic acid. The additional peaks, including 

that at ~11.0 eV were all attributed to MO’s of formate, although these assignments 

were made from low temperature measurements on copper (upon which formic acid 

does not dissociate). 19 He-I measurements in Ref. [17] showed little effect on the BGS 

by formate. 
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The interplay between polarons and adsorbates has direct implications for the catalytic 

and energy conversion properties of TiO2. Subsequently, this topic has recently 

received abundant attention, with a particular focus on adsorbates of technological 

relevance. Yim et al. demonstrated with STM, UPS and DFT that water and methanol 

induce the surface segregation of polarons in TiO2(110).20 Furthermore, Reticcioli et 

al. established that carbon monoxide couples extensively with polarons, attracting 

them in the first layer below the surface and repelling them in the second. Reticcioli et 

al. also showed that due to this coupling, the sample reduction level has consequences 

for the observed adsorption geometries.21 Studies of polaron-adsorbate coupling is 

increasingly challenging when working with larger molecules at higher surface 

coverage due to the obstruction of the underlying surface structure, which hampers the 

capabilities of microscopy techniques. 

2PPE offers a potential solution to this challenge as a number of easily controlled 

variables, such as photon energy, polarisation and power, in principle allow 

interrogation beyond that of traditional laboratory-based photoemission techniques. 

Despite this, studies of adsorbate effects on the photoexcitation of polarons has been 

limited. Predominantly water, and to a lesser extent, methanol adsorption has been 

investigated in past literature.22-25 A 1 ML coverage of water has been shown to 

enhance the 𝑡!" → 𝑡!" oscillator strength from gap state electrons.22 Methanol 

adsorption has also been shown to affect the 𝑡!" → 𝑡!" oscillator strength following 

complete and partial dissociation at rutile Ovac and Ti5c sites, respectively.24 One reason 

that this research stream has been limited is that only recently have predictions from 

theory accurately matched the observations of experiment (compare Refs. [26] and 
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[27]).26,27 Specifically, a slab size of 6 trilayers (compared to the originally used 4) 

seems to be crucial to mimicking the observations from experiment.  

In this chapter the effect of (2×1) overlayers of formate and acetate on the polaronic 

BGS of TiO2(110) is investigated, with a particular focus on photoexcitation 

properties. UPS and 2PPE results are supported by hybrid DFT. As in Chapter 4, these 

calculations were performed externally at Princeton University by Dr Bo Wen in the 

group of Professor Annabella Selloni.   
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5.2 Experimental Procedure 

Ultraviolet photoemission spectroscopy (UPS) and two-photon photoemission 

spectroscopy (2PPE) experiments were performed in the UHV system described in 

3.1.1. The 2PPE spectra were produced with the sample biased by 6.0 V. 

Photoemission from the Ta sample holder was used to determine the position of EF. 

UPS and 2PPE were both used to measure workfunction values. 2PPE (ℎ𝜈 = 4.43 - 

3.10 eV, 280–400 nm, 0.3-0.5 mW, spot diameter ~0.5 mm) and UPS measurements 

(He-I, ℎ𝜈 = 21.2 eV and He-II, ℎ𝜈 = 40.8 eV) were recorded with a pass energy of 20 

eV, analyser acceptance angle of 15o and a slit size of 1.3 mm. 

Tuneable femtosecond laser pulses (280−390 nm) were generated by the laser system 

described in 3.2. UPS measurements were performed to ensure no laser induced defect 

states at prepared surfaces. To ensure any results were not due to fluctuations in laser 

power, the power was monitored throughout experiments from a separate beam via a 

beam splitter earlier in the optical sequence after the TOPAS-c.  

The rutile TiO2(110) crystal was cleaned with multiple cycles of 20 min sputtering (1 

kV, 1 μA/ cm2) and 10 min annealing to ∼1000 K. After cleaning, XPS spectra 

evidence a carbon contamination level <0.05% (0.00025 ML) which was calculated 

by comparing the relative peak intensity to the acetate saturated surface.  The low-

energy electron diffraction pattern was a sharp (1×1) and was used to determine the 

crystal orientation. The temperature of the samples was monitored via a k-type 

thermocouple in close proximity to the sample and a digital pyrometer (Minolta). 

Formate and acetate interfaces were produced via gas phase dosing, as discussed in 

Section 3.3.3. This is well known to result in ∼0.5 ML saturated surfaces.5,28 Particular 
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care was taken to prevent contamination of the gas profile, which was monitored by a 

residual gas analyser (Hiden analytical, HAL 101). Carboxylic acid samples were 

cleaned via freeze/thaw pumping to remove dissolved O2 and CO2 which may affect 

accurate monitoring of the defect states. Gas lines leading to the high precision leak 

valve were baked and conditioned with the gas phase species to prevent adventitious 

carbon contamination. Interfaces were characterised by performing XPS, which 

produces characteristic C1s signatures due to the ratio of COO- and CH3 contributions 

(see appendix, A1). Partial ML coverages were characterised by XPS C1s ratios, UPS 

OH 3𝜎 ratios or 2PPE workfunction changes, depending on the experiment. The 

reduced, saturated formate covered and saturated acetate rutile (110) samples are 

referred to as R-110, FA-R110 and AA-R110 respectively.   
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5.3 Results & Discussion 

5.3.1 Polaron Behaviour at the Rutile (110)-Carboxylate Interface 

Chapter 4 discussed how the resonant ℎ𝜈 of the 𝑡!" → 𝑡!" 2PPE feature in rutile 

TiO2(110) is 3.54 eV (350 nm). It also stated that the transition intensity is increased 

upon the electric field vector being perpendicular to the [001] azimuth. Due to the 

incident angle of light (68±1o) the electric field vector is defined as near-perpendicular 

to the [001] (p-[001]) or near-parallel (s-[001]). The saturated carboxylate termination 
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Figure 5.1 - (a) Rutile TiO2(110) model showing the majority phase (2 × 1) formate and OHb overlayer 
resulting from dissociative chemisorption of formic acid. An interstitial titanium atom (Tiint) is shown 
at position L1. Blue, red, brown and white spheres represent Ti, O, C and H, respectively. (b) 
Comparison of the dominant 𝑡23 → 𝑡23 	transition in the 2PPE spectra of the Hp-R110, FA-R110 and 
AA-R110 terminations at a photon energy of 3.54 eV (p-[001], 350 nm). Incoherent (i) features were 
produced according to equation 2.4, Section 2.1.4. Spectra were produced continuously at constant laser 
power with in-situ gas phase dosing. Peaks are isolated via the method described in Section 2.1.5. (c) 
Comparison of the BGS region in the UPS (He-I, 21.2 eV) spectra on the Hp-R110, FA-R110 and AA-
R110 surfaces. Peaks are isolated via the method described in 2.1.5. (d) Chart showing the difference 
in energy (ΔE) between a surface (L1) and bulk (L3) Tiint in the clean, formate and acetate termination 
of rutile TiO2(110), calculated with HSE06 DFT. A positive ΔE means that L1 is energetically less 
stable than L3. See table A5 in the appendix for all values calculated. 
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of FA-R110 is shown in a model in Figure 5.1(a). In Figure 5.1(b), the 2PPE resonance 

was monitored (p-[001], 3.54 eV, 350 nm) as a reduced rutile TiO2(110) sample (R-

R110) partially hydroxylated (Hp-R110, ∼0.05 ML) in UHV and was successively 

exposed to gas phase acid in-situ until the saturation level (∼0.5 ML) was reached. 

The increase of the 2PPE resonance via hydroxylation of Ovac has been covered 

extensively in prior work and was discussed in Chapter 4.22-24,29 Upon creation of FA- 

and AA-R110, the dominant incoherent process is approximately 3 and 2 × larger, 

respectively (taken by peak area). An example of spectral evolution throughout this 

experiment is also shown in the appendix (see A2). In a similar framework, the BGS 

is monitored via ultraviolet photoemission spectroscopy (UPS, He-I, 21.2 eV) and 

increases by ∼1.4× following formate adsorption. However, following acetate 

adsorption the BGS area is ∼0.9× the size, consistent with previous measurements.13-

15 This is represented in Figure 5.1(c). In both Figure 5.1 (b) and (c) the peaks are 

isolated by removing backgrounds and fit with Gaussian distributions (see Section 

2.1.5 for background discussion). The difference in intensity trend between the UPS 

and 2PPE data for AA-R110 is likely due to the effective attenuation length of the two 

techniques. (∼1 nm and 5 nm, for UPS and 2PPE, respectively).30 

To further understand these observations, DFT calculations were applied. As in 

Chapter 4, the HSE06 hybrid functional was employed. Tiint was used as the source of 

excess electrons and the location of Tiint was varied from the immediate subsurface 

(L1) to two (L2) and three (L3) layers below the surface in a (4 × 2) 6 trilayers slab. 

Here, the relative energies of Tiint at clean (C) TiO2(110) and at the surface covered by 

a (2 × 1) formate or acetate monolayer are determined. The relative stabilities of 

different Tiint locations change significantly in the presence of a carboxylate 
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monolayer. At the adsorbate free surface, the most stable Tiint site is L2, which is 0.46  

(0.11) eV more stable than L1 (L3). In contrast, at the formate-covered surface Tiint at 

L2 is only 0.08 eV more stable than at L1 (and 0.18 eV more stable than at L3).   

