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Abstract

In this thesis work, normal incidence X-ray standing waves (NIXSW) and energy scanned photoelectron

diffraction (PhD) were utilised to determine the surface structures of a number of adsorbate/ surface

systems. The systems under study can be separated into two subject areas: those concerning the study of

adsorbates on the magnetite (001) facet (Fe3O4(001)) and those that comprise the adsorption of 2,3,5,6-

tetrafluro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) on coinage metals which is proposed to form

charge transfer salts.

Formic acid dissociatively adsorbs on the (001) facet of magnetite (Fe3O4(001)) producing an

adsorbed formate and a surface hydroxyl. The NIXSW results of this thesis corroborate with prior

studies which place the formate bidentate bonding on the surface to the surface Fe cations. An additional

structural study, using PhD, was uniquely able to determine the location of the surface hydroxyl as

being at a surface interstitial site. It has been proposed that deposited Ni metal sits at the adatom site

on the Fe3O4(001) surface as well in the subsurface cation vacancies of the subsurface cation vacancy

termination. NIXSW results presented in this thesis unequivocally determine this to be the case. The

vertical height of the subsurface Ni, as determined by NIXSW, likely shows that it sits in subsurface sites

and not at the surface. Finally, the NIXSW technique was used to determine the effect CO adsorption has

on the structure of Ag adatoms on the Fe3O4(001) surface. The NIXSW results find that the CO pulls

the Ag adatom away from the surface and these results have been used to benchmark computationally

affordable approaches to calculating the adatom adsorption heights and other properties of the system.

Prior NIXSW studies of 7,7,8,8-tetracyanoquinodimethane (H4-TCNQ) on the coinage metals show

that it does not adsorb on coinage metals in a planar geometry. It has been determined that the molecule

twists and bends on the surface and incorporates substrate adatoms into a charge transfer salt. The

NIXSW results of this thesis show that F4-TCNQ also adsorbs on many of the coinage metals, not in

a planar geometry, but twisted at either end. Such twisting of the molecule is analogous to that of H4-

TCNQ and could potentially indicate that F4-TCNQ also forms charge transfer salts on coinage metals.

This would corroborate with ARPES, STM and LEED results from prior investigations. These results

provide a benchmark for future theoretical calculations investigating the various electronic properties of

these adsorbate/ metal surface systems.
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Introduction

1.1 General introduction

Likely the first topic a chemistry student is exposed to is an understanding of bulk, homogeneous chemical

reactions. Likewise, the bulk solid-state electronic properties of materials is a corner stone of a physics

students early education. However, many real-world applications of both physics and chemistry, or

materials science more generally, entails understanding the physics and chemistry of a surface or interface.

This is best illustrated with the ever important field of catalysis. Catalysis is a fundamental aspect of

our modern society - the Haber-Bosch catalytic process of nitrogen fixation alone consumes 1-2% of the

worlds energy supply[1]. Most industrial applications of catalysis are heterogeneous, where the reactions

occur on the surface of a catalytic material, and so developing new and improved catalytic materials

requires studying their surfaces in detail. Moreover, the requirement of ever smaller electronic devices,

and the general want to improve their versatility, has lead to the exploration of alternatives to traditional

silicon technology. As such, 2D materials and organic thin film semiconductors are playing an increasingly

central role in the development of new and improved transistors, solar cells, and light emitting diodes as

they offer a wider range of material properties to the final developed products[2–5]. 2D materials and

organic thin films inherently comprise an interface or surface and so developing an understanding of the

various properties of these materials first requires surface science investigations.

The atomic structure of a material plays a pivotal role in defining much of its chemical and physical

properties. For catalytic materials, the atomic structure can inform much of the activity and selectivity

for a given reaction. The pertinent example of this would be the multitude of different homogeneous

metal-complex catalysts whose atomically dispersed reaction centres provide excellent activity. Moreover,

by changing the ligands of the metal-complex, and thus by changing the structure around the metal

centre, the selectivity of the catalysts can be tuned to a specific reaction[6, 7]. Such reasoning also applies

to the surface reaction sites of a heterogeneous catalyst and controlling the structure and morphology

of a catalytic material can lead to control over its selectivity[8–10]. The holy grail for heterogeneous

catalysis is said to be the complete atomic dispersion of the reactive metal and the subsequent control

this provides over the structure or morphology of the catalytic material[11]. Such an atomically disperse
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material is commonly termed a single atom catalyst (SAC) and represents a combination of the benefits

of both heterogeneous and homogeneous catalysis. Ultimately though, attempting to develop new and

improved catalytic materials, particularly SACs, first requires gaining a fundamental understanding of

the material’s surface structure.

The atomic structure of a material also heavily influences its electronic properties. Topological

insulators are a particularly exotic and interesting example of this, where the symmetry of the bulk

structure creates conducting surface states which are protected against certain impurities and scattering

events[12]. More relevant to the work within this thesis though, is the effect deposited molecules have

on the surface electronic properties of a material. The work function of a surface, an important property

for interfaces utilised in electronic devices, can be tuned via the physisorption of different molecules as

well as via molecule-surface charge transfer[13]. In turn, determining how the molecule interacts with

the surface, that is, determining its structure on the surface, can lead to insights into the interface’s

electronic properties.

Surface science investigations, i.e. those undertaken on clean single crystal surfaces under ultra high

vacuum (UHV) conditions (P = 1× 10−10 mbar), allow an investigator to gain a detailed understanding

of the properties of a surface or interface including gaining accurate models of a surface’s structure. In

particular, investigating systems prepared on clean single crystals under UHV conditions allows for the

fine control of the many variables that would typically effect the chemistry and physics of a surface, i.e.

the many different gas phase species present under ambient conditions. In turn, an understanding of the

fundamental chemistry and physics of a surface or interface can be arrived at and this can be readily

compared to the equally ‘pristine’ theoretical models, such as those undertaken using density functional

theory (DFT) calculations. Importantly however, a host of surface sensitive techniques are available to

probe a surface’s properties and its structure. These include X-ray photoelectron spectroscopy (XPS)

(see section 3.1.1), ultra-violet photoelectron spectroscopy (UPS) and angle resolved photoelectron spec-

troscopy (ARPES) which can be used to characterise the chemical composition of a surface and probe

its electronic structure. For investigating surface structure, there exists scanning tunnelling microscopy

(STM) which can provide information on over layer registries and surface X-ray diffraction (SXRD) and

low energy electron diffraction (LEED) (see section 3.1.2) both of which can provide complete quantita-

tive structural information.

SXRD and LEED are commonly utilised to provide a complete picture of a surface’s structure -

LEED has been used to solve more surface structures than any other quantitative technique[14, 15].

However, there are occasions when these techniques are not suitable. Notably, SXRD and LEED can

be particularly insensitive to lighter atoms as they require measurements of scattering intensities and

the scattering of electrons and X-rays by an atom is monotonically related to the atomic number of the

atom. This can be problematic for structural investigations of organic thin films or reactant molecules

2
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on a catalyst’s surface where a majority of the atoms will be either carbon, nitrogen or oxygen, all of

which are comparably light. Likewise, the location of hydrogen inherently cannot be probed by these

techniques as the X-ray and electron scattering amplitudes of hydrogen are negligible. SXRD and LEED

also require that the surface under investigation comprise long ranged order, because these techniques

measure the scattering intensity from a coherent set of periodic scatterers. This can be problematic for

the catalytic systems such as those utilised as SACs because, inherently, the reactive metal centres of

these systems can sometimes comprise of a disordered surface structure.

This being said, there do exist quantitative structural techniques that overcome these problems.

X-ray standing waves (XSW) and energy scanned photoelectron diffraction (PhD) (for details of both

see chapter 2) provide chemically specific structural information for species located at a surface. These

techniques are chemically specific because their probe particles are photoemitted electrons from an atom

at the surface. As such, these techniques can be used to provide structural information on the location of

lighter elements such as carbon, nitrogen and oxygen. In some cases, this chemical specificity can even be

used to determine the location of hydrogen atoms, first via determining the location of bound heteroatoms

such as oxygen (i.e. by determining where the chemically distinct hydroxyl oxygen is located). Unlike

SXRD or LEED, PhD provides structural information on the local environment around a selected emitter

making it particularly useful for systems where there is no long range order. XSW, or normal incidence

XSW (NIXSW) for surface structural studies, is an indispensable tool for a surface scientist as it provides

information on the adsorption heights of atoms. NIXSW provides direct structural information, which

means it provides quantitative structural information for a specific atom without any prior knowledge

of its location being required. In contrast, SXRD and LEED are model dependent techniques, that is,

they first require an educated guess at the possible structure and this initial structure is then optimised

using the experimental results. Model dependent techniques are problematic, as they are inherently

limited by the imagination of the investigator. If the starting structural model is nowhere near being

the correct model, then the optimisation of the structure will likely not find the true structure. Thus,

NIXSW provides an investigator free method of gaining quantitative information.

In light of the growing interest in developing new and improved catalytic materials and electronic

devices, the work within this thesis is concerned with determining the surface structures of a number of

different systems. Magnetite (Fe3O4) is a potential support material for SACs, in particular its (001)

facet, and so the first experimental chapter (chapter 4) of this thesis is dedicated to surface structural

investigations of the Fe3O4(001) surface. NIXSW and PhD are utilised to probe the surface structures

of formic acid adsorbed on Fe3O4(001) with the motivation being a fundamental investigation of the

surface’s chemistry. The NIXSW is then used to probe the locations of deposited Ni and Ag metal and,

in the case of Ag, the effect CO adsorption has on its surface structure. Such an experiment represents

the first direct quantitative measurements of the effect of CO on a SAC system. In the final experimental
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chapter (chapter 5), the results of a NIXSW investigations of organic conducting salts, termed charge

transfer salts, formed from the deposition of 2,3,5,6-tetrafluro-7,7,8,8-tetracyanoquinodimethane (F4-

TCNQ) on coinage metals, is presented. These charge transfer salts are utilised in organic electronic

devices to tune the properties of the interfaces within the materials and understanding their surface

structures in detail helps tailor theoretical predictions of their electronic properties.

1.2 Organisation of the thesis

The following chapter of this thesis (chapter 2) details the theoretical descriptions of the XSW (section

2.1) and PhD (section 2.2) techniques. Particular attention is given to the XSW technique and its

derivation from dynamical diffraction theory as it is the primary tool utilised in this thesis to provide

structural information on the systems being studied. A subsequent chapter (chapter 3) is then provided

for a description of the supplementary techniques (XPS section 3.1.1 and LEED section 3.1.2) as well

as the instrumentation utilised throughout the work. Since both XSW and PhD require synchrotron

radiation, chapter 3 gives a detailed description of how synchrotron radiation is produced and of the

beam line that was utilised during the measurements.

The first experimental chapter (chapter 4) concerns the study of the Fe3O4(001) surface, in partic-

ular as a SAC support material. The first sections of this chapter outline the relevant bulk and surface

properties of Fe3O4 followed by a literature review of its employment as a support for metal adatoms

and SACs. The experimental results of this chapter are divided into three sections each with their own

introduction and conclusion: formic acid deposition (section 4.3), Ni metal deposition (section 4.4) and

CO on Ag adatoms (section 4.5).

Finally, the last chapter of this thesis (chapter 5) concerns the NIXSW experiments investigating

the surface structure of F4-TCNQ on various coinage metal surfaces: Ag(111), Ag(100), Au(111) and

Cu(111). A general introduction to the formation of charge transfer salts by F4-TCNQ is provided and

followed by the results of each NIXSW study. As the structural studies on each coinage metal surface

are closely related, there are no individual introductions and a general conclusion is provided.
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The investigations within this thesis entail determining the structures of adsorbates on various surfaces.

This chapter will outline the two main techniques used to undertake these studies; XSW or NIXSW and

PhD.

2.1 X-ray standing waves (XSW)

The X-ray standing wave (XSW) technique can be used to directly determine the positions of species to

sub-angstrom accuracy relative to the substrate crystal structure. Being a spectroscopic technique, XSW

is able to provide elemental and, in the case of XSW measurements undertaken using photoemission,

chemically specific information on the positions of species. It has found wide spread use within the

field of surface science where it provides direct information on the location of adsorbates at the surfaces

of materials. This is in contrast to the indirect, model dependent information determined from more

conventional structure determining techniques such as LEED-IV, SXRD and PhD. As such, XSW is

applied to all the systems studied in this thesis, where in some cases it informs the chosen structural

models developed for PhD measurements and theoretical calculations.

The first sections of this chapter provide a general overview of the physical principle of the XSW

technique (sections 2.1.1 and 2.1.2) and of the structural parameters used by the technique to charac-

terise the locations of species (section 2.1.3); the coherent fraction and coherent position. A subsequent

section then outlines the application of Fourier analysis to the nature of the coherent fraction and coher-

ent position which allows for the direct, full real space imaging of a specie’s location to be undertaken

(section 2.1.4). Gaining quantitative information from the XSW technique on adsorbate locations re-

quires the use of dynamical diffraction theory in describing the behaviour of the standing wave created

by the interference of the incident and reflection X-ray wavefields internal to the crystal. As such, a

subsequent section of this chapter details the derivation of the standing wave field amplitude and phase

from dynamical diffraction theory (section 2.1.5). All XSW measurements for the work in this thesis were

undertaken in the back scattering geometry (i.e. NIXSW) and so within the penultimate section of this

chapter the benefits of undertaking NIXSW measurements are discussed and the dynamical diffraction
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theory derivation is recast to allow NIXSW measurements to be undertaken in such a geometry (section

2.1.6). Finally, a description of photoemission non dipole effects is provided in the final section of this

chapter as such effects become prominent in the photoemission process for the incident photon energies

utilised within XSW and NIXSW measurements (section 2.1.7).

2.1.1 Physical principle of XSW

The XSW technique entails the creation of a standing wave via the interference of the incident and

reflected X-ray wave fields present within and above the surface of a crystal when the Bragg condition is

met for that crystal (Figure 2.1.1).[16] Within the kinematic, or geometrical, description of diffraction,

i.e. taking into account only the phase difference (geometry) associated with single scattering events,

the Bragg condition exists at one defined incident photon angle, θB, or energy, EB. In other words,

the Bragg peak is a delta peak centred on θB or EB. The kinematic description of diffraction is not

complete however, and becomes particularly problematic when diffraction from large perfect crystals

must be described, as is the case in single crystal surface science studies using the XSW technique.