In the presence of an acetate monolayer, L2 and L3 are 0.09 and 0.10 eV more stable, 

respectively, than L1. The energetics of surface Tiint following carboxylate adsorption 

is summarised in Figure 1(d), which shows the energy (ΔE) difference between surface 

(L1) and bulk (L3) Tiint locations. Together, the UPS, 2PPE and DFT results indicate 

that formate adsorption leads to the redistribution of polarons towards the surface of 

Figure 5.2 - (a) 2PPE spectra (ℎ𝜈 = 3.54 eV, 350 nm, s-[001]) of a reduced rutile TiO2 (110) sample 
(R-R110) taken continuously as formic acid is dosed in-situ. The subscript number in the legend 
signifies the approximate ML coverage of the formate. Numbers in dashed boxes represent the position 
and label of the respective features. Feature 1 denotes the previously discussed 𝑡23 → 𝑡23 	transition. 
The inset shows the spectrum with 0.5 ML coverage minus that at 0.1 ML coverage. (b) 2PPE spectra 
of a select region of feature 1 and 2, with photon energies (ℎ𝜈 = 3.44 - 3.87 eV, 360 – 320 nm), s-[001]). 
Spectra are normalised to fit the figure window for clarity. (c) Plot of the photon energy dependence of 
the two fitted peaks in FA0.5-R110 given by the equation 2.4, Section 2.1.5 (d) PDOS of FA-R110 (4 × 
2) 6 slab trilayer, with Tiint located in L1. Ti3+ has been magnified 10x for greater clarity. Peaks in the 
conduction band are labelled that coincide with features 1 and 2. (e) Oscillator strengths calculated from 
BGS to CB within the same system described in (d). Red [001],green [11(0] and blue [110] represent 
directions of transition dipole moments. Peaks in the oscillator strengths are labelled that coincide with 
features 1 and 2. (f) Scheme showing the transitions of features 1 and 2. Feature 2 represents a 𝑡23 → 𝑒3 
excitation. The red arrow represents transitions observed in R, FA and AA-R110. Gold arrow represents 
transitions observed in FA-R110 only. 
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TiO2(110) through the mechanism of Tiint migration. The data also show that this effect 

is less pronounced in the acetate termination. 

On FA-R110, polaron photoexcitation was further studied by rotating the electric field 

vector by 90o, relative to the crystal azimuth (s-[001]). Figure 5.2(a) follows the 2PPE 

spectrum (3.54 eV, 350 nm) as formic acid is dosed directly onto R-R110, allowing 

contributions from initially reactive Ovac (∼0.1 ML) sites to be separated. At ∼0.1 ML 

coverage the spectrum largely resembles that of R-R110, evidencing a slight increase 

in the 𝑡!" → 𝑡!" feature, labelled feature 1. Following saturation of the Ti5c rows (∼0.5 

ML), an additional feature, labelled feature 2, becomes clear. The apparent energy shift 

of feature 1 at this coverage is due to the convolution of feature 2. The inset shows the 

difference spectrum between the ∼0.5 ML coverage and ∼0.1 ML coverage where the 

appearance of feature 2 is clear.  

The photon energy dependence of feature 2 was also examined and is shown in Figure 

5.2(b). Feature 2 occurs close to the EF+	2ℎ𝜈 maxima of the 2PPE spectra and has an 

onset ℎ𝜈 of ∼ 3.45 eV (360 nm). 2PPE spectra with ℎ𝜈 > 3.54 eV (350 nm) show that 

feature 2 becomes more prominent in the spectra as feature 1 is less resonant. It is also 

observed that feature 2 is visible at much higher photon energies compared to feature 

1. Figure 5.2(c) shows the plot of final state energy (E – EF) vs photon energy (eV). 

As described in Section 2.1.5, in these plots, incoherent and coherent processes 

produce gradients of 1 and 2, respectively.31 Both features are produced via an 

incoherent process where the excited state lies ∼ 2.7 and 3.8 eV above EF for features 

1 and 2, respectively (given by the y-intercepts). In both plots, photon energies are 

chosen so as to minimise overlap of the features. The non-integer value of the feature 

1 gradient is likely due to the overlap of feature 2 in the spectra. If this gradient is held 
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at 1, the intermediate state value is equal to 2.82 eV, in line with results from Chapter 

4. 

DFT is again used to obtain insight into the origin of the observations. Figure 5.2(d) 

shows the partial density of states (PDOS) of excess electrons from Tiint at L1 of a 

TiO2(110) surface with a (2×1) formate overlayer. The distribution has been separated 

into the individual d-orbital contributions. The excited state energies of features 1 and 

2 are represented clearly by significant density of states in the Ti3+ conduction band 

having dxy and dz2 orbital character, respectively. Figure 5.2(e) shows the results of 

associated oscillator strength calculations for BGS to conduction band excitation. 

Peaks corresponding to both features are observed. The transition dipole moment for 

feature 1 lies in both the [001] and [11@0] direction in this environment. In contrast, a 

transition dipole moment for feature 2 is only present in the [001] direction, explaining 

the observed polarisation dependence. Features 1 and 2 therefore represent an 

excitation from occupied states t2g-like in character to unoccupied states of t2g- and eg-

like character, respectively. A schematic of this excitation scheme is shown in Figure 

5.2(f).  

To confirm the dependence of feature 2 on the formate overlayer, 2PPE measurements 

were recorded from the formate saturated surface as it was heated (see Figure 5.3(a)). 

At ∼340 K, an increase in the workfunction indicates the disruption of the formate 

overlayer, which is accompanied by the sharp disappearance of feature 2. By 385 K, 

the workfunction value reaches a plateau at ∼5.1 eV, which is close to the value of the 

freshly prepared reduced surface, indicating that both the majority and minority 

species are disrupted by the heating. Upon cooling, the workfunction decreases slightly 

by 0.1 eV and feature 2 does not reappear. 
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Adsorption of the carboxylates leads to a pronounced reduction in the workfunction 

(measured as 5.1, 4.4 and 4.2 eV for R-, FA- and AA-R110, respectively) which has 

implications for the 2PPE spectra. Specifically, this results in an enlarged 2PPE 

spectral window and an increased scope to study lower energy photoexcitation 

processes. However, at higher photon energies, lower energy 2PPE features are often 

imperceptible due to dominating coherent valence band contributions, and single 

photon photoemission from states near EF. Figure 5.4(a) shows the 2PPE spectra of 

AA-R110 (p-[001], 3.75 - 3.35 eV, 330 – 370 nm). As expected in this orientation, a 

strong peak associated with feature 1 is present. At ∼5.2 eV a broad feature is present 

that is unaffected by the shifting photon energy. This feature is also present in the 

2PPE spectra (p-[001]) of FA-R110 (see Figure 5.5). This distribution is assigned to 

Figure 5.3 - (a) Continuous 2PPE measurement (3.76 eV, 330 nm, s-[001]) of the formate saturated 
rutile TiO2(110) interface whilst heating. Heating was achieved via thermal conduction of a filament 
located behind the sample. Workfunction change and decrease in feature 2 starts to occur at 
approximately 340 K and reaches a constant by 385 K. Black, white and yellow dashed lines represent 
the positions of Evac, feature 2 and EF + 2ℎ𝜈, respectively. (b) Changing intensity of feature 2 throughout 
this experiment, normalised (N.) to the intensity at 5.2 eV E – EF. (c) Normalised (N.) 2PPE spectra at 
points (a, 300 K), (b, 400 K) and (c, 315 K post heating). Normalised at 5.2 eV E – EF. 
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Auger electrons, ejected from the BGS via the multiphoton excitation and 

recombination of valence band electrons. This also acts as an anchor point for 

Figure 5.4 - (a) 2PPE spectra (ℎ𝜈 = 3.35- 3.75 eV, 370 – 330 nm) measured from the AA-R110 surface 
with light polarised perpendicular to the [001] azimuth. Three features corresponding to feature 1, Auger 
electrons and valence band coherent 2PPE (c2PPE) from the TiO2 are labelled. Spectra are normalised 
to the Auger feature peak intensity. (b) Peak intensity of feature 1 between photon energies 3.35- 3.75 
eV (370 – 330 nm), normalised to the Auger feature, in both FA-R110 and AA-R110 with light polarised 
perpendicular to the [001] azimuth. (c) Spin density contour of BGS for Tiint at L1 site in the C-R110, 
FA-R110 and AA-R110 termination. Arrows show the respective attractive and repulsive properties of 
specific adsorbates relative to the clean surface. The red, light blue, brown and pink spheres represent 
Ti, O, C and H atoms respectively. (d) Comparison of FA-R110 and AA-R110 2PPE with 3.54 eV 
photons, with light polarised parallel to the [001] azimuth. The inset shows the difference spectrum 
between the two terminations. (e) Oscillator strengths from BGS to CB with Tiint in L1 acetate 
terminated system. The [001], [11(0] and [110] represent directions of transition dipole moments. 
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normalisation. The Auger feature is discussed in further detail later in this chapter (see 

5.3.1). 

Figure 5.4(b) compares the wavelength dependent intensity of feature 1 in FA- and 

AA-R110 (p-[001]). This comparison was made through normalising to the Auger 

feature, which is present in both terminations. FA-R110 has an increased intensity of 

feature 1 relative to AA-R110 at all wavelengths tested. Furthermore, in both 

terminations, 2PPE with ℎ𝜈 = 3.54 eV (350 nm) produces the most intense peak, 

consistent with the adsorbate free surface. This demonstrates that there is no distinct 

acid induced splitting of the occupied and unoccupied 𝑡!" orbitals. There are many 

possible reasons for the spectral intensity differences in the two terminations, with Tiint 

migration and photoemission attenuation important factors. However, DFT results 

suggest an additional important element. Due to the electron donating effects of the 

methyl substituent, acetate repels excess electrons from the adsorbate. This is in 

contrast to formate, which attracts them. This is evidenced in Figure 5.4(c) where the 

spin density contour of 4 distinctly located excess electrons in C-, FA- and AA-R110 

are shown. Here C-R110 represents the clean rutile TiO2(110) surface with a 

subsurface Tiint. Further modifications by the adsorbate can also be seen in this model. 

Specifically, in C-R110 the occupied states only contain orbitals of 𝑡!"-like character. 

However, following addition of FA and AA, new orbital characters arise. Focusing on 

the excess electron localised at Tiint in FA- and AA-R110, a 𝑑X!-like orbital character 

can be identified. This change can be understood as an adsorbate-induced local crystal 

field. Specifically, the original octahedral crystal field is tilted into a trigonal prismatic 

field. In this new field, 𝑑X! orbitals are lower in energy than the other 3d orbitals and 

subsequently appear in the spin density contour (Figure 5.4(c)) and PDOS (Figure 
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5.2(d)) (see also appendix, A3-A4). The density of those electrons in a trigonal 

prismatic field is governed by the electronegativity of the acid. In FA-R110, electrons 

are attracted away from Tiint, resulting in a higher proportion of surface-localised 𝑡!"-

like states compared to AA-R110. These surface states can undergo additional 

couplings between 𝑡!"and 𝑑X!, which result in the appearance of feature 2 in the 2PPE 

spectra of FA-R110 and its absence in AA-R110. This comparison is shown in Figure 

5.4 (d) (s-[001], 3.54 eV, 350 nm). The absence of feature 2 in the 2PPE spectra of 

AA-R110 is also corroborated by oscillator strength calculations in Figure 5.4(e), 

where no clear peaks at the position of feature 2 are observed (compare Figures 5.2(e) 

and 5.4(e)). Furthermore, feature 2 is assigned to states localised at the surface due to 

oscillator strength calculations, which show feature 2 is only present in the formate 

termination with Tiint located at L1 and L2 (see appendix, A3 and A4).   

Figure 5.5 - 2PPE measurements (3.35 – 3.87 eV, 370 - 320 nm, p-[001]) of the formate saturated 
TiO2(110) interface. As the photon energy increases, there is an increase in contribution from coherent 
2PPE from the valence band tail and the appearance of the coherent 2PPE feature from the BGS. No 
evidence of feature 2 is observed at any photon energy. 
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Figure 5.5 shows further 2PPE spectra (p-[001], 3.35 – 3.87 eV, 370 -320 nm) of FA-

R110. Four features are visible: coherent 2PPE from the valence band (VB) maximum, 

Auger features (see also Figure 5.4(a)), feature 1 and coherent 2PPE from the BGS. 

The clearer appearance of the coherent 2PPE BGS feature at higher photon energies 

(>3.65 eV) in FA-R110 compared with AA-R110 is in line with the UPS results in 

Figure 5.1(c). The origin of this feature can be identified from its photon energy 

dependence and was discussed in Chapter 4.22,23 The Auger feature has an identical 

distribution to that in the spectra of AA-R110, making it an ideal point for 

normalisation. There is no evidence of feature 2 in the s-[001] spectra.   

 

5.3.1 Auger Electrons in the 2PPE Spectra of FA-R110 & AA-R110 

In the 2PPE spectra of AA- and FA-R110 (Figures 5.4(a) and 5.5) there is a broad 

signal centred at 5.2 eV (E – EF), that has increased intensity when light is polarised 

in the p-[001] orientation. The electron kinetic energy is unaffected by the photon 

energy and hence it is assigned to an Auger feature. The energy of the feature suggests 

a BGS origin, which would require an excitation energy of ∼6.0 eV from a 

recombination process, given the BGS is centred at ∼0.8 eV BE. A possible Auger 

process is therefore the ejection of BGS electrons following the multiphoton excitation 

and recombination of electrons from the VB to CB Ti4+ d-orbital states (see Figure 5.6, 

right hand side). The initial excitation must be to a state between the energy of the Ti3+ 

intermediate state (IS) and the vacuum level (Evac), labelled on Figure 5.6, ‘Auger 

range’. In this picture, if VB electrons are excited within the Auger range, they can 

relax to a high cross-section state ∼3.0 eV above EF. Furthermore, if VB electrons are 

excited above the Auger range (exceeding the workfunction and undergoing 
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ionisation) then the Auger feature should not be observed and a dominating coherent 

2PPE VB feature should be present. This was tested by increasing the photon energy 

of the experimental pump-probe; the results of which are shown in Figure 5.6 (left 

hand side). At ℎ𝜈 > 4.00 eV (310 nm) the Auger feature is not present and a large 

coherent 2PPE feature from the valence band can be seen. Although the reduction in 

workfunction allows for the observation of the Auger feature, previous work suggests 

the carboxylate overlayers themselves are the crucial factor in its appearance. 2PPE 

spectra with monolayer water covered TiO2(110) did not contain an Auger feature 

despite the workfunction decreasing to 3.8 eV.22,23 The possible reason for the 

difference between carboxylate terminated TiO2(110) and water covered TiO2(110) is 

that carboxylates facilitate the diffusion of photogenerated holes to the surface, where 

they are stabilised.32-34  

Figure 5.6 - Left hand side - Extension of Figure 5.4(a), 2PPE measurements (3.65 – 4.13 eV, 340 - 
300 nm), light polarised perpendicular to [001] azimuth) of the acetate saturated rutile (110) interface. 
As the photon energy increases, there is a large increase in contribution from coherent 2PPE from the 
valence band tail. When this coherent feature is particularly prominent, the Auger process is less 
pronounced. This is likely due to the decay process being less probable due to multiphoton 
photoemission. The inset shows the dashed box, expanded. Feature 1 follows the expected wavelength 
dependence. Right hand side - Schematic of processes leading to features in the 2PPE spectra of AA-
R110. 
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The Auger feature suggests a natural position for normalisation. Because these 

electrons arise from the recombination of a distinct state in the CB, both the relative 

intensity and position should be independent of the photon energy. Normalising at this 

location leads to a number of observations that agree with well-established trends in 

the 2PPE spectra of TiO2(110) such as the photon energy intensity dependence of 

feature 1 and the increase of the coherent VB feature at higher photon energies. It is 

also noted that at ℎ𝜈	> 4.00 eV (310 nm), feature 1 is absent in the 2PPE spectra of 

AA-R110 and FA-R110 but present in 2PPE spectra of the clean surface.23,35 The loss 

of feature 1 coincides with the dominant appearance of the coherent 2PPE VB feature, 

suggesting that multiphoton excited electrons in the Auger range may play a role in 

populating the Ti3+ IS at ∼2.6 eV above EF at non-resonant 2PPE conditions. 

 

5.3.2 Reactions of FA-R110 with O2 

Figure 5.7 displays 2PPE spectra which show that a formate overlayer limits the rate 

of O2 induced removal of the rutile BGS. At the Hp-R110 surface, 18 L O2 are required 

for the 2PPE feature 1 signal to reach a constant bulk-related intensity that is 

approximately 10% intensity of the original Hp-R110 signal.17 However, with a surface 

coverage of 0.5 ML formate, 1500 L of O2 is required for the 2PPE feature 1 signal to 

be reduced to the intensity before exposure to formic acid. Presumably this is due to 

formate blocking the O2 adsorption sites, which at the reduced/hydroxylated surface 

are known to be at Ovac and Ti5c atoms.36 This is supported spectroscopically here by 

three pieces of evidence. First, upon exposure of the Hp-R110 surface to O2, there is a 

0.4 eV increase of the workfunction after 1 L exposure.17 Oxygen is known to be an 
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electron accepting adsorbate, enhancing the surface dipole moment in the [110] 

direction and increasing the workfunction. In contrast, at the FA-R110 surface, there 

is a slow workfunction change that reaches a maximum increase of ∼0.15 eV after 

1500 L. The slow rate of small change in workfunction suggests that O2 simply has 

very limited active adsorption sites at this termination. Secondly, no shift in the 

intermediate state energy is observed following O2 dosing on this surface (1500 L), 

suggesting that the 2PPE signal is still arising from surface localised BGS.17 Thirdly, 

there is no change in the UPS spectrum after O2 exposure.  

 

Figure 5.7 - a) 2PPE measurements (3.54 eV, 350 nm, light polarised perpendicular to [001] azimuth) 
of the formate saturated rutile (110) interface under exposure of O2. High exposures of O2 are required 
to reduce feature 1 relative to adsorbate-free surfaces. Black, white and yellow lines represent locations 
of Evac, Feature 1 and EF + 2ℎ𝜈, respectively. (b) Normalised (N.) 2PPE spectra at points (a), (b), (c) 
and (d), normalised to the auger feature described in the main text. The inset shows the small difference 
in workfunction, magnifying the dashed region. (c) Normalised (N.) He-II (40.8 eV) spectra (Tougaard 
background removed) of the FA-R110, before and after the O2 dosing experiment. No significant change 
in any features of the spectra were seen. 
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5.4 Summary & Conclusion 

In summary, this work has established that the facile formation of formate and acetate 

overlayers has dramatic yet differing implications for the behaviour of polaronic states 

in rutile TiO2(110). Carboxylate adsorption leads to polaron redistribution towards the 

surface, driven by the migration of Tiint. This occurs more prominently in FA-R110, 

compared to AA-R110. Adsorbates subsequently couple with polaronic states to form 

unique crystal fields that alters the orbital character. The extent of this coupling is 

determined by the electrostatic properties of the carboxylate. For example, at the 

formate termination, polarons are attracted towards the adsorbate, increasing the 

oscillator strength of higher energy transitions. Specifically, polarons undergo 

photoexcitation via an intermediate state ∼3.83 eV above EF, characterised as a 𝑡!" →

𝑒" transition. It is also observed that the 2PPE spectra of both carboxylate terminated 

TiO2(110) contain significant contributions from an Auger feature. Understanding 

how polarons interact with adsorbates is crucial if we are to describe the role of defects 

in TiO2 catalysis. This work provides an understanding of how carboxylates may 

enhance the activity of polarons by increasing their density at the surface, protecting 

them against oxidation and giving access to alternative photoexcitation channels. 