Dynamical diffraction theory, a more complete diffraction theory that takes into account the total wave

field within the crystal and considers refractive and bulk X-ray absorbance effects, is a full description

of the diffraction process for these crystals.[17–19]

inc
ide
nt

reflected

Figure 2.1.1: The incident and reflected wave fields interfere to produce a standing wave (blue periodic
wave).
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Within dynamical diffraction theory, the Bragg condition is instead found to be satisfied for a range

of incident photon angles or energies. By varying, or ‘rocking’, θ or E through the Bragg condition, the

intensity of the reflection takes on a distinctive shape, termed a Darwin curve, as shown for the case of

a Cu (111) reflection in Figure 2.1.2 a). The important outcome of this is that the standing wave exists

across a range of incident θ or E and not only at θB or EB. The phase of the standing wave, ψ, relative

to the real space Bragg diffraction planes for the chosen reflection of the bulk crystal is also found to vary

as θ or E are ‘rocked’ through the Bragg condition. ψ is well defined within the framework of dynamical

diffraction theory. At the onset of the Bragg condition the nodes of the standing wave are found on the

Bragg diffraction planes of the reflection and as θ or E are varied through the Bragg condition the nodes

move to being between the Bragg diffraction planes (Figure 2.1.2 b) and c)).[17, 18]

The knowledge of the standing wave phase relative to the bulk crystal Bragg diffraction planes

as a function of θ or E is the key in the development of the technique in determining the positions of

chosen species. As it turns out, the periodicity of the standing wave matches the interplane distance

(dhkl) between the Bragg diffraction planes.[20] In turn, the amplitude of the X-ray electric field is also

periodic within and above the crystal, and its periodicity also matches dhkl. The X-ray absorption rate

of a species, while rocking through the Bragg condition, is then dependent on its location relative to the

Bragg diffraction planes of the chosen reflection. Measurements of the X-ray absorption rate of a chosen

chemical species, e.g. via measurement of X-ray fluorescence, Auger electron emission or photoemission,

as the θ or E is rocked through the Bragg condition will produce absorption profiles that are characteristic

of the location of the chemical species relative to the bulk crystal. This is demonstrated in Figure 2.1.2

b)-e) using examples of a species found either exactly on or between the Bragg diffraction planes of the

corresponding reflection. If the species is found between the Bragg diffraction planes, at the onset of the

Bragg condition when ψ = π it will experience a peak in X-ray absorption rate as it is coincident with

the antinodes of the standing wave (Figure 2.1.2 d)). As the ψ of the standing wave decreases while

scanning through the Darwin curve, the absorption will decrease due to the antinode of the standing

wave moving away from being coincident with the species and the Bragg diffraction planes. Finally, the

X-ray absorption rate reaches a minimum when the rocking curve reaches the end of the Bragg condition

and the nodes of the standing wave are coincident with the species (ψ = 0). Qualitatively, an absorption

profile that is almost exactly opposite is observed for a species situated in the Bragg diffraction planes

(Figure 2.1.2 e)). In such a case, an initial minimum in X-ray absorption rate is experience at the onset of

the Bragg condition (ψ = π) and a peak is experienced towards the end. A similar qualitative description

can be applied to a species at any other location between the Bragg diffraction planes.

There are a number of ways to monitor the X-ray absorption rate at the specie’s location including

via measurement of X-ray fluorescence, Auger electron emission and X-ray photoemission[16, 21]. All
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Figure 2.1.2: a) The calculated reflectivity, R, and phase, ψ, of a Cu (111) reflection at normal incidence
(θB = 90 and EB = 2975 eV). b) and c) depict the standing wave with a phase of π and 0, respectively;
the blue dashed lines represent the positions of the standing wave antinodes. d) and e) are the calculated
absorption profiles for a species situated between or on the Bragg diffraction planes of the (111) reflection,
respectively.
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these methods allow for element specific absorption profiles, and subsequently locations, to be determined.

The characteristic energies used to distinguish between elements in a photoemission measurement are also

sensitive to the chemical environment of that element. As such, measurement of the X-ray absorption

profiles by monitoring photoemission intensity additionally allows for the locations of atoms of the same

element but in different chemical environments to be determined individually. Moreover, the inherent

surface sensitivity of the measurement of photoelectrons allows surface sensitive XSW measurements to

be undertaken. With these considerations in mind, all XSW measurements undertaken for studies in

this thesis utilise photoemission as their measure of X-ray absorption rate.

2.1.2 Two beam derivation of XSW

Qualitative distinctions of a specie’s height can be undertaken by inspection of the absorption profiles as

described in the previous section. However, quantitative information on the specie’s position relative to

the Bragg diffraction planes of the chosen reflection can be gained by application of dynamical diffraction

theory to the fitting of the absorption profiles. This first requires gaining an analytic description of the

total X-ray wave field within the crystal as a function of position which, in turn, allows for an analytical

definition of the X-ray absorption rate to be defined.[21]

The total X-ray standing wave field amplitude is the superposition of the incident and reflected

X-ray wave field amplitudes (the two beam case), A0 and Ah respectively. The spatial modulation of A0

and Ah can be defined as plane waves:

A0 = E0e
2πiK0·r,

Ah = Ehe
2πiKh·r,

(2.1)

where K0 and Kh are the wave vectors of the incident and reflected plane waves within the crystal,

respectively, and represent the spatial frequency of the waves. For diffraction to take place, Bragg’s law

states that the spatial phase difference between the incident and reflected or diffracted waves must be

integer multiples of the wavelength, λ. This is extended to the more general case with Laue’s law:

Kh = K0 − h, (2.2)

where h is a reciprocal lattice vector. Equation 2.2 is essentially a conservation of momentum which

the scattering events must adhere to. E0 and Eh in equation 3.1 are the vector field amplitudes of the

electric fields. By assuming σ polarisation, where the electric vectors of the incident and reflected X-rays

are parallel, these can instead be represented by the scalar field amplitudes:

A0 = E0e
2πiK0·r,

Ah = Ehe
2πiKh·r.

(2.3)
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It then follows that the amplitude of the X-ray standing wave field, AXSW, is

AXSW = A0 + Ah = E0e
2πiK0·r + Ehe

2πiKh·r (2.4)

which, after applying Laue’s law from equation 2.2, becomes[21]

AXSW = E0e
2πiK0·r(1 +

Eh

E0
e−2πih·r), (2.5)

The intensity of the standing wave is the absolute square of the amplitude, IXSW = |AXSW|2, which,

because the amplitude is complex, is IXSW = AXSW
∗AXSW where AXSW

∗ denotes the complex conjugate

of AXSW. By assigning the magnitude of the complex incident wave as unity, IXSW can be defined as

IXSW = 1 +

∣∣∣∣Eh

E0

∣∣∣∣2 + 2Re

[
Eh

E0
e−2πih·r

]
. (2.6)

where Re is the real part of the enclosed complex number. Since E0 and Eh are complex numbers, their

ratio is also complex and has an associated phase, ψ, that represents the phase difference between E0 and

Eh or the phase difference between the incident and reflected waves. As such, the last term in equation

2.6, can be rewritten as

Re

[∣∣∣∣Eh

E0

∣∣∣∣ eiψe−2πi h·r
]

= Re

[∣∣∣∣Eh

E0

∣∣∣∣ ei(ψ - 2π h·r)

]
(2.7)

Applying Euler’s identity (eiθ = cos θ + i sin θ) to this term, equation 2.6 then becomes

IXSW = 1 +

∣∣∣∣Eh

E0

∣∣∣∣2 + 2

∣∣∣∣Eh

E0

∣∣∣∣ cos (ψ − 2π(h·r)), (2.8)

and by defining the amplitude ratio as ξ = Eh

E0
and R = |ξ|2 =

∣∣∣Eh

E0

∣∣∣2 as the reflectivity, this becomes

IXSW = 1 +R+ 2
√
R cos (ψ − 2π(h·r)). (2.9)

Due to the periodic nature of the wave field, the projection of the momentum transfer vector onto the

scattering plane, h·r, can be represented as the fraction of the distance between the Bragg diffraction

planes of the reflection, h·r =
zh
dh

, where dh is the distance between the Bragg diffraction planes of the

chosen reflection and zh is the perpendicular position between the planes. The standing wave intensity

then becomes

I(zh, R, ψ) = 1 +R+ 2
√
R cos (ψ − 2π

zh

dh
). (2.10)
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The standing wave exists only when there is an appreciable intensity of the reflected X-ray wave field

and so R can be thought of as the intensity of the standing wave and ψ as its phase. Thus, equation

2.10 represents the X-ray intensity experienced by a single species at a well-defined position, zh, between

the Bragg diffraction planes for a given phase of the standing wave, ψ. In turn it represents the analytic

definition of the absorption profile for such an species.[21]

To take into account the spread in locations occupied by a species both due to possible differences in

absorption site and inherent thermal vibrations, a normalised function, f(z), representing the distribution

of the atoms between the Bragg diffraction planes can be defined:

∫ dh

0

f(z)dz = 1. (2.11)

By including such a distribution in the absorption profile equation 2.10 becomes

I(zh, R, ψ) = 1 +R+ 2
√
R

∫ dh

0

f(z) cos (ψ − 2π
zh

dh
)dz. (2.12)

Within the limits of the integral both the term
zh
dh

and f(z) take values between 0 and 1. As such,

equation 2.12 can be rewritten as

I(fh, P h, R, ψ) = 1 +R+ 2fh

√
R cos (ψ − 2πP h). (2.13)

fh and P h are termed the coherent fraction and coherent position, respectively, both of which take

fractional values between 0 and 1. They provide direct information on the position and distribution of

a species relative to the Bragg diffraction planes of the chosen reflection.

2.1.3 Coherent fraction (fh) and coherent position (Ph)

For a species at a well defined location, P h can be interpreted as the average fractional position that the

species takes between the Bragg diffraction planes and fh can loosely be thought of as quantitatively

defining the amount of disorder in the position of the species. Both parameters take values between 0 and

1 which, for P h, defines the fractional position of the species between the Bragg diffraction planes and,

for fh, defines the fraction of that species that sits exactly at that position. For example, when fh = 1

equation 2.13 simplifies to equation 2.10 where P h exactly equals
zh
dh

for the case of a single species at

a well-defined location and the species sits exactly at position P h between the Bragg diffraction planes.

On the other hand, when fh = 0 equation 2.13 simplifies to I = 1 +R and it is clear that in such a case,

both the value of P h and ψ are meaningless. This can be understood as the species equally occupying

a continuum of sites between the Bragg diffraction planes. With such an interpretation, the value of fh

can be thought of a defining the distribution of the species about the position P h with values of fh closer
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to zero defining more disordered systems. However, care must be taken with this interpretation of fh as

systems with species at a number of sites can give small values of fh even when the distribution of the

species about each site is small.[21]

A more robust definition of fh and P h is that they are the magnitude and phase of the Hth order

Fourier component of the atomic density for the probed species[22]. This can be realised by noticing the

following requirement between equations 2.12 and 2.13:

fh cos (ψ − 2πP h) =

∫ dh

0

f(z) cos (ψ − 2π
zh

dh
)dz. (2.14)

The cosine terms in the above equation can be expanded:

cosψfh cos (2πP h) + sinψfh sin (2πP h) = cosψ

∫ dh

0

f(z) cos (2π
zh

dh
)dz + sinψ

∫ dh

0

f(z) sin (2π
zh

dh
)dz.

For this equation to be true across all values of ψ, the coefficients of cosψ and sinψ must be equated on

either side:

fh cos (2πP h) =

∫ dh

0

f(z) cos (2π
zh

dh
)dz, (2.15)

fh sin (2πP h) =

∫ dh

0

f(z) sin (2π
zh

dh
)dz. (2.16)

Finally, by multiplying equation 2.16 by i, and summing the result with equation 2.15, the following can

be defined using Euler’s identity:

fhe
2πiPh =

∫ dh

0

f(z)e
2πi

zh
dh dz. (2.17)

It is important to note that, if the integral in the preceding equations is taken over the whole unit cell,

it would be equivalent to the total Fourier transform of the atomic density:

F(h) =

∫
cell

f(r)e2πih · rdr. (2.18)

where f(r) is the distribution function of the species over the whole unit cell and F(h) is its full Fourier

transform. However, the integral in equation 2.17 is instead taken over only the real space distance

associated with one reflection and so represents only the Fourier magnitude, fh, and phase, P h, associated

with that one reflection.

Recasting fh and P h in such a way allows them to be related graphically on an Argand diagram

as shown in Figure 2.1.3 a). Each position between the Bragg diffraction planes of a given reflection
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2πDH
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π

Figure 2.1.3: a) A position between the Bragg diffraction planes of a reflection can be represented on an
Argand diagram by a vector with a magnitude of fH and phase 2πPH. b) A distribution of positions (blue
vectors) are measured as their sum (red vector). c) Two positions, or vectors, that differ in coherent
position by π sum to give a vector of zero length. This zero length vector is measured as having a
meaningless coherent position.

is represented by a vector in the complex plane, and the magnitudes and phase of each are fh and

2πP h respectively. In turn, a distribution of positions occupied by a species can be represented by a

number of vectors on the Argand diagram (blue vectors in Figure 2.1.3 b)) all with different phases,

dependent on the location between the Bragg diffraction planes, and magnitudes, dependent on the

fractional occupation of that particular position. The determined values of fh and P h from a measured

absorption profile are those of the vector representing the sum of all the vectors in the distribution (red

vector in Figure 2.1.3 b))[21]. The total summed vector, Z, and the measured values of fh and P h are

then defined as

Z = fhe
2πiPh =

∑
n

fne
2πiPn (2.19)

where the sum over n is over all the occupied positions. From this it is easy to show that

P h = arctan

(
Im[Z]

Re[Z]

)
,

fh =
√

Re[Z]2 + Im[Z]2.

(2.20)

When the distribution of vectors is small about a well defined position, P h is the average position of the

distribution as previously interpreted. However, the interpretation of fh is dependent on the distribution

of the occupied sites. For example, if many sites are occupied but only separated slightly in phase (Figure

2.1.3 b)), as is typical of distributions caused by thermal vibrations, then fh can be used to determine

how disordered the system is about the average site. More specifically, the smaller the value of fh,

the larger the greatest difference in phase for the distribution of positions. However, if, for example, a

species equally occupies two distinct sites that differ in phase by exactly π, i.e. half of the P h spacing,

then its measured fh will be 0 (Figure 2.1.3 c)). This can lead to concluding, improperly, that the

species is uniformly distributed between the Bragg diffraction planes when, in fact, the species sits at
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well-defined sites in the probed direction[21]. Misinterpretations of the structural parameters can be

rectified by undertaking measurements in multiple crystallographic directions as described in detailed in

the following section 2.1.4.

There will always be an inherent disorder in the locations of atoms due to inherent atomic vibrations.

This type of disorder is termed dynamic disorder. Consideration of dynamic disorder is achieved by

including a Debye Waller factor in the definition of fh. For XSW, the Debye Waller factor is defined

as e−<M> where < M > is the vibrational mean squared amplitude of the species. The Debye Waller

factor typically takes values on the order of 0.1 and so measurements of fh rarely reach unity as there

will always be inherent atomic vibrations reducing its value.

2.1.4 XSW real space imaging

Undertaking XSW measurements in multiple crystallographic directions and thus collecting multiple

Fourier components for a number of structure factors can help avoid misinterpretations of fh taken from

singular measurements. In particular, where able, measuring reflections of different order but in the same

crystallographic direction (e.g. the (111) and (333) reflections) can be used to determine whether or not

the measured fH values are due to disorder alone[23]. More generally, the collection of multiple structure

factor Fourier components of a species is the aim of conventional X-ray diffraction (XRD) techniques.

However, it is typical that only the magnitude of the structure factor is measured in such techniques

leading to the well known phase problem. On the other hand, within the frame work of dynamical

diffraction theory, and since the structure of the underlying substrate is known, both the magnitude (the

coherent fraction) and the phase (the coherent position) of the species is measured by XSW. This allows

the XSW technique to be used to directly probe, or image, the position of a species within the unit cell

of the substrate.[24, 25]

Such imaging of the position of a species can be realised by undertaking XSW measurements

in multiple symmetrically inequivalent crystallographic directions. Equation 2.14 defining the Fourier

components for a single reflection is then turned into a sum over multiple reflections:

ρ(r) ∝
∑
h

fH cos (2πPH − h·r). (2.21)

Equation 2.21 is essentially a discrete Fourier sum over the reciprocal lattice where ρ(r) is the atomic

density of the species at position r within the unit cell of the substrate. Ideally, taking the full Fourier

transform, and replacing the discrete sum with a continuous integration over all of the reciprocal space,

would provide a means to directly image the true and exact atomic distribution. However, the reflections

of the bulk crystal inherently exist only at discrete points in reciprocal space. As such, the direct imaging

of the specie’s locations is limited to that projected onto the unit cell of the bulk crystal and, importantly,
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not all atomic distributions can be successfully imaged. In particular, a surface over-layer with a large,

non-commensurate unit cell may not be suitable for XSW imaging, as projecting its structure onto the

unit cell of the bulk crystal may produce a uniform distribution (i.e. small or zero fhkl values) and in

such a case, no 3D structural information can be gained.

It’s useful to note that many measured reflections have symmetrically equivalent reflections de-

fined by the symmetry of the bulk crystal. For example, the (1̄11), (11̄1) and (111̄) reflections are all

equivalent on a Cu(111) surface. This means that, if the (1̄11) has been measured for a commensurate

system investigated on the Cu(111) surface, then the investigation also has the Fourier components, the

amplitude and phase, of the other two reflections, (11̄1) and (111̄). Further examples of this can be found

in chapter 4 where the direct imaging of formic acid and Ag adatoms on the magnetite (001) surface are

undertaken.

2.1.5 Dynamical diffraction theory

Equation 2.13 assumes that the form of R and ψ is known. However, in reality these values must be

determined. Both R and ψ are well defined within the framework of dynamical diffraction theory and

as such, this section of the chapter will outline their derivation.

Dynamical diffraction theory entails determining all of the allowed propagating states within a

crystal. The first step in its derivation is to find the set of solutions to a propagation equation in the

periodic potential of the crystal. For electromagnetic radiation, it is Maxwell’s equations that must be

solved within a periodic dielectric susceptibility, and the solutions to Maxwell’s equations form a set of

points that exist on what is termed the dispersion surface. The dispersion surface is exactly equivalent

to the surfaces described by photonic band theory (and analogous to those of electronic band theory);

the dispersion surface describes a set of points in reciprocal space defining all of the permitted internal

wave vectors[17, 18]. Finally, by imposing boundary conditions on the dispersion surface, relating to

the geometry of the experiment, the total amplitude and phase of the X-ray standing wave field within

the crystal, R and ψ respectively, can be calculated and used to determine a specie’s atomic position as

described in the previous sections. The derivation of dynamical diffraction theory given in this section

will follow these steps for the case of a Bragg reflection.[17, 18]
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Maxwell’s equations in a periodic dielectric susceptibility

Maxwell’s equations define how the vector fields of the electric, E, and magnetic, B, fields are related to

one and other[18]:

∇×E = −δB
δt
,

∇×H = −δD
δt
,

∇ ·D = 0,

∇ ·B = 0,

(2.22)

where D and H are the displacement field and magnetising field, taking into account how the material

reacts to the presence of the electric, E, and magnetic, B, fields. E and B can be defined in terms of D

and h:

E =
D

ε0
(1− χe),

B = Hµ0(1 + χm),

(2.23)

where χe and χm are the dielectric and magnetic susceptibility, respectively, and relate to the dielectric

and magnetic potentials of the material. In equation 2.23, ε0 and µ0 are the vacuum permittivity

and permeability, respectively. In the absence of a dielectric material, and the absence of χe and χm,

Maxwell’s equations simplify to those describing electromagnetic waves in a vacuum where only the

consideration of E and B is required.

A propagation equation for electromagnetic radiation inside a dielectric potential, χ(r), can be

derived from Maxwell’s equations. This is undertaken in appendix A.1, and the final result is provided

here as well for clarity:

∇2D(r, t) +
1

c2
δ2D(r, t)

δt2
+∇×∇× (χ(r)D(r, t)) = 0, (2.24)

The displacement vector field, D, instead of the electric field, E, is used to describe the amplitude

of the electromagnetic radiation as the former takes into account the polarisation of the material and

allows for the boundary conditions to be more easily defined.[18]

Although electromagnetic radiation is typically treated using field vectors, i.e. bold faced letters

E, B, D and H, by instead using scalar fields[18], a propagation equation that is easier to solve can be

defined from 2.24:

∇2D(r, t) +
1

c2
δ2D(r, t)

δt2
+

1

c2
δ2D(r, t)

δt2
χ(r) = 0. (2.25)

By treating electromagnetic radiation with a scalar field, specifically by removing the ∇×∇× term from

equation 2.24, its polarisation is not considered. However, later in this derivation a polarisation factor

is introduced and the results of such a derivation are the same as those derived using vector fields.[18]
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In equation 2.25, the periodic dielectric susceptibility is defined as a Fourier sum over the reciprocal

lattice:

χ(r) =
∑
g

χge
2πig·r

(2.26)

where χg, the gth order Fourier magnitude of χ(r), is defined as

χg = −ΓFg

and Fg is the structure factor for the given reciprocal lattice vector, g. Γ is defined as

Γ =
reλ2

πV

where V is the unit cell volume and re is the classical electron radius:

re =
e2

4πε0mc2
.

Solutions to the propagation equation 2.25 take the form of a Bloch function

D(r) = e−2πiK0·r
∑
h

Dhe
2πih·r

which ensures that the solutions to the propagation equation have the same periodicity of the underlying

potential. Using Laue’s law (equation 2.2) or the conservation of momentum, the above can be rewritten

as

D(r) =
∑
h

Dhe
−2πiKh·r,

and finally including a time dependence for the propagating wave gives

D(r, t) = e2πiνt
∑
h

Dhe
−2πiKh·r, (2.27)

The complete set of solutions to the propagation equation, 2.25, can now be obtained from equations

2.26 and 2.27. It can be shown that the three terms in equation 2.25 are

∇2D(r, t) = −4π2e2πiνt
∑
h

K2
hDhe

−2πiKh·r, (2.28)

1

c2
δ2D(r, t)

δt2
= 4π2k2e2πiνt

∑
h

Dhe
−2πiKh·r, (2.29)
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1

c2
δ2D(r, t)

δt2
χ(r) = 4π2k2e2πiνt

[∑
g

∑
h′

χgDhe
(2πi(g + h′) · r)

]
e−2πiK0·r. (2.30)

In the above equations, k is the wavenumber, or magnitude, of the external incident wave and Kh and K0

(non-bold face letters) are the wavenumbers of the internal reflected and refracted waves, respectively.

There exists an internal reflected beam because the internal refracted beam undergoes reflection at the

successive Bragg diffraction planes within the crystal, not only at the surface plane. Note as well that

k2 = ν2/c2 where ν and c are the temporal frequency and speed of light, respectively. In equation 2.30

there is a double sum over the reciprocal space using two different reciprocal lattice vectors (g and h′).

By using Kh = K0 − h and the fact that the sum of the reciprocal lattice vectors g and h′ is also a

reciprocal lattice vector (g + h′ = h), this double sum can be removed and the third term (equation

2.30) can be rewritten without the summation over g as

1

c2
δ2D(r, t)

δt2
χ(r) = 4π2k2e2πiνt

∑
h

e2πiKh · r
∑
h′

χh−h′Dh′ . (2.31)

Equations 2.28, 2.29 and 2.31 can then be substituted into the propagation equation 2.25 to give

∑
h

[
−4π2K2

hDh + 4π2k2Dh + 4π2k2
∑
h′

χh−h′Dh′

]
e−2πiKh · r = 0. (2.32)

For this infinite sum of terms in 2.32 to be consistent across all of real space and reciprocal space, each

individual term in the sum must also be equal to zero. A definition for the reflected wave-field amplitude

is then reached:

Dh =
k2

K2
h − k2

∑
h′

χh−h′Dh′ . (2.33)

These infinite number of equations are termed the fundamental equations of dynamical diffraction theory.

Importantly, the 1/(K2
h − k2) term in equation 2.33 ensures that only solutions which have similar

wavenumbers, i.e. where K2
h ≈ k2, are those that have appreciable amplitude. In other words, only

those wave vectors that satisfy Laue’s condition are of interest.

There are an infinite number of solutions to 2.33 but these can be limited by imposing the condition

that only two wavevectors have an appreciable amplitude; the incident and reflected beams. In such a

case, 2.33 can be simplified to a set of two linear, homogeneous equations

D0 =
k2

K2
0 − k2

[χ0D0 + χh̄Dh],

Dh =
k2

K2
h − k2

[χhD0 + χ0Dh].

These can be rearranged to
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[
K2

0 − k2

2k
− kχ0

2

]
D0 −

kχh̄
2

Dh = 0,

−kχh
2

D0 +

[
K2
h − k2

2k
− kχ0

2

]
Dh = 0,

and a polarisation factor, C, can be introduced, taking values of either unity or cos 2θ for σ or π

polarisation respectively: [
K2

0 − k2

2k
− kχ0

2

]
D0 −

kCχh̄
2

Dh = 0,

−kCχh
2

D0 +

[
K2
h − k2

2k
− kχ0

2

]
Dh = 0.

For X-rays, the refraction of the incident beam is comparatively small (values of χ are on the order of

10−6). So K0 ≈ k and K2
0 − k2/2k can be approximated as K0 − k. This simplifies the above equations

to

X0D0 −
kCχh̄

2
Dh = 0,

−kCχh
2

D0 +XhDh = 0,

(2.34)

with X0 and Xh defined as

X0 = K0 − k(1 +
χ0

2
),

Xh = Kh − k(1 +
χ0

2
).

(2.35)

For the two linear, homogeneous equations in 2.34 to have non-trivial solutions, their determinant,

X0Xh − k2C2χhχh̄/4, must equal zero which finally leads to the following definition:

X0Xh = k2C2χhχh̄/4. (2.36)

Equation 2.36 describes, by definition, a hyperbolic sheet; X0 and Xh are the distances from the hyper-

bolic sheet to the axes and their product equals a constant (k2C2χhχh̄/4). This hyperbolic plane, which

exists in reciprocal space, is termed the dispersion surface and represents the allowed propagating states

within the crystal.[17, 18]
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Figure 2.1.4: Depicted in reciprocal space are example wavevectors of length, k, K0 and Kh. The circles
represent all the possible incident wavevectors (dashed) and reflected or refracted internal wavevectors
(solid). These wave vectors do not necessarily correspond to one another and have been selected arbi-
trarily. The Laue point, La, is the centre of the constructed Ewald sphere for such an example reflection.
The Laue point is shifted to the Lorentz point, Lo, due to refraction of the incident beam within the
material.

Figure 2.1.5: Depicted are the two sheets of the dispersion surface with the asymptotes being the tangents,
To and Th, to the circles centred around the origin, O, and the reciprocal lattice point, h. To′ and Th′
are the tangents to the circles of radius equal to the incident wave number, k, centred on O and h. O
and h are depicted in Figure 2.1.4. An example incident wavevector (blue) is shown with its extremity
being the point M . The surface normal vector, n, is drawn from point M and its intersection with the
dispersion surface are the tie points P1 and P2. The coordinates of P1 are the values X0 and Xh shown
in red. Determining the position of P1 for a given n allows the amplitude ratio ξ to be calculated. The
inset depicts the corresponding real space geometry, showing the incident, K, and internal refracted, K0,
and reflected, Kh, wave vectors as well as the surface normal.

20



X-ray standing waves (XSW)

The dispersion surface

Kinematic diffraction theory states that diffraction occurs only when the difference between the reflected

and incident wave vectors is equal to a reciprocal lattice vector (K0 −Kh = h). In such a case, two

spheres of radius K0 and Kh constructed at the origin, O, and the h = [h, k, l] reciprocal lattice point

cross at the Laue point, La, as shown in Figure 2.1.4. However, the wave vectors internal to the crystal,

K0 and Kh, are refracted and their wave numbers, their magnitudes, are changed by an amount n = 1+ χ
2

which is termed the refractive index. Taking refraction into account, two new spheres of smaller radius

can be drawn on Figure 2.1.4 representing the extremities of the wave vectors internal to the crystal.

These two smaller spheres cross at the Lorentz point, Lo. The refractive index for X-rays is very small

(χ ≈ 10−6) and so the difference in size between the two sets of spheres is small. This allows the spheres

in the proximity of the La and Lo to be approximated as the straight line tangents to the two spheres.

This is shown in Figure 2.1.5 where a closer view of the region around where La and Lo is depicted and

where the straight line tangents to the spheres are labelled as Th′ , To′ , Th and To. It then follows that

the bold solid hyperbolic sheets centred around the Lo point in Figure 2.1.5 are the hyperbolic sheets of

the dispersion surface and take the functional form of equation 2.36. The dispersion surface represents

the extremity of the allowed wavevectors for the refracted and reflected waves within the crystal for

dynamical diffraction theory.