Future work on this topic may involve time resolved studies on the new 𝑡!" → 𝑒" 

transition. It has been suggested that fast recombination rates of the 𝑡!" → 𝑡!" 

excitation (∼50 fs) 37 would limit the efficacy of photoexcited polarons as a charge 

transfer species. However, slower recombination rates are more likely between those 

states of different symmetry. Furthermore, this work may aid kinetic studies into the 

role that defects play in photodegradation.  
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Chapter 6  

Chemical Modification of Polaronic States 

in Anatase TiO2(101) 

Abstract 

Two polymorphs of TiO2, anatase and rutile, are employed in photocatalytic 

applications. It is broadly accepted that anatase is the more catalytically active and 

subsequently finds wider commercial use. This chapter investigates the Ti3+ polaronic 

states of anatase TiO2(101), which lie at ∼1.0 eV binding energy and are known to 

increase catalytic performance. Using UPS and 2PPE, this chapter demonstrates the 

capability to tune the excited state resonance of polarons by controlling the chemical 

environment. Anatase TiO2(101) contains subsurface polarons which undergo sub-

bandgap photoexcitation to states ∼2.0 eV above the Fermi level. Formic acid 

adsorption dramatically influences the polaronic states, increasing the binding energy 

by ∼0.3 eV and shifting the resonant photoexcitation behaviour. This chapter shows 

that this behaviour is due to the surface migration of subsurface oxygen vacancies.

  

The work in this chapter has been published as Reference [1]:  

Tanner et al. Chemical Modification of Polaronic States in Anatase TiO2(101) J. Phys. 

Chem. C, 125, 26, 14348-14355 (2021)  
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6.1 Introduction 

The ability of excess electrons to do work is driven not only by their proximity to the 

surface, but the energetic environment that they occupy. Polarons form at oxygen 

vacancies (Ovac) in both rutile and anatase TiO2. However, it well known that in anatase 

TiO2(101), Ovac form in the subsurface region.2-4 The thermodynamic reasoning for 

this is the vacancy formation energy, which is 0.44 eV less than if Ovac were formed 

at the surface. This is a result of greater atomic relaxations that can occur below the 

surface (101) termination.5,6 As a result, Ovac are rarely observed experimentally on 

the anatase TiO2(101) surface. A perturbation to the surface structure can create 

surface Ovac or initiate migration of subsurface Ovac, for example by electron beaming7 

or using the electric field of an STM tip.8 A STM tip bias of -5.2 V is required to ‘pull’ 

Ovac to the surface.8 In previous work this allowed the associated electronic states to 

be interrogated with scanning tunnelling spectroscopy (STS). It was found that the 

energy level associated with excess electrons at surface Ovac are deeper (higher BE) 

than those in the subsurface by ~0.3 eV.9  

As a result of their subsurface location, 2PPE studies of polaronic states at the anatase 

TiO2(101) surface have been minimal. Despite the findings by Thomas et al. that a 

large concentration of excess electrons exists after preparation (15±2% in anatase 

TiO2(101) and 8±2% in rutile TiO2(110)),10 this is strongly dependent on the 

preparation parameters and both groups to investigate this surface with 2PPE have 

reported low intensity signals relative to rutile TiO2.7,11 Payne et al. showed that excess 

electrons are generated at the anatase TiO2(101) surface via electron bombardment and 

subsequently an increase in signal is observed in the 2PPE spectrum. This was 
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rationalised as the creation of surface OHb and was later supported with STM 

measurements by Nadeem et al.;7,12 however, no direct assignments to the 2PPE 

spectra were proposed. In 2018, Wen et al. explored the transitions of the clean anatase 

TiO2(101) surface in further detail and assigned the dominant peaks in the spectra to a 

transition within the 𝑡!" orbitals of the octahedrally split electronic states. They 

concluded that the transition intermediate state was ~2.5 eV above EF, similar to that 

of rutile TiO2(110).11 The polarisation dependence of the transitions was also 

investigated through oscillator strengths calculations in different azimuth directions of 

the crystal lattice. The anatase sample used in the work by Wen et al. contained a low 

Figure 6.1 - (a) 2PPE spectra for the clean anatase TiO2 (101) surface acquired with a photon energy of 
2.95 eV. The spectra were measured with both p-polarised (p) and s-polarised (a) light. s is normalised 
to p at the secondary electron signal edge. P-NS denotes the difference spectra, which was obtained by 
subtracting the normalised s-polarised data (NS) from the p-polarised data. Values on the top x-axis 
refer to the intermediate state before absorption of the second photon. (b) 2PPE spectra for the clean 
rutile TiO2 (110) surface acquired with a photon energy of 3.06 eV. Note the different scales in (a) and 
(b) R-TiO2 (110) is incorrectly labelled as R-TiO2 (101). (c) Photon energy dependence of the final-
state level in 2PPE. (d) Valence electronic structure of anatase TiO2 (101) and rutile TiO2 (110) 
measured with identical experimental para- meters. The inset graph emphasises the band gap states on 
both TiO2 surfaces. Reproduced from reference [11] with permission from the PCCP Owner Societies. 
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level of reduction and resulted in a weak 2PPE signal (approximately 10× weaker than 

the rutile TiO2(110) crystal in the same work) with significant noise. Further to this, 

in the work by Wen et al., the available photon energies were on the lower energy 

range suitable for 2PPE (3.1 – 2.8 eV, 400 – 440 nm), providing only a small spectral 

window. A figure from this study (Ref. [11]) is shown in Figure 6.1 and displays the 

2PPE and UPS results obtained on the anatase TiO2(101) and rutile TiO2(110) 

surface.11 Figure 6.1(a) shows the 2PPE spectrum of anatase TiO2(101) with both s- 

and p-polarised light where the noise and intensity relative to the rutile TiO2(110) 

system in Figure 6.1(b) (incorrectly labelled as R-TiO2(101)) can be seen. The low 

level of reduction in the anatase sample is evidenced in the inset in Figure 6.1(d). 

Figure 6.1(c) shows the straight line of the final state energy dependence on the photon 

energy, suggesting the presence of an intermediate state. In the first results section of 

this chapter the photoexcitation of polarons from anatase TiO2(101) is revisited with a 

sample of increased reduction level and the wider photon energy range that the system 

described in Section 3.2 allows. 

In anatase TiO2, excess electrons localise in Ti ion d-orbitals at Ovac to form small 

polarons. It has been shown with STS and DFT that these polarons have high energy 

barriers for ‘hopping’ to adjacent Ti ions in comparison to polarons in rutile TiO2. 

Consequently, polarons in anatase TiO2 remain fixed at the defect site, 5,9 unlike in 

rutile TiO2 where their movement is facile.13-15 As a result, although the UPS BGS 

intensity of rutile TiO2(110) can fluctuate significantly with the surface environment 

(see Chapter 5 and Refs. 16 & 17),16,17 the energies of the initial and excited state only 

shifts minimally (see Chapter 4 and Refs. 18 & 19).18,19 This gives rise to the 

possibility that polarons in anatase TiO2 are able to be trapped at specific defect sites 
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when the surface is chemically modified, potentially displaying largely differing 

photoexcitation behaviour. 

As introduced in Section 1.2, excess electrons that originate from chemical doping 

(e.g. Na, Ca) in stoichiometric anatase TiO2(101) have a different fate to polaron 

formation. In this case they are distributed homogenously throughout the lattice and 

exist as a shallow donor (free carrier) state 40 meV below EF, aiding the electron 

transport properties of the material.9 Whilst polaron formation can impede the electron 

transport properties, charge transfer to catalysed species is enhanced. The balance of 

free carrier and polaron formation is key to understanding how excess electrons behave 

in the two polymorphs and what chemical processes they facilitate.9,20 

Chemically modifying the anatase TiO2(101) surface is non-trivial as subsurface Ovac 

formation makes the surface somewhat inert in UHV. As such, water only adsorbs 

molecularly below 130 K.7 Carboxylic acids are a suitable candidate for chemical 

modification, due to their high adsorption coefficients in UHV conditions.21 However, 

unlike on rutile TiO2(110), the exact nature of carboxylic acid adsorption at the anatase 

TiO2(101) surface has been contentious.  

The absorption of acetic acid at the anatase TiO2(101) surface was studied by Grinter 

et al. in 2012 by STM. In agreement with the adsorption on rutile TiO2(110), a self-

limiting termination at ~0.5 ML is formed in UHV. However, in contrast to adsorption 

at rutile TiO2(110), no long-range order was observed and it was concluded that a 

mixed phase of monodentate and bidentate binding geometries exists. Adsorption at 

higher temperatures produced areas of long-range order along five coordinate titanium 

atoms, similar to that in rutile TiO2(110) (see Figure 6.2(a)).22 In 2000 Vittadini et al. 
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studied formic acid adsorption on anatase TiO2(101) with DFT. They calculated that 

the most stable adsorption geometries is a non-dissociative monodentate configuration 

that is stabilised through hydrogen bonding to bridging O2c atoms (see Figure 6.2(b)).23 

In 2012, Xu et al. investigated formic acid adsorption experimentally with vibrational 

spectroscopy. They reported the presence of both monodentate (see Figure 6.2(c)) and 

bidentate dissociative adsorption products.24 However, the polarisation selection rules 

showed that the bidentate binding geometry exists at surface Ovac sites, suggesting 

migration from the subsurface (see Figure 6.2(d)). In 2015, Kou et al. directly 

challenged the existence of the bidentate structure at Ovac in Figure 6.1(d) with hybrid 

DFT calculations.25 They supported the existence of the monodentate adsorption 

OHb H-bonded

Ovac

H-bonded

(a) (b)

(c) (d)

[101"]

[010]

Figure 6.2 - Possible binding geometries of formic acid to the anatase (101) surface. (a) Bidentate 
dissociative chemisorption along Ti5c rows in the [010] direction resulting in formate and OHb products. 
(b) Monodentate non-dissociated adsorption, stabilised by H-bonding to O2c atoms. (c) Monodentate 
dissociative adsorption (d) Bidentate dissociative chemisorption across adjacent Ti5c sites in the [101(] 
direction with Ovac below. Geometries deduced from work in [12-15]. Green, red and gold spheres 
represent titanium, oxygen and bridging oxygen atoms of the anatase (101) surface, respectively. Blue, 
grey and white spheres represent oxygen, carbon and hydrogen atoms of formic acid, respectively. 
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geometry but showed there was a low energy barrier between that and a bidentate 

structure along Ti5c rows (see Figure 6.2(a)). In recent work, Wang et al. attempted to 

resolve the structural ambiguity by performing a multi-technique study.26 They found 

evidence to support both molecularly and dissociatively bound monodentate species, 

as well as dissociatively bound bidentate species along Ti5c rows (see Figure 6.2(a - 

c)). Wang et al. did not observe the existence of the bidentate species at Ovac sites 

(Figure 6.2(d)). However, it was not explicitly ruled out, in part because the majority 

of their study was performed at 80 K and with low adsorption coverages. In a follow 

up study from the same authors, Petrik et al. observed room temperature adsorption 

with STM and reported distinctly different behaviour to that at low temperature. 27 

They showed with supporting DFT and vibrational spectroscopy that at these 

temperatures, Ovac played a significant role in the adsorption geometries, adding 

credence to the work by Xu et al. Four geometries of formic acid adsorption based on 

the work described above are given in Figure 6.2.  

The intuitive conclusion as to why anatase TiO2(101) surfaces display weaker 2PPE 

yield than rutile TiO2(110) surfaces is due to electron attenuation factors associated 

with subsurface Ovac. However, as has now been established from rutile TiO2(110) 

systems in Chapters 4 and 5, the full picture is likely more complex with variations in 

oscillator strengths existing for polarons in slightly modified local environments. This 

may be an even larger consideration at anatase surfaces, where vacancy clustering may 

lead to further exotic coordination environments.4 In this work the electronic structure 

of anatase TiO2(101) is investigated with UPS and 2PPE. The ability to modify these 

states is then investigated through the adsorption of formic acid. 
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6.2 Experimental Procedure 

A natural anatase TiO2(101) (1×1) single crystal sample (5×5 mm2) was prepared via 

cycles of Ar+ sputtering (1 kV, 1.5 𝜇A cm-2, 30 min) and thermal annealing to a 

maximum temperature of 950 K (10 min). The crystal orientation and long-range order 

was verified by LEED, which showed the [010] azimuth was parallel to the plane of 

incidence and the [101@] azimuth perpendicular. The naturally occurring contamination 

was calculated at less than 0.04 ML (see appendix, A7) and was calculated via XPS. 

Following preparation, a minimum time of 1 hour was given to ensure the sample 

returned within 5 K of room temperature and to ensure Ovac migration to the 

subsurface. 28 

Formic acid dosing was completed according to the method described in Section 3.3.3 

and confirmed via XPS (see appendix, A7 for sample characterisation). Unless 

otherwise stated, carboxylate interfaces are at saturation coverage. All measurements 

were obtained in the UHV system described in Section 3.1.1 and via the laser system 

described in Section 3.2. 2PPE (ℎ𝜈 = 4.43 - 3.10 eV, 280–400 nm, 0.3-0.5 mW, spot 

diameter ~0.5 mm) and UPS measurements (He-I, ℎ𝜈 = 21.2 eV and He-II, ℎ𝜈 = 40.8 

eV) were recorded with a pass energy of 20 eV, analyser acceptance angle of 15o and 

a slit size of 1.3 mm. All 2PPE spectra were obtained with a bias of 6.0 V applied to 

the sample. The incident angle of the laser was 68±1o. Unless otherwise stated, all 

photoemission spectra were obtained at room temperature. Calibration of the sample 

EF was made in reference to the tantalum metal strips holding the sample in place via 

photoemission. The reduced clean and saturated formate covered (~0.5 ML) anatase 

TiO2(101) samples are referred to as C-A101 and FA-A101, respectively.   
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6.3 Results & Discussion 

6.3.1 Sub-Band-Gap Polaron Photoexcitation in Reduced Anatase 

TiO2(101)  

Figure 6.3 - (a) 2PPE spectra (ℎ𝜈 = 3.44 - 4.00 eV, 360 – 310 nm) measured from C-A101 with p-
polarised light and the [101(] azimuth vertical. Spectra were fitted using the procedure described in 2.1.5. 
The red circles represent the original data points and the blue line represents the fit. The gold peak 
represents the 2PPE background. Two dominant peaks are observed, labelled feature 1 and feature 2 
(green and blue Gaussians, respectively). (b) 2PPE spectrum (ℎ𝜈 = 3.87 eV, 320 nm) measured with p- 
and s-polarised light. The spectra are normalised to the intensity at the workfunction cut off. The 
difference spectrum of p-s is presented and shows the presence of the two dominant features identified 
in (a) and the third smaller feature at ~7.7 eV from the free carrier population, which is enlarged in the 
inset. (c) Plot of the photon energy dependence of the two fitted peaks in (a) given by equations for 
coherent and incoherent processes (see 2.1.4). Blue diamond signifies feature 2 and the green pentagon 
feature 1. The resonant photon energy is identified by the point at which the two lines intersect and is 
calculated as ~ 2.81 eV (440 nm). 
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At the C-A101 surface, photoexcitation of polarons associated with subsurface 

vacancies was investigated with 2PPE (see Figure 6.3(a)). The red circles represent 

the raw data points, and the blue lines represent the subsequent fit to two Gaussians 

and a background (see Section 2.1.5). Two features become apparent at higher 

wavelengths labelled feature 1 and 2, which have a different electron energy 

dependence when varying the photon energy. At lower photon energies the incoherent 

peaks are constrained in their location and their FWHM relaxed. The polarisation 

dependence of the 2PPE spectra at 3.87 eV, 320 nm (Figure 6.3(b)) shows that the 

oscillator strength is higher with p-polarised light (p-[101@]) for all features. This 

agrees with 2PPE spectra in previous work and is in line with calculations which show 

the transition dipole moment of the BGS transition to lie in the [010] direction.7 

Features 1 (∼5.9 eV)  and 2 (∼6.9 eV) are visible as well as a third, smaller feature at 

7.7 eV (see inset). Its energy suggests that it is a coherent 2PPE feature from the 

shallow donor state ∼40 meV below EF.9,29 Figure 6.3(c) gives the quantitative 

representation of the final state energy (E – EF) dependence on photon energy. A 

coherent and an incoherent contribution are found, where the incoherent 2PPE process 

(feature 1) represents excitation into an intermediate state ∼2.0 eV above EF. Coherent 

2PPE gives rise to feature 2, with a y-intercept of around -0.9 eV, consistent with 

excitation of BGS polarons. The resonant photon energy of the process is ∼2.81 eV, 

significantly less than that of the optical band gap, 3.20 eV.2,30-33 This is in line with 

previous studies that demonstrate the extended photoresponse of Ti3+ doped TiO2. 34,35 

This interpretation differs from the assignment of spectra in earlier work (see Figure 

6.1),7 where it was concluded that the 2PPE spectra of C-A101 predominantly consists 

of an incoherent 2PPE feature via an intermediate state centred at 2.5 E – EF, with no 
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contributing coherent peak. The differing interpretation is likely a result of the 

available photon energies. It is now apparent that the photon energies used in the 

earlier work (see Figure 6.1(c)) generated from the second harmonic of a Ti:Sapphire 

oscillator, are close to the resonant photon energy for BGS excitation in C-A101, 

resulting in significant overlap between the coherent and incoherent 2PPE feature. As 

highlighted in the introduction, low reduction levels in this previous work resulted in 

particularly low 2PPE signals and may also be a factor in the different interpretations. 

Figure 6.4(a) shows an example of the feature separation in C-A101 at resonant and 

non-resonant conditions. The overlap of normalised 2PPE spectra taken with p-
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Figure 6.4 - (a) 2PPE spectra of ℎ𝜈 = 3.18 eV (390 nm) and 4.00 eV (310 nm) with the peak locations 
for features 1 and 2 at each photon energy labelled (recorded with p-polarised light). The spectra are 
normalised at 4.89 E – EF. (b) 2PPE spectrum (ℎ𝜈 = 3.18 eV, 390 nm) of C-A101 fitted with Gaussian 
peaks. The red circles represent the raw data points, and the blue line represents the fit as a result of the 
background (Bkg), feature 1 (F1) and feature 2 (F2) contributions. 
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polarised light at photon energies 3.18 and 4.00 eV (390 and 310 nm) are given by 

yellow and blue lines, respectively. The locations for features 1 and 2 in the two spectra 

at each photon energy are labelled. The increase in spectral intensity at 5.3 eV in the 

3.18 eV (390 nm) spectrum is due to significant overlap of the coherent and incoherent 

features. Spectral fitting highlights this overlap at near resonant conditions and is 

shown in Figure 6.4(b).   