Upon inspection of equation 2.35, X0 and Xh are the difference between the refracted or reflected

wavenumber and the incident wavenumber. Geometrically, X0 and Xh can thus be defined as the distance

from a tie point on the dispersion surface, P1 or P2, to the tangents To and Th, as shown in red in Figure

2.1.5 for tie pint P1. For a given tie point, P1, the amplitude ratio between the refracted and reflected

wavevectors internal to the crystal can then be geometrically defined from equation 2.34 as

ξ =
Dh

D0
=
χhX0

χh̄Xh
. (2.37)

ξ is complex since χh and χh̄ are complex and so ξ has an associated phase. Since ξ is the quotient of

the two amplitudes, ψ is the phase difference between the refracted and reflected waves and so it is the

phase of the created standing wave. The ratio ξ, and in turn R = |ξ|2, is determined by the position of

the tie point, P , on the dispersion surface. The position of P on the dispersion surface and, in turn, the

amplitude and phase of the standing wave are dependent on the boundary conditions imposed by the

experiment.

Boundary conditions

To avoid discontinuities across the surface boundary of the crystal, the tangential components along the

surface plane for the wave vectors inside and outside the crystal must be the same. As such, the allowed
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propagating states within the crystal must differ from those outside the crystal by a amount that is

parallel to the normal of the crystal surface. In reciprocal space, point M is assigned as the extremity of

the incident wave vector, and lies on the tangent To′ (Figure 2.1.5). The normal to the crystal surface

can be drawn from point M as shown in Figure 2.1.5. It then follows that the intersections of the vector

n with the dispersion surface (tie point P1 or P2) defines the allowed refracted and reflected propagating

states within the crystal for a given incident wave vector.

For all Bragg reflections, two tie points exist on the dispersion surface and they each represent the

refracted wavevectors propagating away from and towards the surface boundary, P1 and P2 respectively.

Propagation of the refracted wavevector towards the surface boundary, P2, only occurs when there is

another exit boundary beyond the entrance boundary at which the internal beams can again undergo

reflection. Such a situation only arises for thin single crystals and, given that the single crystals typically

utilised in XSW measurements are essentially semi-infinite to the length scales of the X-ray absorption,

throughout the rest of this derivation, only the excitation of the tie point P1 on the dispersion surface is

considered.

Note that when n is found between the two sheets of the dispersion surface for a Bragg reflection,

it doesn’t intersect with the dispersion surface at any point and there are no allowed propagating states

within the crystal. Figure 2.1.5, however, only depicts the real part of the dispersion surface and when

n is found between the two real valued sheets of the dispersion surface, a state with imaginary valued

wavenumber exists. By using complex exponentials in describing the electromagnetic states within

the crystal, an imaginary valued wavenumber leads to a non-propagating standing wave which decays

exponentially into the bulk. Since there is no internal refracted or reflected wavevectors, it is said that

within this region external reflection of the incident beam occurs.[17, 18]

Assigning Mo and Mh as the intersections of n with the tangents To and Th, an equation for the

normal to the crystal surface, MoMh, can be obtained from inspection of Figure 2.1.5. This derivation

is given in appendix A.2.4 and the final result is repeated here for clarity:

MoMh =
Xo

γo
− Xh

γh
= k(∆θ −∆θos)

sin 2θB
γh

. (2.38)

Equation 2.38 defines the normal to the crystal surface in terms of known experimental parameters

and thus, allows the propagating and stationary states within the crystal to be determined from the

geometry of the experiment. θB is the Bragg angle of the reflection; γh = cosψh and γo = cosψo where

ψh and ψo are the angles between the surface normal and the external incident and reflected wave vectors

respectively; ∆θ is the departure of the incident wave vector from the kinematic Bragg angle and is the

independent parameter that is scanned though the Bragg condition during a XSW measurement; ∆θos is

the difference between the kinematic and dynamical diffraction definitions of centre of the total reflection

domain. It follows then that (∆θ − ∆θos) is the difference between the incident wave vector and the

22



X-ray standing waves (XSW)

middle of total reflection domain. Detailed derivations and corresponding schematic representations for

ψh, ψo, ∆θ and ∆θos are provided in appendix sections A.2.1, A.2.2 and A.2.3.

The deviation parameter

Before the position of the tie point on the dispersion surface can be determined from the normal to the

crystal surface, the deviation parameter, η, being a measure of how far the experimental geometry is

away from the centre of the region of total reflection, must first be defined:

η =
(∆θ −∆θos)

δos
=

∆θ sin 2θB + χo(1− γ)/2

|C|
√
|γ|√χhχh̄

, (2.39)

where γ = γh
γo

is the asymmetry parameter (appendix A.2.1) and δos is the half width of the total

reflection domain and defined as:

δos =
C
√
|γ|χhχh̄

sin 2θB
. (2.40)

While the various reflections of a material will be quantitatively different, having varying total

angular widths and occurring at different energies or angles, the deviation parameter is a normalised

parameter (normalised by the width of the reflection) and takes the same form for each reflection. In this

sense it gives one an idea of where the experimental geometry is within any given reflection with η = 0

defining the middle of the reflection. It also provides insight into why the phase of the created standing

wave changes during an experiment; the phase shifts because the geometry of the experiment deviates

from the geometric centre of the reflection as the experiment is scanned through the Bragg condition.

The reflectivity (R) and phase (ψ)

Using the equation for the dispersion surface, 2.36, and that for the surface normal, 2.38, the position of

the tie point, P1, on the dispersion surface for a Bragg reflection can be defined in terms of the deviation

parameter, η, as:

Xo = − γo
2Λo

[
η ±

√
η2 − 1

]
,

Xh = − γh
2Λo

[
−η ±

√
η2 − 1

]
,

(2.41)

where

Λo =

√
γo|γh

k|C|√χhχh̄
, (2.42)

is the extinction length which is proportional to the penetration depth of the X-rays into the crystal.

Choice of the + or − in equations 2.41 is dependent on which side of the middle of the reflection domain

the experiment is situated. Finally, it follows that the amplitude ratio, ξ (equation 2.37), is

23



Experimental techniques

0

�

P
h
a
s
e

(�
)

Cu (111)  

EB = 2975 eV

�B = 90°

-1 0 1

0.0

0.5

1.0

R
e
fl
e
c
ti
v
it
y
 (
R
)

ηr

�/2

Figure 2.1.6: The phase, ψ, and reflectivity, R, of a Cu(111) reflection is plotted vs values of ηr. The
onset of the Bragg condition occurs at ηr = −1 and finishes at ηr = 1. Note that this reflection is
measured at normal incidence and so values of ηr are scanned by varying the incident energy not the
incident angle. This mode of measurement is described in detail in the following section 2.1.6.

ξ = −S(C)√
|γ|

√
χhχh̄
χh̄

[
η ±

√
η2 − 1

]
. (2.43)

where S(C) means the sign of C.

Because ξ is complex, it has an associated phase, ψ, which is the phase of the standing wave. ψ

for the case of a Cu (111) Bragg reflection has been plotted in Figure 2.1.6 vs values of Re[η] = ηr. The

onset of the Bragg condition occurs when ηr = −1 and ψ = π. In other words, the Bragg condition

begins when the incident angle is different from the centre of the reflection domain by a value that

is half of the reflection domain. ψ changes from π to 0 as ηr changes from -1 to 1; as the geometry

of the experiment is scanned through the Bragg condition[18]. Such a situation is consistent across all

reflections and demonstrates the universal usefulness of defining the experiment in terms of the deviation

parameter.

Also plotted in Figure 2.1.6 is the corresponding intensity of the same Cu (111) Bragg reflection, i.e.

the reflectivity R. It is clear when plotting the reflectivity where the onset of the reflection occurs and

where it finishes. These coincide with ηr = −1 and ηr = 1 respectively, as determined in the discussion of

ψ. The reflection itself takes on a distinctive shape. Without absorption, the Bragg reflection should take

the form of a Darwin curve, which is flat at the top throughout the region of reflection (between ηr = −1

and ηr = 1). However, due to absorption, the reflection intensity drops from a peak at approximately
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ηr = −1. A majority of the absorption occurs after the standing wave ψ decreases from π, or as the

standing wave moves onto the Bragg diffraction planes. This is because the Bragg diffraction planes

should coincide with the planes of greatest atomic density i.e. the planes of greatest absorption.

Ultimately, equation 2.43 provides an analytic definition of R and ψ in terms of known parameters

(the structure factor of the given reflection, its conjugate and the geometric parameters defining the

experiment) and permits the use of XSW in determining atomic locations within a bulk crystal.

2.1.6 Normal incidence XSW (NIXSW)

The half width of the total reflection domain is given in equation 2.40. It is clear from equation 2.40,

that the width of the reflection is strongly dependent on the geometry of the experiment. A symmetric

Cu (111) reflection measured at a 45° incident angle with σ polarisation has a reflection angular width of

≈ 0.02°. Undertaking a XSW measurement for such a reflection can be problematic particularly as both

the mosaicity of metal and metal-oxide single crystals and the angular spread of X-ray sources are on the

order of 0.1°[26]. This causes a broadening of the reflection, making it harder to model using dynamical

diffraction theory and ultimately reducing the accuracy of the XSW measurement. These restrictions

can be alleviated, however, by undertaking XSW measurements at or closer to normal incidence. It is

clear from equation 2.40 that as the Bragg angle approaches 90°, sin 2θB tends to 0 and the width of the

reflection tends to∞. In reality, the experimentally observed angular width for reflections close to normal

incidence increases to ≈ 1°. Nevertheless, with such an increase in the reflection width, normal incidence

XSW (NIXSW) measurements can be undertaken on a wider range of substrates and, in particular, metal

and metal-oxide crystals[26].

The description of dynamical diffraction theory outlined in the previous section cannot be used to

describe experiments undertaken close to a normal incidence condition. Specifically, the assumption that

the sections of the spheres constructed on the origin and the reciprocal lattice point in the proximity

of the Lorentz and Laue points, Lo and La, can be treated as their straight line tangents is no longer

true. There do exist derivations of the dispersion surface for diffraction close to normal incidence (see

for example [18, 27]) and these provide a definition of the angular width. However, these derivations are

still unable to properly define the reflection exactly at normal incidence and throughout the whole of

the experiment[27]. Thus, trying to undertake a NIXSW measurement at normal incidence by rocking

the crystal through the Bragg condition is not feasible. These complications can be avoided however, by

instead rocking or scanning in energy through the Bragg condition. This can be achieved by recasting

the definitions of η in terms of changes in energy, ∆E, rather than angle, ∆θ[26, 28].

To reach such a definition of η, first Bragg’s law is written in terms of the Bragg energy, EB :

EB =
nhc

2dhkl sin θB
,
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and its derivative with respect to θB is taken giving the following

dEB
dθB

=
−nhc
2dhkl

cos θB

sin2 θB
.

This above equation is divided by EB and rearranged to give

−2
dEB
dθB

sin2 θB
EB

=
nhc

2dEB
cos θB .

Noting that cos θB = sin 2θB
2 sin θB

and by replacing dEB

dθB
with ∆EB

∆θB
, the above equation can be rewritten as

−2
∆EB
EB

sin2 θB = ∆θB sin 2θB . (2.44)

This equation defines how the angle has to be adjusted (∆θB) in order to keep the Bragg condition when

the energy is changed (∆EB). However, during a NIXSW measurement, the experiment is not kept

exactly at the Bragg condition. The angle is kept constant and the energy is scanned through the Bragg

condition. So, in equation 2.44 the ∆EB can be replaced with ∆E to give:

−2
∆E

EB
sin2 θB = ∆θ sin 2θB . (2.45)

which can be combined with the previous definition of η, 2.39, to recast it in terms of changes in energy:

η =
−2∆E sin2 θB + χo(1− γ/2)

EB |C|
√
|γ|√χhχh̄

. (2.46)

From equation 2.46, a corresponding energy half width of the total reflection domain can be defined:

δE =
C
√
|γ|χhχh̄

2 sin2 θB
. (2.47)

and it is found that it is defined at normal incidence (θB = π/2). Moreover, it is found to be weakly

dependent on θB at or near to θB = π/2, removing the strict requirements on crystal mosaicity and the

angular spread of X-ray sources.[29]

Expressing η and ξ in terms of changes in energy brings to light the equivalence of dynamical

diffraction theory and photonic band theory. That is, the total reflection domain can actually be thought

of as a photonic energy band gap; a range of energies within which no propagating photon states are

allowed within the crystal. Such an equivalence provides an alternate interpretation for the observed

changes in the phase of the standing wave through the Bragg condition. Specifically, η as defined

in equation 2.46 can now be interpreted as the deviation of the energy away from the middle of the

photonic band gap. When η takes values of ≤ −1, the experiment is found at the bottom of the energy

band gap and the standing wave is found in the lowest energy state possible. Since the Bragg diffraction
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planes of a reflection are found coincident with the planes of greatest electronic density, the lowest energy

state of the standing wave is for its antinodes to be found between the Bragg diffraction planes (when

ψ = π). On the other hand, when η takes values of ≥ 1 the standing wave is in a higher energy state

and its antinodes are now found coincident with the Bragg diffraction planes or the planes of greatest

electronic density (ψ = 0). Thus, the standing wave will shift position in response to changes of the

incident energy, or in turn, to changes in the energy of the standing wave.

2.1.7 Angular dependence of photoemission

In describing the photoemission process, it is typical to assume that the dipole approximation holds if

the photon energy is < 1.5 KeV. That is, if the spatial variation of the incident electromagnetic radiation

is gradual compared to the spatial variation of the electronic initial state (K · r << 1 where K is the

wave vector of the incident photon). By using the dipole approximation, the photoemission process, and

calculations thereof, are greatly simplified. Notably, photoemission cross sections, σ, and their angular

dependence, dσ
dΩ , can be modelled accurately as such[30]:

dσ

dΩ
= (σ/4π)

[
1 +

(
β

2

)
(3 cos2 θ − 1)

]
, (2.48)

where β is the dipole asymmetry parameter, taking values between -1 and 2, and θ is the angle between

the photoelectron emission direction and the polarisation vector of the electromagnetic radiation.