 

6.3.2 Formic Acid Adsorption at the Anatase TiO2(101) Surface 

As highlighted in the introduction to this chapter, the adsorption of formic acid 

(HCOOH) on the anatase TiO2(101) surface has been studied experimentally and 

computationally in recent years. Recent work by Petrik et al. provided strong evidence 

that formic acid adsorbs dissociatively on the anatase TiO2(110) surface at RT and 

saturates at ~0.5 ML, as at the rutile TiO2(110) surface. 27 However, in contrast to 

rutile (110),21,36 formate forms mixed monodentate/bidentate adsorption 

configurations at saturated adsorption coverages. Although these structural aspects are 

now clearer, the effect of adsorption on the electronic structure is not known. Figure 

6.5(a) shows unnormalised He-I (21.2 eV) UPS spectra of C-A101 and FA-A101, the 

latter being formed by in-situ exposure to formic acid at 𝑃YZ[[Y of <1×10-7 mbar. Two 

additional features are evident at 6.0 and 11.0 eV BE following adsorption, which are 

also clear in the resulting difference spectrum (see Figure 6.5(b)). The peak at 11.0 eV 

is similar to the feature observed in spectra of rutile TiO2(110) surfaces after 

dissociative adsorption of water (see Figure 4.4) or carboxylic acids.17,37-39,40,41 This is 

assigned specifically to the 3𝜎 OH orbital based on UPS studies of hydroxylated and 

TMA  TiO2 systems.42,43 The residual peak at 11.0 eV BE in the C-A101 spectrum has 
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previously been attributed to small levels of water dissociation at step edges.7 In the 

difference spectrum, the peak at ~4 eV arises predominantly due to an upward shift in 

the valence band maxima (VBM). This is associated with band bending caused by 

increased negative charge at the surface, which is expected to arise from Ovac and 

polaron migration to the surface (see below). The peak at ~6.0 eV is best assigned to 
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Figure 6.5 -(a) He-I (21.2 eV) UPS spectra of C-A101 and FA-A101 following in situ gas phase dosing 
of formic acid. (b) Difference spectra from (a) showing peaks associated with the 3𝜎 OH orbital and 
formate HOMO. Negative peaks represent a decrease in signal due to attenuation effects. (c) He-I (21.2 
eV) UPS spectra of FA-A101 following flashing to 396 K and subsequent cooling to RT. Dashed lines 
represent the MOs of interest. (d) He-II (40.8 eV) spectra showing a comparison of the VBM of C-
A101, FA-A101, R-R110 and FA-R110. The inset shows an expanded region near the VBM. Dashed 
lines represent the subsequent shift of the VBM. The secondary electron contribution has been removed 
with a Tougaard profile. 
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the formate highest occupied molecular orbital (HOMO) due to its similar appearance 

in the UPS spectra of formate on rutile (110). 44,45 

Following flashing FA-A101 to 396 K, it is found that both the 6.0 and 11.0 eV peaks 

are removed, and the spectrum largely resembles that of C-A101 (see Figure 6.5(c)). 

This clear desorption of formate is in agreement with recent thermal programmed 

desorption (TPD) and vibrational spectroscopy measurements, which evidenced 

evolution of gas phase water at ~400 K following decomposition.27  

Figure 6.5(d) compares the VBM of C-A101 and FA-A101 and the analogous rutile 

TiO2(110) equivalents with He-II (40.8 eV) UPS. Here R-R110 refers to the as-

prepared reduced surface which contains surface oxygen vacancies. FA-R110 denotes 

the formate saturated surface. The spectra are shown after removal of the secondary 

electron background with a Tougaard function.46 As expected, the VBM of C-A101 

and R-R110 occurs at ~3.2 and 3.05 eV BE, respectively.30 Following a saturation 

adsorption of FA, the VBM of rutile TiO2(110) does not change. However, in anatase 

TiO2(101) the VBM shifts 0.2 eV lower in BE, a result of band bending caused by the 

migration of localised Ovac polarons to the surface.   

 

6.3.3 Polaron Behaviour 

In Figure 6.6, the BGS region of C-A101 is examined after exposure to formic acid. 

Figure 6.6(a) shows the raw He-I spectra of the BGS region and in Figure 6.6(b) the 

resulting difference spectrum. It is observed that there is a shift of the BGS density to 

a higher BE. In Figure 6.6(b), the solid arrow represents the apparent movement of 

excess electrons from states between 0 and 0.8 eV BE to states between 0.9 and 2.0 
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eV BE. The dashed line represents the position of the He-I 𝛽-line (23.09 eV) from the 

peak centred at 4.0 eV BE in the He-I a spectrum in Figure 6.5(b). The He-I 𝛽-line 

has a relative intensity of the 𝛼-line of ~1.5%, and therefore the resulting He-I 𝛽-line 

contribution towards the total intensity at 2.1 eV BE is ~40%. This is the reason for 
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0.3 eV higher in BE and 63% larger. 

 



Chapter 6 | Chemical Modification of Polaronic States in Anatase TiO2(101) 

 

152 
 

the apparent broad shape of the density between 1 and 3 eV binding energy. There are 

negligible He-I 𝛽-line contributions between 2.1 eV BE and EF. In Figures 6.6(c) and 

(d) the BGS peak is isolated from the secondary electron background and He-I 𝛽-line 

contributions by removing a Tougaard profile from the selected region.46 Figure 6.6(c) 

shows an example of how this process is performed. Figure 6.6(d) represents the result 

of this process where the shift of the electron density can be quantified. Following 

adsorption of formic acid, the total area underneath the curve (representing the BGS 

DOS) is 63% larger and is centred at ~0.3 eV higher BE. This is in contrast to the 

behaviour of excess electrons in FA-R110 shown in Chapter 5, which evidences an 

increase in intensity but no shift in BE of the BGS. The increase in BGS intensity is 

evidence of an increased excess electron population towards the surface. However, the 

shift in BE signals that the polaronic states of anatase TiO2(101) are in a distinctly 

different chemical environment following formic acid adsorption. As in C-A101, there 

is still signal from electron density close to EF, suggesting that the free carrier 

population that has been shown to exist at ~40 meV is unaffected.  

The change in intensity of the 3𝜎 OH peak at 11.0 eV BE and new BGS peak at 1.2 

eV BE was plotted throughout formic acid adsorption until saturation level was 

reached. This evolution is shown in Figure 6.7(a) as a He-I 2-D plot. The black and 

white dashed lines represent the locations of the 3𝜎 OH and ‘new BGS’ features, 

respectively. In Figure 6.7(b) these peak intensities are shown throughout the 

progression of the experiment. The ‘new BGS’ data points have been multiplied by 

100 for easier visualisation. Both features increase at the same rate, stabilise at 

saturation, and display a similar range in intensity difference. In the inset of Figure 

6.7(b), data points from the new BGS are plotted against OH coverage (calculated 
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from OH peak intensity). It can be seen that there is a linear relationship. This suggests 

that the dissociated formic acid product, formate is directly linked to the rise of the 

new BGS density. 

The behaviour of the BGS from Figures 6.6 and 6.7 supports the suggestion from 

Figure 6.5(d) that Ovac polarons are migrating to the surface. Further corroboration can 

be obtained from past literature. The shift of 0.3 eV BE is also in agreement with 

measurements by Setvin et al., where the BE of subsurface and surface polarons was 

measured by UPS and STS, respectively, following tip-induced migration of Ovac (and 

polarons).9 Furthermore, recent DFT calculations showed that the most stable Ovac 

position is at the surface in the presence of formate. 27 The possibility of formate MO’s 

contributing to the signal in the BGS region is excluded based on the calculations 

performed in Chapter 5. 

Figure 6.7 - (a) He-I (21.2 eV) 2-D plot of a formic acid dosing experiment onto anatase (101). Black 
and white lines represent the location of the 3𝜎 OH orbital and new BGS density. (b) Plot of the He-I 
intensity located at the 3𝜎 OH orbital and new BGS density throughout the experiment. The inset 
represents the plot of the new BGS intensity versus OH coverage. 
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Although the mechanistic steps for formate induced Ovac migration are not clear, the 

explanation as to what prevents Ovac formation in C-A101 has received abundant 

attention.2-6,47 The conclusions drawn in these previous studies offer insight into what 

energetics may be causing Ovac migration in FA-A101. DFT calculations on clean 

anatase (101) surfaces by Cheng et al. demonstrated that the Ti-O-Ti angle that relaxes 

to accommodate Ovac increases by only 34.8o at the surface compared to 55.6o in the 

subsurface. This leads to a comparatively high (1.2 eV) diffusion (migration) energy 

from the subsurface to surface, compared to the opposite diffusion vector (surface to 

subsurface = 0.74 eV).5,6 Formate bonds to the Ti atoms of the relevant Ti-O-Ti 

configuration and may lower the diffusion energy by allowing greater relaxation of 

surface atomic structure. It has been shown that carboxylic acids cause significant 

relaxation of the rutile TiO2(110) surface. 48 

Moreover, the relative coordination environment of excess electrons in FA-A101 may 

be an important factor. Yin et al. discussed how resulting four-coordinate Ti atoms at 

surface Ovac sites would result in a tetrahedral crystal field, which is energetically 

unfavourable.4 However, in FA-A101, four-coordinate Ti atoms subsequently become 

five-coordinate and no longer occupy a tetrahedral crystal field. This allows polarons 

to occupy orbitals of 𝑡!"-like symmetry, which is energetically favourable. A final 

influence may be that of Ovac clustering. It has been proposed both experimentally and 

theoretically that Ovac clustering occurs in the subsurface, changing Ti-O bond lengths 

to compensate the energy increase from Ovac formation.4,49 However, this also results 

in an electrostatic repulsion as all Ovac are positively charged. This electrostatic 

repulsion would be minimised by Ovac migration to the surface but is usually prevented 

by high vacancy formation energies (for the reasons discussed in the previous 
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paragraph) at clean surfaces. Clustering is challenging to model computationally, and 

in the one example where this has been attempted, only two Ovac were considered. 4   

 

6.3.4 Photoexcitation of the Formate Induced Polaronic BGS 

In this section the photoexcitation of excess electrons of the FA-A101 surface are 

examined through 2PPE. As shown in Figure 6.3, features in the 2PPE spectra at the 

anatase TiO2(101) surface are generally weaker in intensity and less defined than those 

at rutile TiO2(110) surfaces. Figure 6.8(a) shows the resulting 2PPE spectrum of C-

A101 and FA-A101, taken with light polarised near-perpendicular to the [101@] 

azimuth ((p-[101@]), ℎ𝜈 = 3.87 eV, 320 nm)) following the formation of the ‘new BGS’. 

It can be seen that a large peak is formed at 6.9 eV (E – EF) which further supports the 

migration of polarons towards the surface. This is denoted as feature A and also shows 

an asymmetry, implying the presence of an additional feature at a similar energy. In 

Figure 6.8(b) the p-polarised 2PPE spectra are presented at ℎ𝜈 = 3.94 – 3.40 eV, 315 

- 365 nm. The spectra have been normalised at 5.2 eV (E – EF). Feature A shows a 

strong intensity dependence on the photon energy, increasing sharply with higher ℎ𝜈. 

This indicates a resonance process between an initial and excited state.50 At higher 

photon energies, coherent 2PPE from the valence band tail (circled) is also visible. As 

the photon energy increases further past 3.94 eV (315 nm), the coherent 2PPE 

contribution from the valence band tail increases rapidly and dominates the 2PPE 

spectrum. At lower photon energies, a second broader feature becomes evident. From 

ℎ𝜈 = 3.59 – 3.40 eV, 345 - 365 nm, this second broader feature appears to be moving 
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into the sharper more dominant feature, again indicative of a resonance process. This 

is denoted as feature B.  

The dependence of the 2PPE feature on the direction of the electric field vector was 

also examined by altering the polarisation of light. Figure 6.9(a) shows the 2PPE 

spectrum at ℎ𝜈 = 3.87 eV, 320 nm taken with p- and s-polarised light (p-[101@] and s-

[101@], respectively). It is clear that feature A is resonant with p-polarised light. In this 

crystal orientation, the electric field vector of p-polarised light is near-parallel to the 

[010] azimuth, indicating that the transition dipole moment of the excitation also exists 

in this direction. A smaller, broader feature at 6.8 eV (E – EF) is present in the s-

polarised spectra. Figure 6.9(b) shows the 2PPE spectra of FA-A101 with s-polarised 

light (s-[101@]) at ℎ𝜈 = 4.00 – 3.44 eV, 310 – 360 nm. The spectra are stacked for easier 

visualisation. At 5.2 E – EF (eV) a feature is identified that does not move with respect 

to wavelength. As discussed in Chapter 5, this is associated with Auger electron 
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emission, which therefore acts as a normalisation point. At changing photon energies, 

it is observed that the broad resonance in the s-polarised spectra shifts, moving away 

from the Auger electrons. Comparing the s- and p- polarised spectra at ℎ𝜈 below 3.70 

eV (335 nm), it can be found that the broad feature in s-polarised spectra and feature 

B occur and shift at the same energy and rate. The broad feature in s-polarised 2PPE 

spectra is therefore also assigned as feature B. The absence of Feature A in the s-

polarised 2PPE spectra also allows for the location of feature B to be estimated in 

higher ℎ𝜈 spectra in the p-polarised spectra.  

A plot of the photon energy dependence on peak location of feature A and B is shown 

in Figure 6.10(a). The plot evidences an incoherent and coherent 2PPE process 

according to Equations 2.4 and 2.5 (Section 2.1.4), respectively. The y-intercept of the 

feature B line evidences that the starting excitation point is at the maximum of the new 

BGS density. Feature A occurs via photoemission from an excited state centred at 3.04 

eV above EF. According to Figure 6.10(a) this excitation is resonant at 4.28 eV (290 
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nm). The onset photon energy of the excitation is 3.40 eV (365 nm). In theoretical 

work, Yin et al. report large peaks in the Ti3+ conduction band PDOS at ~3.0 E – EF 

from excess electrons localised at surface Ti5c and Ti6c , which is in line with the excited 

state energy reported here. These states are 𝑡!"-like in character, whereas states with 

𝑒"-like character occur >5.0 eV (E – EF). Therefore, it is likely that feature A is due to 
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a	𝑡!" → 𝑡!" excitation.4 This compares with excited state resonances of ~2.0 eV in C-

A101. Figure 6.10 (b) shows an energy level diagram demonstrating the splitting of 

the occupied and unoccupied 𝑡!"-like resonance states following surface migration of 

polarons. Figure 6.10(c) shows the energy resolved excitation scheme of the excitation 

processes of FA-A101 with ℎ𝜈 = 3.70, 335 nm.  

A Gaussian fitting of the 2PPE spectrum is also presented where the red line represents 

the 2PPE spectrum and the blue line the spectral fit as a result of background (gold), 

Auger electrons (blue), coherent (feature B, red) and incoherent (feature A, green) 

contributions. The fitting procedure is expanded in Figure 6.11, which shows the 

spectral fitting at off-resonant (3.40 eV) to near-resonant (3.81 eV) photon energies. 

At near-resonant conditions the location of the coherent feature in the fittings is 

manually held, with the location being determined from non-resonant conditions. 

These show that the proposed spectral fitting interpretation of coherent and incoherent 

processes is valid at a range of wavelengths. Note the changing scale on the y-axis of 

panels (a), (c) and (e). The spectral fits clearly show the increased intensity of feature 

A at photon energies close to resonant. This is in contrast to feature B which is 

comparatively consistent in intensity. Panels (b), (d) and (e) represent the raw 2PPE 

electrons from the respective photon energies, where the y-axis (labelled Y-Scale) is 

the cone angle of the analyser. The purpose of these panels is to aid the visualisation 

of the resonance process and to demonstrate the sharpness of the feature. At non-

resonant conditions, it can be seen that the density feature takes a much broader 

energetic distribution whereas at resonant photon energies the feature is localised 

across a small energy range. These panels also show how electrons at the workfunction 

cut-off can significantly alter the spectral profile due to their presence across the entire 
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cone-angle. This can cause a ‘dilution’ of the desired features if integrating across the 

entire Y-scale.  

Figure 6.11 - (a), (c) and (e) 2PPE spectra of FA-A101 at ℎ𝜈 = 3.81, 3.59 and 3.40 eV, respectively.  
Red lines represent the raw spectra and blue lines represent the subsequent fit as a result of fitted 
Gaussian distributions. Gold, blue, red and green Gaussians represent electron distribution from 
background, Auger, coherent (feature B) and incoherent (feature A) processes, respectively. Note the 
changing scale of the y-axis at varying ℎ𝜈. Feature B is relatively constant at all photon energies. (b), 
(d) and (f) Raw 2PPE electrons from ℎ𝜈 = 3.81, 3.59 and 3.40 eV, respectively, displayed in a 2-D 
plot. The Y-scale (y-axis) represents the cone angle of the analyser. Intensity is represented by the 
colour scale given and each panel is independent of each other. i.e., the colour gradient only represents 
intensity ratios within each data set. Data presented in this manner is designed to aid the visualisation 
of feature B moving into feature A. Three wavelengths were chosen in this figure to represent 
increasing resonant behaviour from 3.40 eV to 3.81 eV. 
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6.4 Summary & Conclusion 

UPS and 2PPE has been used to study the C-A101 and FA-A101 surfaces. UPS results 

confirm that formic acid adsorbs dissociatively at the anatase TiO2(101) surface, in 

line with recent results. This dissociative adsorption results in the migration of 

subsurface defects to the surface of TiO2(101). The proof for this lies in the monitoring 

of the polaronic BGS which shows a 63% increase in intensity and shift to 0.3 eV 

higher binding energy, indicating a change in local environment that is located closer 

to the surface. This is also in agreement with past STS measurements.9  

This chapter also solves the standing puzzle of weak 2PPE resonances at the anatase 

TiO2(101) surface and adds value to the interpretation that the weak 2PPE yield at the 

clean surface is likely due to the subsurface location of the polaron population. After 

oxygen vacancies migrate to the surface, the associated polarons undergo a strong 

excitation to intermediate states that lie 3.04 eV above EF, evidencing a splitting of the 

crystal field. The clear dependence of the photoexcitation on the electric field vector 

orientation reveals that Ovac polarons at the FA-A101 surface largely exist in a single 

configuration, with a transition dipole moment in the [010] direction. 

Manipulating polaronic states has mostly been limited to STM tip engineering. This 

chapter demonstrates the ability to do so on the macroscale through a facile chemical 

process. This capacity to tune the energetic environment of polarons has implications 

for the technological applications of anatase TiO2 that look to exploit the role of 

polaronic states. 
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Chapter 7  

Conclusions & Future Work   

 

In this work, photoemission spectroscopies were used to investigate the phenomena of 

intrinsic polaronic defect states in reduced TiO2. In essence, a description is presented 

that relates the behaviour of these states to their local environment, whether that be in 

the presence of adsorbates or the protective depth of the bulk lattice. The insights 

gained into the photophysics and chemistry of TiO2 may provide benefits to its 

industrial applications as the valuable role of defects is exploited. Furthermore, this 

work may provide impetus for similar studies in comparable materials, particularly 

other reducible metal oxides such as ZnO and CeO2.  

Following UHV preparation, excitation of the surface-localised polaron population 

dominates the 2PPE spectra of rutile TiO2(110), predominantly via an intermediate 

state located 2.6 eV above EF. However, these surface states become readily oxidised 

in ambient conditions, in contrast to the bulk states which remain protected. This is 

evidenced by the permanent blue hew that persists in reduced TiO2, despite exposure 

to oxygenic environments. Polaronic states in the bulk are less bound and can also 

undergo photoexcitation processes. Both the initial and intermediate state both lie 0.2 

eV higher in energy and retain the same resonant photoexcitation energy. This offers 

an intriguing alternative vector for light driven processes and may be a factor in the 

consistently observed higher photocatalytic rates in reduced TiO2, compared to 

stoichiometric analogues.  
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Carboxylic acids are a ubiquitous adsorbate at titania surfaces, owed to their vigorous 

coupling. Despite their similar structure, formic and acetic acid impact the polaron 

population of rutile TiO2(110) in patently different ways. Formic acid drives the 

polaron population to the surface more substantially than acetic acid. Furthermore, it 

is shown with assistance from hybrid DFT, that there are distinct effects on electron 

character governed by the relative electronegative properties of the acid substituent. 

Specifically, formic acid attracts excess electrons in the surface region of rutile 

TiO2(110), whereas acetic acid repels them. This results in adsorbate-specific local 

crystal fields. The coupled polaron population in FA-R110 surface gives rise to higher 

observable transitions to states 3.8 eV above EF. This work not only adds 

understanding to the fundamental behaviour of polaronic states, but also provides 

potential for increased, controlled excitations at molecular interfaces.  