The dipole approximation cannot be utilised for XSW or NIXSW measurements on typical metals

and metal-oxides, however, as the photon energies required for the Bragg reflections are normally > 2

keV[30]. For such cases, the modulation of the electromagnetic radiation is found to be on the order of

Å. Higher order approximations of the electromagnetic potential must be used which take into account

non-dipole effects. Specifically, consideration of quadrapole effects leads to the following description of

the angular dependence of the photoemission cross section:

dσ

dΩ
= (σ/4π)

[
1 +

(
β

2

)
(3 cos2 θ − 1) + (δ + γ cos2 θ) sin θ cosφ

]
, (2.49)

where δ and γ are the non-dipole asymmetry parameters and φ is the angle between the photon propa-

gation direction and the projection of the photoemission direction onto the plane perpendicular to the

electromagnetic polarisation. Phenomenologically, the higher momentum, |K|, of the photon at higher

energies requires that consideration of the photon’s propagation direction is included in the description

of the angular photoemission cross section.

Consideration of the photon propagation through the use of the parameter φ leads to an asymmetry

in the photoemission angular cross section relative to the direction of the photon propagation. That is, if

the photoelectrons are detected in the plane of the photon propagation and polarization, φ = 0° when the
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electrons propagate in the photon direction (’forward’) and φ = 180° when they propagate in the opposite

direction (’backwards’). The intensities of these ’forwards’ and ’backwards’ directions will therefore differ

according to equation 2.49. This is exactly the situation occurring within a NIXSW measurement; the

reflected X-ray wave field is exactly 180° backscattered relative to the incident wave field. As such, the

analytic definition of the absorption rate for a probed species in a NIXSW measurement (equation 2.13)

must be modified to take into account the ’forwards’ vs ’backwards’ asymmetry of the photoemission.[30]

This is achieved by introducing a forwards/backwards asymmetry parameter, Q, defined such that:

(1 +Q)

(1−Q)
=

[
1 +

(
β
2

)
(3 cos2 θ − 1) + (δ + γ cos2 θ) sin θ cosφ

]
[
1 +

(
β
2

)
(3 cos2 θ − 1)− (δ + γ cos2 θ) sin θ cosφ

] , (2.50)

which is a ratio of the forwards and backwards photoemission intensities. In equation 2.50, the numerator

is the photoemission intensity produced from the ’backwards’ propagating photon, towards the electron

detector, and the denominator is that of the ’forwards’. The ’forwards’ photoemission intensity differs

from the ’backwards’ by a phase of π in the value of φ or by a simple factor of -1 on the second term

of the photoemission intensity. Q takes values between -1 and 1 and when the dipole approximation is

sufficient in describing the photoemission process, Q takes a value of 0. By defining S = (1+Q)
(1−Q) , equation

2.13 describing the XSW absorption rate of a species can be modified to take into account photoemission

quadrupole affects:

I = 1 +RS + 2fh

√
R
√
S cos (ψ − 2πP h). (2.51)

Experimentally, a forward biased asymmetry in the photoemission leads to fitted values of fh that

are too large if the dipole approximation is used (i.e. using equation 2.13). By calculating Q based on

tabulated values of β, δ, and γ [31], and including Q in the description of the absorption rate (i.e. using

equation 2.51) the non-dipole affects can be considered and fitted values of fh are much more accurate.

2.2 Energy scanned photoelectron diffraction (PhD)

Photoelectron diffraction (PhD) provides quantitative structural information on the local environment

around a probed species. As with XSW, the technique is spectroscopic, allowing it to provide local

structural information around selected elements but also chemically selected species. However, unlike

XSW, PhD does not provide direct structural information and requires that a starting model be optimised

via a trial and error approach as is typically done with techniques such as LEED-IV and SXRD. The

first section of this chapter will provide an overview of the physical principle of the PhD technique. The

subsequent sections then provide an overview of the data acquisition and reduction and the trial and

error approach used to optimise the parameters of the starting model structure.
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2.2.1 Physical principle of PhD

PhD exploits the interference between a directly-emitted photoelectron wave field and that of the photo-

electrons elastically scattered off of near neighbours (Figure 2.2.1). The directly-emitted and scattered

photoelectron wave fields can be brought into and out of phase with one another by varying either the

photoelectron detection angle or the photoelectron kinetic energy. It then follows that the photoelectron

intensity will modulate as the kinetic energy of the photoelectron or the detection angle is varied and the

nature of these modulations depend on the structural environment around the selected emitter. Specif-

ically, when the photoelectron kinetic energy is varied, typically between 70 - 400 eV, the technique is

termed energy scanned photoelectron diffraction and abbreviated as PhD. The basic principles of PhD

are similar to that of extended X-ray absorption fine structure (EXAFS) except that EXAFS can be

though of as a spherical average of the PhD technique. Thus, PhD provides directional quantitative

structural information on local environments. Moreover, the PhD energy scanned spectra can be mea-

sured in a number of different appropriate polar and azimuthal directions (beams) providing, in many

cases, a full quantitative description of the local environment. Like EXAFS, PhD does not require any

long range order on the surface making it particularly useful for studying disordered systems, such as

the randomly occupied adatom sites on a single atom catalyst surface. The lack of required long range

order is because the source of the probe particle in PhD, the photoelectrons, is found embedded within

the sample. This contrasts with SXRD and LEED-IV where the source of the probe particle is assumed

to be infinitely far from the surface, and that the particles are incident as plane waves.[15]

In essence, directly retrieving the local structural information from the PhD modulations is as

simple as applying a Fourier transform to the PhD modulations. This stems from the fact that the

measured modulations can be thought of as a hologram of the structure centred around the emitter

atom, with the directly emitted photoelectron as the reference beam. Such an interpretation of the

PhD modulations, however, relies on the photoelectrons only undergoing single scattering events. In

reality, the photoelectrons are likely to undergo multiple scattering events rendering this direct retrieval

of structural information impractical, particularly at the low kinetic energies used in PhD. Gaining

quantitative structural information using the PhD modulations therefore follows a trial and error process

as is used in LEED-IV and SXRD, where theoretical PhD modulations calculated from trial structures

are compared to the experimental modulations. The theoretically determined modulations are calculated

using code developed by Fritzsche[32–36]. The intensity of the detected photoelectron, Itheory, can be

defined as

Itheory = |Ψ(E, r)|2 , (2.52)
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X-rays
e-

Figure 2.2.1: The PhD technique: an incident X-ray (blue) photoexcites an emitter atom. A photo-
electron (green) is emitted and scatters off of near neighbours (red). The scattered wave fields (black)
interfere with the directly emitted wave field producing modulations in the measured photoelectron in-
tensity at the detector.

and, using the Lippmann–Schwinger equation, the wavefunction at the detector, Ψ(E, r), can be defined

as [32]

Ψ(E, r) = ψ(E, r)0 +

∫
d3r′G(r, r′, E)V (r′)Ψ(r′), (2.53)

where r is position of the detector, ψ(E, r)0 is the directly emitted photoelectron wavefunction, E is the

photoelectron kinetic energy, V (r′) is the potential at the scattering atom located at r′ and G(r, r′, E) is

the Green’s function. The second term in equation 2.53 defines the scattered photoelectron wavefunction.

As such, the Green’s function is expanded over all the possible scattering pathways and is defined in

such a way that Ψ(E, r) can be expressed as a summation over partial wavefunctions:

Ψ(E, r) =
∑
j

ψ(E, r)j . (2.54)

Calculations taking into account multiple scattering by utilising equation 2.53 are computationally ex-

pensive. This being said, approximations can be applied to the scattering process allowing affordable

computations to be undertaken. Notably, the reduced angular momentum expansion (RAME) can be

used in defining equation 2.54; only low angular momentum wave fields are necessary in accurately de-

scribing the scattering of photoelectrons in given directions. Moreover, the longer scattering path lengths

lead to finer features in the observed PhD modulations. Given that the experiment will have an inherent

energy resolution, path lengths over a certain cut off distance do not need to be considered as they add
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no more information to the spectra. These approximations are the essence of the Fritzsche codes and

more details can be found in references [32–36].

2.2.2 Data acquisition and reduction

A PhD experiment consists of measuring multiple XP spectra while varying incident photon energies.

The PhD modulations can thus be found by determining the intensity of the photoelectron at each given

photon energy or photoelectron kinetic energy (Figure 2.2.2). Inherently the experiment then becomes

chemically specific, as the XPS core-level of a given element may comprise multiple chemically distinct

peaks separated in binding energy. Thus, the individual species’ photoelectron modulations can be

determined separately. The PhD modulations cannot be directly taken from the intensity of the XPS

peaks however, as there are non-diffractive contributions to the photoelectron intensity, such a change

in the inelastic mean free path as the kinetic energy of varied. To remove these non-diffractive affects,

the intensities of the fitted photoemission peak, I(E), are plotted vs photoelectron kinetic energy and

are used to define a stiff spline, I0(E), which represents contributions from these non-diffractive affects

(figure 2.2.2 b)). The final PhD modulations (figure 2.2.2 c)), χexp(E), are then calculated as

χexp(E) =
I(E)− I0(E)

I0(E)
. (2.55)

While a full quantitative analysis of the PhD modulations requires calculating theoretical modu-

lations from test structures, some useful qualitative information can be gathered from inspection of the

experimental modulations. Generally, the close proximity of strong scattering atom, i.e. an atom with

large z, leads to strong modulations in the PhD spectra. Similarly, due to the large back scattering cross

sections of photoelectrons at the low kinetic energies utilised in PhD measurements, if the vector between

the emitter atom and scatterer is directed 180° with respect to the detector, then large modulations are

typically observed when compared to other polar angles. Given this, strong modulations observed at

polar angles of 0°, i.e. normal to the surface, are an indication that the emitter is atop a strong scatterer.

This allows PhD measurements to aid in distinguishing the registry of surface adsorbates. Moreover,

loosely speaking the period between modulations can give an indication of relative bond lengths; a longer

period modulation will indicate a shorter bond.

2.2.3 Quantitative structure determination

To gain quantitative information on the local structure around the emitter atom by comparison of the

theoretical, χthe(E), and experimental, χexp(E), PhD modulations, first a goodness of fit parameter must

be defined, characterising how well χthe(E) matches χexp(E). The goodness of fit parameter, termed
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Figure 2.2.2: The PhD data is acquired as a set of XP spectra measured at varying incident photon
energies (photoelectron kinetic energies) as shown in a). These spectra are then fitted to retrieve the
photoelectron intensities. b) A stiff spline is subtracted from the photoelectron intensities to remove non-
diffractive affects which finally produces the PhD modulations χexp(E) as shown in c). Note that the
scale of the vertical axis in c) is not arbitrary and represents the fractional change in the photoemission
intensity due to diffraction.

the R-factor (Rf ), utilised within this thesis is similar to that defined by Pendry for use in LEED-IV

experiments [37]:

Rf =

∑
(χexp(E)− χthe(E))2∑
(χexp(E)2 − χthe(E)2)

, (2.56)

where the summations are over all the measured beams. Rf is defined such that when it is 0 there is

perfect agreement between experiment and theory, when it takes a value of 1 the experiment and theory

are uncorrelated and when it takes a value of 2 the theory and experiment are anti-correlated. With the

goodness of fit parameter defined, automated searches of the structure space can be undertaken with

Rf defining how well the test structures correlate with the experimental results; the better the structure

reproduces the experimental PhD modulations, the lower the value of Rf . The search space of the possible

structures can get particularly large, however, given that a number of different structural parameters are

varied e.g. position of the emitter, relaxations of the surface atoms, vibrational amplitudes etc.. This

can lead to search spaces that are many dimensions in size. For example, in the PhD study of formic

acid deposition on magnetite in section 4.3, the number of optimised structural parameters for each

starting model was 25 leading to a search space of 25 dimensions. Searching the complete hyper space of

structural parameters to find the minimum in Rf is thus computationally impractical. Moreover, while

typical optimisation techniques, such as gradient descent methods, can find minimum values of Rf , these

may in fact be local minima and the true global minimum value of Rf may exist else where in the hyper

space.

There do exist a number of global search algorithms, however, for efficiently searching hyper spaces

including fast simulated annealing (FSA)[38], genetic algorithms (GA)[39] and particle swarm optimi-
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sation (PSO)[40], all three of which have been used in quantitative structure determination. Generally,

the PSO algorithm has been shown to out perform GA and FSA in photoelectron diffraction structure

optimisation, in both reaching a global minimum in Rf and in the fewest search iterations [40]. Given

this, the PSO method is utilised to optimise the model structures for the PhD investigations in this

thesis.

The global minimum R-factor provides the values of the structural parameters that best fit the

experimental data. In reality, there exists a range of values that the structural parameters can take

which still produces a R-factor within the variance of the best fit R-factor. In a similar way to that

developed by Pendry for LEED-IV studies[37], the variance of the R-factor can be defined:

var(Rf ) = Rmin

√
2

N
, (2.57)

where N is the number of possible independent pieces of information contained in the experiment and

defined as:

N =
δE

4
√
V 2
i + E2

b

, (2.58)

where δE is the cumulative energy range of all the modulations, Vi is the inner potential of the material

and Eb is the intrinsic energy broadening. Note N is not the actual number of peaks or turning points in

the modulations but the number that could exist in the data. The definition of N in equation 2.58 then

follows; the number of possible features in the total range of modulations is equal to the total energy

range divided by the size of those features. The size of each possible feature is simply the combined

uncertainty due to inherent energy broadening (Eb) and due to the inelastic loss processes (Vi). With

the variance of Rf defined, the uncertainty for each structural parameter can be found by changing

the parameter until Rf = Rmin ± var(Rf ). The two values of the structural parameter that meet this

condition define the upper and lower bounds on the uncertainty of the structural parameter.
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Supporting techniques and instrumentation

In this chapter, descriptions of the supporting techniques and instrumentation are discussed. Notably, a

detailed overview of the XPS technique (section 3.1.1) is given as both NIXSW and PhD utilise photo-

electrons as their surface sensitive probe of the adosrbate locations and local geometries. Additionally, a

description of LEED is provided (section 3.1.2) as it is utilised throughout the thesis work as a means of

providing preliminary information of a prepared surface’s structure, before NIXSW and PhD are used to

give more detailed structural information. The final sections of this chapter provide an overview of both

lab based and synchrotron based X-ray sources (section 3.2.1) as well as the experimental end station

(section 3.2.2) used for the NIXSW and PhD measurements.

3.1 Supporting techniques

3.1.1 X-ray photoelectron spectroscopy (XPS)

There exist many tools for scientists to characterise the composition of the materials which they are

investigating. Many of these tools are spectroscopic, that is, the technique uses the material’s interactions

with electromagnetic radiation to gain information on a material’s composition and atomic or electronic

structures. For scientists studying the surfaces of a material, the most prominent technique utilised to

determine surface composition is X-ray photoelectron spectroscopy (XPS). Moreover, it can be used as

a part of the XSW and PhD techniques to gain detailed atomic structural information for a material

surface.