With regards to photoexcitation, the polaron population in UHV prepared anatase 

TiO2(101) behaves in distinct contrast. Initially noticeable, 2PPE features are weaker 

in intensity compared to those at the rutile TiO2(110) surface, likely due to their 

subsurface location. However, resonant photoexcitation of the polaronic states also 

occurs at much lower energies (2.81 eV, 440 nm) and are below that of the anatase 

TiO2(101) band gap, known to be approximately 3.2 eV. This work therefore provides 

additional understanding into the differences in photocatalytic activity between rutile 

and anatase TiO2.  

Formic acid adsorption displays remarkably alternative behaviour. UPS shows formic 

acid fully dissociates at the anatase (101) surface. However, adsorption also leads to 

the surface migration of oxygen vacancies. In this new environment, localised polarons 

exist 0.3 eV higher in binding energy. The oscillator strength of polaron excitation 
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increases dramatically; undergoing excitation to states 3.04 eV above EF. The activity 

of anatase oxygen vacancies has long thought to be minimal, based off UHV studies. 

However, their surface migration at adsorbate interfaces offers enticing possibilities 

into the chemistry that may be facilitated as a result. This section may give rise to a 

number of microscopy studies that look to verify and characterise reactivity at the 

atomic scale. 

Although this work adds material knowledge to the properties of TiO2, hopefully it 

also showcases the capabilities of 2PPE to the wider energy materials community. The 

collaboration in Chapters 4 and 5 demonstrates a symbiosis between 2PPE and 

theoretical modelling that is a significant advance. This is a testament to the talent of 

those performing calculations. As a result, multiple avenues of exploration can be 

foreseen, not just related to TiO2, but in other optoelectronics such as inorganic 

perovskites and transparent conducting oxides. However, the following paragraphs 

will focus on a number of specific TiO2 examples that the work in this thesis can 

directly support. 

One key area that 2PPE is well-suited to explore is the role that surface morphology 

plays in polaron behaviour at rutile and anatase TiO2 surfaces. It is known for example 

that the rutile (011) facet has two BGS populations, of which the Ti3d population is at 

a shifted binding energy relative to rutile TiO2(110). This likely has distinct effects on 

the photoabsorption behaviour which can be studied by 2PPE in a state resolved 

manner. Furthermore, the anatase (001) surface is thought to have surface-localised 

oxygen vacancies and may serve as an intriguing comparison to the results in Chapter 

6 of this thesis. A full atomic scale picture relating surface morphology to polaron 



Chapter 7 | Conclusions & Future Work 

 

168 
 

behaviour is pertinent to a complete description of how surface structure governs 

reactivity.  

This work may also pioneer state resolved studies into the role of polaronic trap states 

in photovoltaic applications, owing to formic and acetic acids role as model dye 

analogues. We now know that polarons couple to carboxylate structures, which in turn 

affects their character and even energy. This can be utilised in surface studies of 

molecular dye interfaces by comparing injection processes between polymorphs and 

reduction levels. This will be most effectively performed with pump-probe valence 

band spectroscopy which relies on a XUV probe and provides a wider spectral 

window.   

Lastly, this work may form a platform for further understanding into fundamental 

2PPE excitation processes of TiO2. As stated in Chapter 5 (see Section 5.3.1), some 

evidence exists to suggest that multiphoton excited electrons from the valence band 

play a role in populating the intermediate states of Ti3+ in rutile TiO2(110). This may 

be investigated further by altering the sample workfunction with adsorbates and 

monitoring the high photon energy cut-off for the 𝑡!" → 𝑡!" excitation feature.  
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Appendix  

 

This appendix looks to supplement the results in chapters 4,5 and 6 with additional 

detail that is not imperative to the story. This includes examples of XPS, UPS and 

2PPE spectra relevant to the specified chapter, as well as further supplementary figures 

from the externally performed DFT calculations.  
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Chapter 5 

A1 - Interface Characterisation of FA- and AA-R110 

In chapter 5, reduced and carboxylate covered rutile surfaces were characterised by 

photoemission spectroscopy. The greatest evidence of clean and efficient dosing is that 

of the C 1s profile, which is characteristic for both formic (HCOOH) and acetic 

(CH3COOH) acid. The valence band structure is also presented. FA-R110 and AA-

R110 can be differentiated by the BE of what is labelled ‘RCOOH MO’, which occurs 

at a higher BE in AA-R110 due to the electropositivity of the methyl substituent. A 

small difference in the OH 3𝜎 MO binding energy can also be seen.   

Figure A1 - XPS (Mg-K𝛼, 1254 eV) and UPS (He-II, 40.8 eV) spectra of the R-R110 (yellow), FA-
R(110) (blue) and AA-R110 (red) surface. Different regions are amplified in each window: (a) O 1s 
region, (b) Valence band region (Tougaard profile removed and aligned to VBM, lines represent 
splitting of features in the two systems), (c) C 1s region and (d) Ti 2p region. 
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A2 - Example of Formic Acid Dosing Throughout 2PPE 

Measurement  

It is mentioned in chapter 5 that measurements were taken in-situ throughout dosing 

the acid species. An example of spectral evolution is shown here in a 2D plot. A 

particular advantage of this method is the element of progression that is attained. 

 

 

 

Figure A2 – An example of a continuous 2PPE measurement (3.54 eV, 350 nm, light polarised 
perpendicular to [001] azimuth) taken whilst dosing formic acid onto a rutile (110) sample. Black, white 
and yellow dashed lines represent the positions of Evac, feature 1 and EF + 2ℎ𝜈, respectively. Graph on 
the right-hand side represents the changing intensity of feature 1 throughout this experiment.  

 



Appendix 

 

172 
 

A3-A6 – Additional DFT Calculations from Chapter 5 

In the analysis for chapter 5, conclusions were made after the generation of multiple 

PDOS and oscillator strengths calculations for slightly differing systems. This mainly 

included ranging Tiint from the surface levels to bulk levels to disentangle the surface 

mediation. The full range of calculations are summarised in A3-A6. A3 denotes those 

calculations performed with an overlayer of formate, whereas those in A4 represent 

the acetate termination. In both A3 and A4, Tiint is ranged from Layer 1 to Layer 3. A5 

gives the raw calculations that are used to generate Figure 5.1 (d), where L1 is defined 

Figure A3 – Projected density of states (PDOS) and oscillator strength of 2×1 surface covered HCOOH 
with Tiint locating at L1 (a, d, g), L2 (b, e, h) and L3 (c, f, i), respectively. The PDOS in upper panel 
was projected into different elements of the whole system, while those in middle panel was projected 
into sub-d orbitals of Ti3+. With regards to oscillator strengths, all the contributions from BGS are added 
together for each case. Calculations performed by Dr. Bo Wen in the group of Annabella Selloni and 
organised by the author. 
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as 0 eV. A6 is a quantification of the surface driven BGS broadening in each system. 

BGS broadening is also be seen in Figure 4.7. A6 represents the difference between 

the highest and lowest density peak of the BGS from the calculations. However, this 

table does not include that information on the density peaks in between the highest and 

lowest and therefore it is useful to compare those results in A6 with the PDOS figures 

in Figure 4.7, A3 and A4 for a full description. 

 

Figure A4 – Projected density of states (PDOS) and oscillator strength of 2×1 surface covered 
CH3COOH with Tiint locating at L1 (a, d, g), L2 (b, e, h) and L3 (c, f, i), respectively. The PDOS in 
upper panel was projected into different elements of the whole system, while those in middle panel was 
projected into sub-d orbitals of Ti3+. With regards to the oscillator strengths, all the contributions from 
BGS are added together for each case. Calculations performed by Dr. Bo Wen in the group of Annabella 
Selloni and organised by the author. 
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Table A5 The relative energies of Tiint in different layers (L1, L2, L3) with distinct 
surface conditions (clean surface C-R110, formic acid covered surface FA-R110 and 
acetate acid covered surface AA-R110). All the energies are referenced to the structure 
of L1 with corresponding surface condition. (Unit: eV) 

 

 

 

 

  

 

Table A6 Energy difference between the highest and lowest density peak of the BGS 
in the PDOS of Tiint in layers 1-3 (clean surface C-R110, formic acid covered surface 
FA-R110 and acetate acid covered surface AA-R110). (Unit: eV) 

 

 

 

 L1 L2 L3 

C-R110 0.0 -0.46 -0.35 

FA-R110 0.0 -0.08 0.10 

AA-R110 0.0 -0.09 -0.10 

 L1 L2 L3 

C-R110 0.63 0.28 0.17 

FA-R110 0.48 0.32 0.19 

AA-R110 0.26 0.59 0.31 
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Chapter 6 

A7 - Interface Characterisation of FA-A101 

As in A1, the characterisation and confirmation of clean dosing was made with XPS. 

The profile of the C 1s spectrum provided the best indication of clean dosing. The 

valence band structure in this case is informative as to the dissociative overlayer and 

forms an integral part of the analysis and so is included in the main text. A7(b) also 

shows the impurity region of this particular anatase (101) crystal.  
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Figure A7 – XPS (Mg-K𝛼, 1254 eV) spectra of the C-A101 surface (yellow) and FA-A101 surface 
(blue). Different regions are amplified in each window: (a) O 1s region, (b) Impurity region between 
200 and 450 eV BE, (c) C 1s region and (d) Ti 2p region. 
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A8 – Comparison of C-A101 and R-R110 Valence Band Structure 

The valence band structure of rutile and anatase is dominated by O 2p contributions. 

Following removal of a Tougaard profile, both exhibit a small peak at 11.0 eV binding 

energy, commonly attributed to surface OHb. This comparison also effectively 

demonstrates the band-gap difference between the two polymorphs; spectra are 

aligned to the position of EF in the respective samples, which coincides with the 

position of the conduction band minimum.  

 

 

 

1.0

0.8

0.6

0.4

0.2

0.0

H
e-

II
 In

te
ns

ity
 (A

.U
.)

14 12 10 8 6 4 2

Binding Energy (eV)

 Rutile (110)
 Anatase (101)

Figure A8 – He-II (40.8 eV) spectra of the C-A101 and R-R110 surface. Tougaard profile has been 
removed to disentangle the secondary electron contribution. 