When high energy photons, i.e. X-rays, are incident on a material, the photons interact with the

atoms of the material via a number of different processes including scattering and absorption. Upon

absorption of the photon, and if the incident photon has a sufficient energy, there is a chance that a

bound electron from a core-level orbital is excited to the continuum of states above the vacuum level,

leaving the atom and becoming a free photoelectron. These photoelectrons have characteristic kinetic

energies, Ek, that depend on the binding energy, Eb, of the core-level from where the electron originated
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and on the energy of the incident photon, hν:

Ek = hν − Eb − φ0 (3.1)

where φ0 is the work function of the material, the amount of energy required to remove an electron

from the Fermi level to the a vacuum state. At a given hν, measurement of the kinetic energy of a

photoelectron allows for the binding energy of that electron to be determined. Since the binding energy

of a given core-level is element specific, determining the kinetic energy of the photoelectrons can be used

to establish the elemental composition of a material. Determination of the photoelectron’s binding energy

is principally how XPS is used to determine the composition of a material. XPS measurements can also

be used to determine the chemical environments of species within the material. Shifts in binding energy

position of the core-level peaks are attributed to changes in the potential around the photoemitting atom.

XPS is particularly applicable to surface science studies because the emitted photoelectrons come

predominantly from the surface region of the sample; electrons interact strongly with the atoms in

materials and so photoelectrons readily undergo inelastic scattering or absorption events before they

have a chance to leave the material. Since it is the Ek of the photoelectron that carries the characteristic

information on the material composition, the prevalence of energy loss events for the electrons means

that those that are detected with the characteristic kinetic energy originated predominantly from the

surface of the material. The inelastic mean free path (IMFP) of a particle is defined as the mean

distance a particle travels through a material before undergoing an inelastic energy loss process, and can

be used to quantify the surface sensitivity of given spectroscopic probe. The effect the IMFP has on the

photoelectron intensity can be defined as:

I(d) = I0e
−d/λ(E) (3.2)

where λ(E) is the IMFP, I(d) is the intensity of the particle at a distance d into the material and I0 is the

initial particle intensity. Generally, electrons have small IMFP particularly when compared to photons.

For example, an electron with a Ek = 100 eV travelling through copper has an IMFP of approximately 6

Å[41] meaning a majority of electrons detected with a Ek = 100 eV will have come from no further than

6 Å into a copper surface, i.e. approximately 4 atomic layers of a Cu (111) surface. For comparison,

photons of Ek = 100 eV will have a IMFP of ≈ 10, 000 Å or ≈ 1 µm[42], which is a considerable distance

into the bulk of the material.

The photoemission process as it has been described using equation 3.1 is incomplete. Equation 3.1

assumes a slow, adiabatic photoemission process whereby the measured Ek or Eb spectrum is directly

related to the distribution of electrons within the atom’s orbitals, and the measured binding energies are

exactly those for a free atom of a given element. Such a description is overly simplistic and additional
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features are measured in XP spectra and the photoemission peaks are found shifted depending on the

exact environment around a given atom. A more accurate description of the photoemission process is the

sudden approximation where the perturbation of the electronic structure of an atom due to the creation

of a core-hole from the photoemission of an electron is turned on rapidly. In such a description, the

binding energy of a core-level electron is defined as the difference between the final (N-1)-electron state,

Efinal, and the initial N-electron state, Einitial[14]:

Eb = Efinal − Einitial. (3.3)

Phenomena that affect the binding energy values of a photoemitted electron are termed final or initial

state effects depending on whether or not they affect the final or initial state of the photoemission process.

Initial-state effects

Initial state effects are phenomena that affect the energy of the initial state, Einitial; the state of the

atom and free photon before photoemission. An important initial state effect is the oxidation state

of the atom. The removal of valence electrons from an atom to form a positively charged ion results

in the positive nuclear charge being less screened. The consequence of this is that core-levels in the

atom experience a greater effective nuclear charge and so have greater measured binding energies. This

consideration is the principle method for determining the chemical state of a probed species using XPS,

i.e. determining the formal oxidation state or whether or not the atom is in an electron rich or poor

environment. However, great care must be taken with drawing conclusions on the chemical environment

of a species from observations of binding energy shifts as final state effects, as described below, also cause

significant changes to binding energy values. The dominance of final state effects is best illustrated by

the oxides of Ag, who’s Ag 3d binding energies are found at lower values than metallic Ag[43].

Final-state effects

Final state effects are phenomena that affect the energy of the final state; the energy of the resulting atom

core-level hole and free photoelectron. A prominent final state affect is the screening of the core-hole

produced during photoemission. Electrons found in other core-level atomic orbitals screen the generated

core-hole, stabilising it and providing more energy to the outgoing photoelectron. This increases the

photoelectron’s kinetic energy and decreases its binding energy.

Other final state affects include shake-up and shake-off energy loss processes which lead to features

on the high binding energy side of a photoemission peak or low kinetic energy side. These entail a loss

of kinetic energy from the photoelectron as it excites a valence electron to either a higher energy bound

state (shake-up) or to the vacuum (shake-off). The shake-up satellite features are generally found to
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have larger peak widths than the main photoemission peaks because the lifetimes of the excited state

and the valence hole are much shorter than that of the original photoemission process. Shake-up satellite

features are typically separated from the main photoemission peak by only a few eV. Shake-off satellite

features are found to have even broader peak widths as there is a continuum of states in the vacuum

into which the electron can be excited.

The interaction of the photoelectron with the valence states of a metal or a semi-conductor is dif-

ferent to that for a non-metal. Because of the delocalised nature of the electrons close to the Fermi level

of a metal or semi-conductor, the photoelectron interacts with a continuum of states as it is photoemit-

ted. Thus, as well as discrete shake-up or shake-off features observed further from the peak, the main

photoemission peak will have an asymmetry on its high binding energy side. Additionally, fairly broad

features at well defined energy intervals are found after the main photoemission peaks and are due to

a loss of energy to plasmon excitations; collective oscillations of the free electrons in the continuum of

states near or at the Fermi level.

The most prominent final state effect seen in XP spectra is the spin-orbit splitting of core-levels

with angular momentum quantum number l > 0, i.e. photoemission from p, d and f orbitals. This is

caused by the interaction between the inherent magnetic moment of an orbiting electron, its spin (S),

and the magnetic field it experiences due to its orbital angular momentum (L) within the potential

field of the positively charged nucleus. Specifically, after photoemission from a core-level, the resulting

unpaired electron can align its spin with or against its orbital angular momentum, leading to a total

angular momentum of J = L + S or J = L - S, both of which give different binding energy values. The

degeneracies, or relative occupancies, of each state is defined by the total angular momentum as g = 2J

+ 1. This leads to a defined intensity ratio between the two states which can be used to identify the

core-level responsible for a given set of photoemission peaks. Table 3.1.1 gives the possible values of J

and ratios of g for angular momentum quantum number l = 0, 1, 2 and 3.

Table 3.1.1: The possible values of J and spin-orbit splitting degeneracy ratios for l = 0, 1, 2 and 3.

l J degeneracy ratio
0 1/2 -
1 1/2, 3/2 1:2
2 3/2, 5/2 2:3
3 5/2, 7/2 3:4

In a similar fashion to spin-orbit coupling, the spin of an unpaired electron caused by the photoemis-

sion process can also interact with that of unpaired electrons in the valence region, leading to multiplet

splitting in a core-level spectrum. This is mostly encountered with transition metal compounds which

typically have unpaired d electrons. In many cases the multiplet splitting is observed as a large broad-

38



Supporting techniques

ening of the core-level photoemsision peak and makes quantitative analysis difficult unless detailed and

accurate theoretical calculations can be undertaken of the multiplet energy separations.

3.1.2 Low energy electron diffraction (LEED)

There exist many techniques that utilise the diffraction of incident particles to determine the atomic

structures of a material. Notably, these include many techniques that make use of X-ray or neutron

diffraction[14]. However, the use of electrons to probe the atomic structure of a material brings with

it many benefits over X-ray or neutron diffraction techniques, particularly for surface structure deter-

mination. Electrons generally have small IMFP, as outlined in the prior section 3.1.1, and so can be

used to probe only the selvedge of a material. Electron diffraction techniques include PhD, which is

outlined in section 2.2, and low energy electron diffraction (LEED), both of which are used throughout

the work in this thesis to provide detailed determinations of surface structures. LEED in particular is an

indispensable tool for surface science investigations as it provides rapid qualitative information on the

periodic structure of a surface.

Bragg’s law, or in the more general case, Laue’s law, essentially states that when the phase differ-

ence, or path length difference, between the incident and diffracted beams is an integer multiple of 2π

then constructive interference of the two beams occurs and a peak in diffracted amplitude is measured.

The path length difference in a diffraction experiment can be changed by either varying the incident

wavelength, λ, or by changing the incident angles. When constructed in reciprocal space using the

wavevectors K0 and Kg for the incident and diffracted beams respectively, elastic scattering, and so

conservation of energy, requires that

|K0| = |Kg|, (3.4)

and conservation of momentum results in the general Laue condition for diffraction:

K0 −Kg = g, (3.5)

where g is a reciprocal lattice vector. In the 2D case g takes the form g = ha* + kb* where a* and b*

are the unit cell vectors in reciprocal space and defined as:

a* = 2π
b× n

A
,

b* = 2π
a× n

A
,

(3.6)

where n is the unit vector normal to the 2-D periodic structure, A = a · b × n or the area of the real

space unit cell and a and b are the real space unit cell vectors. A 2D periodic structure described by

unit cell vectors a and b will therefore have a 2D periodic reciprocal space described by the vectors a*
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Figure 3.1.1: a) An example reciprocal space of a 2D periodic structure. The incident wave vector, K0, is
drawn in blue and the reciprocal lattice vector, g, for the [h, k] = [1̄0] is shown in red. The vertical rods
define the reciprocal lattice points and the intersection of these rods with the Ewald sphere define the
observed diffracted or reflected beams. The dashed vectors are beams diffracted into the crystal while
the solid vectors are the beams reflected. b) The associated real space representation of the reciprocal
space in a). The observed reflections are labelled with their corresponding reciprocal lattice vector.

and b*. Given that Ko −Kg must equal integer multiples of 2π, the solutions to equation 3.5 must be

integer multiples of the reciprocal lattice vector; g = ha* + kb* where h and k are integers. h and k

are termed the Miller indices and form the reciprocal lattice of the crystal structure.[14] A cross-section

of an example reciprocal lattice for a 2D periodic surface is shown in Figure 3.1.1 a). The reciprocal

‘points’ are in-fact vertical lines in this representation as the two dimensions of the 2D reciprocal lattice

are directed perpendicular to the vertical axis of the page. In other words, all the points along each

vertical line in Figure 3.1.1 a) satisfy the conditions in equations 3.4 and 3.5 for a given value of h and

k.

A convenient construction in reciprocal space is the Ewald sphere construction which graphically

represents the Laue diffraction condition. By ending the incident wave vector, K0, at the origin of the

reciprocal space, 00, an Ewald sphere of radius |K0| can be drawn centred at the beginning of this wave

vector. It then follows that the intersections of the lines in reciprocal space with the Ewald sphere define

the allowed wave vectors of the diffracted or reflected beams, Kh. In Figure 3.1.1 a), the dashed vectors

are those that are diffracted into the crystal while those that are solid are for the reflected beams. The

incident and reflected wave vectors have also been drawn on a real space construction in Figure 3.1.1

b).[14]

Thus, acquiring the diffracted or reflected electron intensity as a function of its angle can provide a

way to characterise and understand the periodicity of the surface. A LEED optic can be constructed as
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Figure 3.1.2: Schematic of a LEED optic. The phosphor screen is able to detect reflected electron beams,
the positions of which can be used to characterise the periodicity of the surface.

shown in Figure 3.1.2 where an electron gun is utilised to create a beam of electrons with known energy

and momentum (K0). If the surface is periodic, spots of reflected intensity should appear at discrete

points on the phosphor screen. As determined by Figure 3.1.1 b), the points of intensity on the screen

represent the reciprocal lattice of the surface and in turn the periodic, real space structure of the surface

can be determined.

For fluorescence to occur at the phosphor screen, a set of high voltage grids ( 3-6 kV) are used to

accelerate the electrons towards the phosphor screen. The grounded grid in Figure 3.1.2 is then used to

ensure that the region between the sample and the grids is free of electric fields so that the electrons are

not deflected before they reach the screen.

3.2 Instrumentation

3.2.1 X-ray sources

Both NIXSW and PhD can utilise XPS as their means to selectively probe the structures of surface

species. As outlined in detail in section 3.1.1, the XPS technique requires a photon source. The two

main photon sources used in surface science studies, lab based X-ray sources and synchrotron based

sources, will be described in this section.
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Lab based X-ray source

Lab based X-ray sources are widely found in material science laboratories as they find use in many

materials characterisation tools including as sources for XPS instruments but also as sources for diffrac-

tometers. In a lab based source (Figure 3.2.1), current is passed through a filament, heating it and

causing thermionic emission of electrons. These ejected electrons are accelerated towards a target mate-

rial by applying a voltage (typically 15 kV) between the two. As shown in Figure 3.2.1, for such a set-up

the filament becomes a cathode and the target material an anode. When the accelerated electrons enter

the target material they can undergo energy loss processes, producing photons of a given energy. A large

proportion of the electrons are inelastically scattered by the atomic nuclei of the atoms of the target

material and this process produces a broad spectrum of emitted photon energies. Emitted radiation of

this type is termed Bremsstrahlung radiation and is typically unusable as most uses of X-ray sources

require a well defined photon energy. However, there is a finite chance that the accelerated electron will

eject an electron from the core-level of an atom within the material. The resulting excited atom readily

decays to a lower energy state, typically by filling the core-hole with an electron from a higher energy

level. This process produces an emitted photon of a very specific energy that is defined by the difference

between the binding energy of the emitted electron and the original energy of the electron that filled the

core-hole. Such a process therefore produces narrow emission lines at very specific energies which are

material dependent. For example, the K-alpha emission line, generally the most intense emission line,

for an Al anode is 1487 eV and for a Mg anode is 1254 eV. The use of an Al or Mg anode allows a lab

based X-ray source to access the core-levels of most relevant elements and as such, they are the typical

anode found in such sources.

Lab based X-ray sources are, however, not suitable for some applications of XPS. Most notably, the

energy of a lab X-ray source is not variable and is discretely fixed making lab based NIXSW and PhD

measurements impossible. In particular, the NIXSW technique, where the Bragg condition is rocked in

energy, relies on the Bragg condition being satisfied sometimes for multiple reflections. More generally

though, lab based X-ray sources have comparably low intensities when compared to other sources, such

as synchrotron light sources or free electron lasers, making investigations of very dilute systems time

consuming and impractical.

Synchrotron X-ray source

Synchrotron light sources produce a broad and extremely intense spectrum of light. This is achieved by

first accelerating the electrons using magnetic fields to near the speed of light in a linear accelerator. The

electrons are then injected into a storage ring where, using dipole magnetic fields (bending magnets), the

electrons are deflected at certain points around the storage ring. Accelerating charged particles causes
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Figure 3.2.1: Schematic of a typical lab X-ray source. A hot filament produces thermionic electrons
which are accelerated towards a anode target material. X-rays are produced by electron energy loss
processes as they interact with the anode material.

them to produce electromagnetic waves thus, as the electrons are deflected, they produce intense beams

of light. This can be thought of as analogous to the creation of Bremsstrahlung radiation in lab based

X-ray sources however, within a synchrotron, magnetic instead of electric fields are used to accelerate/

scatter the electrons.

The flux of light produced from a bending magnet in a synchrotron storage ring is orders of

magnitude greater than that produced by a lab based X-ray source. However, the requirements of

maintaining the orbit of the electrons around the storage ring mean that the magnetic field of the

bending magnet is essentially fixed to a small window of tolerance and the properties of the resulting

electromagnetic spectrum, i.e. the intensity at various photon energies, cannot be changed. Nevertheless,

more control over the produced electromagnetic spectrum can be achieved by installing specifically

tunable insertion devices, termed undulators or wigglers. An example schematic of such an insertion

device is given in Figure 3.2.2. They comprise of two parallel rows of magnets with alternating polarity.

When the electron beam of the storage ring enters the insertion device, the beam with be periodically

deflected by the alternating magnetic fields. At each deflection, the electrons will produce an intense

beam of photons. Qualitatively, it is quite easy to see that an insertion device will produce a much

higher photon flux than a bending magnet, as it comprises of a number of deflection points for the

electron beam. This is generally the case and, bar free electron lasers and quasars, insertion devices are

some of the most intense light sources in the universe. Importantly, insertion devices can be installed

(or inserted) in straight sections of a synchrotron storage ring, and, while they must still minimise the
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perturbation of the electrons around the storage ring, this is a much lesser constraint than that imposed

on bending magnets.

Tuning an insertion device is achieved via changing the oscillation period of the electron beam.

Generally speaking, larger electron oscillations within the device produce broader spectra of light and

smaller electron oscillations produce spectra of light peaked about primary energy values. The latter

phenomenon is attributed to constructive interference occurring between successively created beams of

light at each of the electron beam points of deflection. More specifically, the phase difference between the

oscillations of the electron beam in the insertion device can be tuned such that constructive interference

occurs for a given energy λ1 (and its harmonics nλ1). The value of this primary photon energy, λ1, is

defined as:

λ1 =
λ0

2γ2
(1 +

K2

2
+ γ2θ2), (3.7)

where γ is the Lorentz factor:

γ =
1√

1− ν2/c2
, (3.8)

and K is the K-parameter, a characteristic parameter for the insertion device:

K =
eB0λ0

2πmec
. (3.9)

In the above equations, λ0 is the period of the alternating magnets in the device, θ is the observation

angle, B0 is the strength of the magnetic field between the magnets, e is the elementary charge and me

is the mass of the electron. It is important to note that higher order photon energies (λn = nλ1) also

exist. Although only the odd value higher orders are observed travelling in the direction of the electron

beam, the 1st order photon energy always has the highest flux. Tuning of the insertion device to produce

the highest photon flux of a given energy is undertaken via changing the strength of the magnetic field,

B0, between the magnets. This can be achieved, simply, by varying the gap size between the two rows

of magnets.

Insertion devices fall into two categories; those that have K > 1 and those that have K < 1 which

are termed, wigglers and undulators respectively. Wigglers generally produce broader spectra of light of

much smaller flux. All the NIXSW and PhD measurements in this thesis were undertaken utilising light

produced from two undulators on the I09 beam line at Diamond light source.

3.2.2 I09 beam line end station at Diamond Light Source
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Figure 3.2.2: Schematic of an insertion device. The alternating magnets of the device are shown in red
and blue with the arrows depicting their polarity. As the electron beam (black line) travels through the
two rows of magnets, it oscillates, producing a broad spectrum of intense X-rays (yellow lines). The
insertion device can be tuned by changing the gap size between the two rows of magnets.

I09 beam line

All NIXSW and PhD experiments for the work in this thesis were undertaken at the I09 beam line at

Diamond Light Source. This beamline makes use of two undulator insertion devices to provide both soft

(100 eV - 1800 eV) and hard (2.15 keV - 20 keV) X-ray photon energies to the same spot within the

experimental end station. The magnetic period, λ0, is 60 mm and 27 mm for the soft and hard undulators

respectively. The use of two undulators of differing photon energy range provides indispensable versatility

to the experimental end station. This is particularly the case for surface science experiments, where the

soft energy ranges can be used to characterise the composition of prepared surfaces. Most core-level

spectra useful to surface science measurements exist within the 0-2000 eV binding energy range and so

the soft energies available to the beam line allow the characterisation of the composition of prepared

surfaces via measurement of these core-levels. The hard X-ray undulator provides the photon energies

required for crystal reflections to be accessed on the beam line, allowing NIXSW measurements to be

carried out on the same sample.

Figure 3.2.3 shows a schematic of the I09 beam line. Selecting the desired photon energy is under-

taken by two separate monochromators, a plane grating monochromator (PGM) for the soft X-ray light

and a double Si crystal monochromator (DCM) for the hard X-ray light. They both work on the same

principle; diffraction of the incident light from a periodic structure. For the PGM, the incident light is

reflected off of a periodic grating. When the spacing between the adjacent gratings of the PGM is d, the

incident, θi, and reflected, θr, angles of the light at a given energy, λ, are defined as:
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d(sin θi + sin θr) = nλ. (3.10)

Thus, photons of different energy are reflected off of the grating at different angles. The desired photon

energy can then be selected by moving a slit to the resulting angle of reflection, only allowing light

of a given energy to be propagated down the beam line to the experiment. The smaller wavelengths

of harder X-ray energies means that a hard X-ray monochromator requires a periodic structure with

a much smaller d spacing. As such, the DCM comprises two single crystals of Si(111) which diffract

the incident light from their periodic atomic structures. Qualitatively, the energy selection process is

the same as that for a PGM, and at a given incident Bragg angle the desired photon energy will be

found at a certain calculated reflection angle. However, since the crystals are large and perfect, the

diffraction process for the DCM must be described using dynamical diffraction theory as opposed to

kinematic diffraction theory, such as that discussed in section 2.1.5. The two Si(111) single crystals are

placed parallel, but offset horizontally to one and other, allowing for the propagating vector of the light

both entering and exiting the monochromator to be parallel to the ground (Figure 3.2.4). The energy

selection is then undertaken by rotating both single crystals around a vector both parallel to the ground

and perpendicular to the propagating vector of the light, thus, changing the incident Bragg angle.

I09 end station

The main end station of the I09 beam line, where both the soft and hard X-ray beams can used for

measurements on the same sample, comprises of a number of UHV chambers. A schematic of the

end station is provide in Figure 3.2.5. There are three UHV chambers; the analysis chamber and two

preparation chambers named surface preparation chamber 1 and 2 (SPC 1 and SPC 2). The analysis

chamber and SPC 1 both share the same 5-axis manipulator allowing azimuthal and polar rotations as

well as translations in the 3 Cartesian coordinate directions. The analysis chamber (schematic shown in

Figure 3.2.6) is where the XPS, NIXSW and PhD measurements are undertaken. Photoemitted electrons

are detected using a VG Scienta EW4000 HAXPES hemispherical electron energy analyser with wide

acceptance angle (±30◦). The hemispherical analyser is installed perpendicular to the direction of the

incident photon beam and, for all measurements undertaken in this thesis, in the plane of the incident

radiation polarisation (linear horizontal polarisation). To measure the reflectivity curve, R during a

NIXSW measurement (see section 2.1), a fluorescence plate is mounted opposite the sample in the

direction of the incident beam, and the intensity of the reflected spot on this fluorescence plate is

measured using a CCD camera. The analysis chamber also has a micro channel plate (MCP) LEED
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installed allowing for LEED experiments to be undertaken on electron beam sensitive samples. The base

pressure of the analysis chamber is 5× 10−10 mbar.

Sample preparation was undertaken in both SPC 1 and SPC 2. Both chambers are fitted with

ion guns and argon gas lines for sputtering surfaces for cleaning. The manipulator on SPC 1 has

a tungsten filament for annealing up to 1000 K. The manipulator of SPC 2 has an e-beam filament

heater for achieving 1700 K. The same manipulator has an additional sample position with a pyrolytic

boron nitride ceramic heating filament allowing annealing to be undertaken in an oxygen atmosphere.

This allows for the oxidised surfaces of magnetite to be prepared (see chapter 4). Both chambers have

additional ports onto which metal and organic evaporators can be mounted.
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Figure 3.2.3: Schematic of the I09 beam line. Both the hard and soft undulators are shown and the
resulting hard and soft photon beams are depicted in red and blue respectively. The undulator lengths
and periods are not to scale. The DCM here is shown from above and a side view of this DCM is provided
in Figure 3.2.4.
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Figure 3.2.4: Side view of hard X-ray Si DCM used on beam line I09. θB is the Bragg angle of the
desired energy.
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Figure 3.2.5: View of the end station showing the two surface preparation chambers (SPC 1 and SPC 2)
and the analysis chamber. Both SPC 1 and 2 have UHV ports for mounting E-beam metal and molecular
evaporators. Each chamber also has an Ar gas line and sputter gun for cleaning sample surfaces. The
SPC 2 manipulator has a p-BN filament for heating samples in gaseous atmospheres.
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Figure 3.2.6: Top view of the analysis chamber. The polarisation vector of the incident X-ray beam is
in the plane of the page (linear horizontal polarisation). The analysis chamber also has an MCP-LEED
for undertaking LEED measurements on e-beam sensitive samples.
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4.1 Introduction

In recent decades, there has been a push for the development of new catalytic materials with improved

activity, selectivity, ease of recyclability and separation from reactants and products. One approach

to catalytic material design, that hopes to produce new materials with these improved properties, is

to support atomically dispersed phases of the reactive metals on an appropriate support. These new

materials are commonly termed single atom catalysts (SACs) and the atomic dispersion of the metal is

intended to provide these materials with improved activity and selectivity for specific reactions while also

retaining the benefit of more conventional heterogeneous catalysts. SACs have already been shown to

provide improved activities and selectivities for some staple industrial reactions, such as CO oxidation[44,

45], the water gas shift reaction[46, 47] and olefin polymerisation[48] and they have even been utilised as

catalysts for important electrochemical reactions such as the electro-reduction of oxygen[49], nitrogen[50]

and CO[51, 52].

As well as providing improved catalytic properties, a significant benefit to studying SACs, as op-

posed to more conventional nano-particle heterogeneous catalysts, is that many of them can be prepared

on single crystal substrates. This permits almost uniform phases of well-defined single reaction centres

to be prepared on the substrate, allowing for quantitative surface sensitive techniques to be utilised to

study, in detail, the reactivity and structure of the metal centres and any adsorbed reactants on these

model catalytic systems. There exist many materials able to support SACs, including MgO[53–55], ce-

ria[56, 57] and zeolites[55, 58], but the utilisation of Fe3O4 as a substrate for SACs is likely the most

well recognised and studied, owing to the impressive stability of the metal adatom phases and to the

range of metal adatoms that can be stabilised on the single crystal surfaces of Fe3O4(001)[59]. Moreover,

Fe3O4 single crystals are easily obtainable and the surface preparations for the various systems are now

well established. As such, many single crystal studies have been undertaken on the Fe3O4(001) model

catalytic systems, probing the reactivity and structure of both the bare surface and supported metal

adatoms[59].

51



Fe3O4 as a substrate for SACs

This chapter is dedicated to the work undertaken to further the fundamental understanding of the

use of Fe3O4(001) as a substrate for SACs. The rest of this section will provide an overview of the bulk

and surface properties of Fe3O4, with attention given to how defects play a pivotal role in defining our

understanding of the Fe3O4(001) surface. The next two sections of the chapter (4.3 and 4.4) then focus

on the work undertaken to characterise the adsorption geometries of formic acid and Ni metal, both of

which are found to lift the SCV reconstruction. Finally, the last section (4.5) outlines a study of the

affect CO adsorption has on the geometry of Ag adatoms on the Fe3O4(001) surface which represents

the first such quantitative structural investigation of a SAC model system.

4.1.1 Bulk properties of Fe3O4

The iron oxides

There exist four main iron oxides, wüstite, magnetite, maghemite and hematite which are all based on a

closed packed O2- anion lattice, either hexagonally close packed (hcp) or cubic closed packed (ccp). The

structural, electronic and chemical differences between the iron oxides stem from the varying amount

of Fe2+ and Fe3+ cations that fill the octahedral and tetrahedral interstitials within these anionic close

packed structures.

The most reduced of the oxides is wüstite (FeO) with Fe2+ cations occupying the octahedral

interstitials of a ccp anion lattice i.e. a rock salt crystal structure. This structure is unstable however, and

FeO is found to have a significant cation deficiency (Fe1–xO with 0.04 < x < 0.12). Non-stoichiometric

FeO is well studied and recognised as having a typical ordered defect structure with so-called Koch-

Cohen defects where Fe3+ cations sit in tetrahedral sites coordinated by four Feoct vacancies. The

charge deficiency is compensated for by the oxidation of Fe2+ to Fe3+. FeO is an excellent showcase for

the dominance cation defects have on the chemistries of the iron-oxides. While not to as a large extent

as FeO, the other iron oxides also readily contain defects and intrinsic interstitial cation vacancies which

will aid us in understanding some of their surface chemistry.[60]

The most oxidised iron oxides are haematite (α-Fe2O3) and maghemite (γ-Fe2O3). The (α-Fe2O3)

crystal structure comprises of Fe3+ cations occupying two thirds of the octahedral sites within a hexagonal

closed packed, hcp, anion lattice i.e. a corundum structure. Maghemite (γ-Fe2O3) also contains Fe3+

cations distributed throughout both the octahedral and tetrahedral sites of a ccp anion lattice with

cation vacancies in the octahedral sites. Whilst the two oxides share the same Fe valence state, α-Fe2O3

is the thermodynamically favourable phase. However, transitioning from γ-Fe2O3 to α-Fe2O3 is not

facile and temperatures of at least 700 K are required before an irreversible transition occurs [61]. This

is rationalised by the requirement of an anion lattice reconstruction from hcp to ccp and vice versa. On

the other hand, γ-Fe2O3 readily transitions into FeO as only a rearrangement of the Fe cations within
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the same ccp anion lattice is needed. This ease of transformation is further reinforced by the existence of

magnetite (Fe3O4) which oxidatively sits between the completely ferric, Fe3+, and ferrous, Fe2+, oxides.

Fe3O4 bulk structure

Fe3O4 contains both Fe2+ and Fe3+ cations within a ccp anion lattice crystallising in an inverse spinel

structure. Normal spinel crystal structures, AB2O4, comprise of A2+ and B3+ cations where the A2+

cations occupy one eighth of the tetrahedral interstitials and the B3+ cations occupy one half of the

octahedral interstitials of the anion ccp lattice. Inverse spinels, as can be inferred from their name,

follow a nearly reversed cation arrangement with respect to the A2+ cations. All of the A2+ cations

instead occupy octahedral sites as do half of the B3+ cations, while the rest of the B3+ cations occupy

tetrahedral sites. In reality, most of the spinel group are found to have crystal structures somewhere

between the two extremes of normal and inverse. In turn, a more thorough composition can be written

as follows: [
M3+
i M2+

1−i
]A [

M3+
(2−i)/2M2+

i/2

]B
X4 (4.1)

where the first set of square brackets denotes the cations with tetrahedral coordination on the A sub-

lattice, the second those with octahedral coordination on the B sublattice and where i is the inversion

parameter, giving a quantification of the tetrahedral sites occupied by 3+ cations. When i = 0 the

crystal structure is a normal spinel, as in MgAl2O4, and when i = 1 the mineral is termed an inverse

spinel, as in stoichiometric Fe3O4:

[
Fe3+

]A [
Fe3+

1/2Fe2+
1/2

]B
O4 (4.2)

Determining the extent of inversion is a fine balance between many factors. The Verwey – Heilmann

principle states that as much charge neutralisation should occur within the first coordination shell of

the anions; cations with higher oxidation states should sit in octahedral sites[62]. On the other hand,

Pauling’s rules of crystal structure give the smaller tetrahedral sites to the higher oxidation state cations

which have smaller atomic radii[63]. Given this, depending on the oxidation state and atomic radii of the

metal cation, a range of different spinel cation distributions is attainable depending on the chosen metal.

For Fe3O4 the crystal-field stabilisation energy (CFSE) also plays a significant role. The high-spin d6

Fe2+ cations would prefer to make use of their CFSE and so occupy the octahedral sites while the d5

Fe3+ cations, having no CFSE, have no preference.

The bulk crystal structure for Fe3O4 is shown in Figure 4.1.1. Along the (100), (010) and (001)

directions are alternating layers of tetrahedrally and octahedrally coordinated Fe cations termed the A

and B layers respectively (Figure 4.1.2). Distinction between the cations in the tetrahedral and octahedral

sites will, from now on, be given by their presence in either the A or B layers.
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Oxygen

Feoct

Fetet

Figure 4.1.1: The bulk unit cell of magnetite, Fe3O4. Oxygen, Feoct and Fetet atoms are depicted in red,
blue and cyan respectively. All of the Fetet are Fe3+ cations and the Feoct are a 50/50 mixture of Fe3+

and Fe2+ cations.

Fe3O4 bulk defects

Defects play a central role in defining the properties of Fe3O4 and in turn, its surfaces. It is well es-

tablished that cationic defects dominate within Fe3O4, with studies showing that cation defects have

concentrations and diffusion coefficients that are orders of magnitude greater than those for oxygen de-

fects. The predominant point defect type in stoichiometric Fe3O4 is a Frenkel type disorder, where both

vacancies and interstitials have equal concentration[64]. Mössbauer spectroscopy has been used to deter-

mine that the vacancies are octahedral and found in the B layer[65]. There are three possible interstitial

sites within the inverse spinel structure, an octahedral interstitial and two tetrahedral interstitials but

Pauling’s rules on crystal structures can be used to discern which site is likely the most stable. One of the

two tetrahedral interstitial can be disregarded on the grounds that it shares all four of its faces with the

faces of adjacent cation polyhedra. Both the octahedral and remaining tetrahedral sites share only two

of their faces with two other adjacent cation polyhedra. However, the octahedral site shares those with

two tetrahedral polyhedral. Due to the lower coordination number of tetrahedral cations and that they

generally have a greater oxidation state, the octahedral interstitial would experience greater coulombic

cation-cation interactions then the tetrahedral interstitial. As such, it is postulated that a majority of the
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Figure 4.1.2: Side view of the Fe3O4 crystal structure looking down the [101] direction. Indicated are
the alternating Fetet and Feoct layers of the structure labelled the A and B layers respectively.

cation interstitials would find themselves situated on the tetrahedral interstitial site, directly adjacent

to two other bulk Fetet cations. This corroborates with the observed defects found in defective FeO and,

as will be seen in the following subsection of this chapter, with the observed behaviour of defects within

the surface reconstructions of Fe3O4.

Diekmann et. al. undertook detailed studies of the concentrations of the vacancies and inter-

stitials in non-stoichiometric Fe3O4 and found that they are separately dependent on the gas phase

oxygen chemical potential/ partial pressure[66]. Specifically, it was found that at high oxygen partial

pressures, vacancies dominate and at low oxygen partial pressures interstitials dominate. This can also

be interpreted in terms of oxidation and reduction. At high oxygen partial pressures, Fe3O4 contains

more octahedral vacancies and its composition and structure shares more with that of γ-Fe2O3, the most

oxidised iron oxide that has the same ccp anion packing as Fe3O4.

The presence of both vacancies and interstitials means that Fe cations can diffuse towards and away

from the surface of the material. This was directly observed in a study of the behaviour of deposited Fe

atoms on the Fe3O4(001) surface[59]. The study found that surface features assigned as Fe atoms, imaged

using STM, disappeared into the bulk of the crystal at approximately 473-523 K. From the defect studies

by Diekmann et. al. and their measured values for the enthalpies of diffusion, it is possible to determine

that appreciable bulk diffusion occurs in Fe3O4 at around 550 K which is in excellent agreement with

the STM study. The ease of cation diffusion towards and away from the surface, particularly in varying

oxygen partial pressures, allows for control over the reduction and oxidation of the surface. This is

discussed further in the following sections.
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4.1.2 Reconstructions of the Fe3O4(001) surface

In the (001) direction, Fe3O4 is comprised of alternating layers of two Fe3+
tet cations (A layer) and a layer

of two Fe3+
oct cations, two Fe2+

oct cations and eight O2- anions (B layer). The A and B layers therefore, have

a net charge of ±6 and, as such, the Fe3O4(001) surface is polar. So as to avoid a polar catastrophe[67],

the surface region of the Fe3O4(001) surface must have a net charge of ±3. The typical way metal-

oxides avoid the polar catastrophe is through non-stoichiometric defect formation or charge reordering

at the surface[59, 68]. For Fe3O4, defect formation is undertaken predominately by the cations, which

is unsurprising given how pivotal cation defects and reorderings are to its material properties. For the

(001) surface, the cation defect formation can be undertaken a number of ways depending on the exact

termination, either terminating on an A layer or a B layer.

A layer termination - reduced surface

The surface layer of an A termination, i.e. terminating with Fe3+
tet cations, would have a net charge of +6.

The simplest cation reordering to give the surface layer a net charge of +3 would be the removal of one

of the surface Fe3+
tet cations giving a 1/2 ML Fetet surface. Early scanning tunnelling microscopy (STM)

studies of this termination, prepared by standard Ar+ sputtering and UHV annealing cycles, did indeed

find that the surface had bright protrusions per surface unit cell with these features assigned as the

remaining surface Fetet cations. The surface took on a (
√

2×
√

2)R45° periodicity, the expected surface

periodicity of the 1/2 ML Fetet surface[69]. However, molecular dynamics calculations showed that such

a surface reconstruction is unstable to the creation of an Fe dimer at the surface via the migration of

a subsurface Fe3+
tet cation to the surface[70]. This is corroborated by XPS measurements showing Fe2+

enrichment at the surface as opposed to Fe3+. Revaluation of the features observed in the STM studies

of this surface also found them to be more oval shaped possibly giving prudence to the existence of an

Fe dimer at the surface. Given the comparatively low oxygen chemical potential in UHV, the Fe dimer

reconstruction, and its Fe2+ enrichment at the surface, can be attributed as a chemical reduction of the

surface.

B layer termination - oxidised surface

On the contrary, it has been found that a B layer termination is attained through preparations in

oxidative environments. Preparing the Fe3O4(001) surface via Ar+ sputtering and oxygen anneal cycles,

as opposed to UHV anneal cycles, produces STM images showing rows which are assigned as the surface

Feoct cations of the B layer (Figure 4.1.3). These rows of cations are found to oscillate giving the surface,

in both STM and LEED, a (
√

2×
√

2)R45° periodicity. This is the same periodicity that is observed in

the Fe dimer case, although here the (
√

2 ×
√

2)R45° diffraction spots in the LEED pattern are much
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10 Åa)

Figure 4.1.3: a) STM image of the clean Fe3O4(001) surface prepared using Ar+ sputtering and oxygen
anneal cycles showing the surface cation rows of the B layer termination. Four (

√
2 ×
√

2)R45° surface
unit cells are depicted by the four yellow squares. b) The bulk truncated B layer termination showing
the (1 × 1) unit cell. c) The SCV reconstructed B layer termination with the (

√
2 ×
√

2)R45° unit cell
depicted as the black square. The SCV reconstruction reproduces the oscillation in the Feoct cation rows
observed in STM images. The oxygen atoms on the surface are inequivalent with two of the surface
oxygen anions being found under-coordinated and having a charge of -1. These two oxygen anions form
the binding site for metal atoms and potential contributed to the dissociative adsorption of formic acid
(see section 4.3). With permission, the STM image has been taken from reference [59].

brighter across all electron energies. A LEED-IV, STM and DFT study by R. Bliem et. al. was able

to elucidate the oxidised B layer termination[71]. The study found that the subsurface contained two

Feoct vacancies as well as an additional Fetet interstitial. A model of the reconstruction is shown in

Figure 4.1.4 a) and the termination is aptly termed the subsurface cation vacancy (SCV) termination

or reconstruction. The defects found in the SCV reconstruction are exactly in line with that expected

in Fe3O4 as discussed in section 4.1.1. Moreover, the specific type of defect formed, a Fetet interstitial

adjacent to Feoct vacancies, is similar to the Koch-Cohen defect found in Wursite although in this case,

the Fetet interstitial in the SCV reconstruction is adjacent to two Feoct as opposed to four. The removal

of two Feoct cations and the additional Fetet interstitial amounts to an oxidation of the surface with the

formal stoichiometry of the surface unit cell being Fe11O16. While the redox chemistry of the Fe3O4

surfaces is rich and interesting, of particular note to this project, the SCV reconstruction has been found

to stabilise a range of different metal adatom phases up to 700 K[59].

4.1.3 Metals on the SCV reconstruction

Due to the generally very high cohesive energies of metals, when they are deposited onto a surface they

typically aggregate into nanoparticles. However, nearly all transition metals which have been deposited

onto the SCV surface form almost uniform phases of dispersed metal adatoms, with a large majority of the

atoms occupying a single adsorption site on the surface[59], whereby the adatom is doubly coordinated

to two surface oxygen atoms in a bulk continuation tetrahedral adsorption site[25]. Figure 4.1.5 a) shows
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Metal adatoma) b)

Figure 4.1.4: a) The unit cell of the SCV reconstruction with the two subsurface Feoct vacancies and the
Fetet interstitial indicated with orange and purple circles respectively. b) The SCV reconstruction with
a single metal adatom in the ‘un-blocked’ bulk continuation adsorption site.

a prototypical STM image of the SCV surface after deposition of metal, in this case Ni metal. The metal

adatoms are imaged as bright protrusions between the surface cation rows. This atomic dispersion is

attributed to patterning via the SCV reconstruction.

A bulk truncated surface, with a (1× 1) periodicity, would have two equivalent adsorption sites for

the metal adatoms, being the two tetrahedrally coordinated bulk-continuation sites. However, the SCV

reconstruction renders these two sites inequivalent. Specifically, the Feint cation of the reconstruction is

found directly below one of the two adsorption sites and can be thought of as blocking adsorption at that

site. The creation of subsurface vacancies and an interstitial cation is not enough to fully compensate for

the polarity of the Fe3O4(001) surface. DTF+U calculations of the SCV reconstruction have determined

that, to produce the needed -3 net charge at the surface, two surface oxygen atoms must have a formal

charge of -1 making them highly reactive to adsorbates[71]. The same DFT+U calculations have also

determined that these two reactive surface oxygen atoms are those that bind to adsorbates in the un-

blocked tetrahedrally coordinated bulk continuation site. The inequivalence of these two adsorption sites,

and the fact that one is considerably more reactive, results in only one site being occupied as shown

in Figure 4.1.4 b). In turn, this leads to a large distance between the adsorbed metal atoms (8.396 Å)

disfavouring the formation of dimers, the prerequisite for nanoparticle growth. Dimers are only found

to form after appreciable metal has been deposited onto the surface, when it is likely that a metal atom

will hit the surface at an already occupied adatom adsorption site. Even then, DFT+U studies have

shown that dimers are less energetically favourable when compared to two surface adatoms. Ultimately,

through the combination of thermodynamically unstable dimers and well separated adsorption sites, the
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Figure 4.1.5: a) STM image of 0.2 ML of Ni on the SCV reconstruction of the Fe3O4(001) surface. A Ni
adatom and an incorporated Ni atom are indicated by the red circle and yellow rectangle respectively. b)
STM images of the SCV surface saturated with Ni metal (i.e. 1 ML of Ni). The red square indicates an
area of the surface where all the bulk continuation adsorption sites have been occupied by Ni adatoms.
Such saturation of the adsorption sites is unique to deposition of ferrite forming metals and is caused by
the incorporation of Ni into the subsurface. Note: the red square does not represent the (

√
2×
√

2)R45°
unit cell. With permission this Figure has been adapted from reference [71].

SCV surface is said to kinetically hinder the formation of larger metal nanoparticles from forming on the

surface.

Generally, the metals can be grouped into two categories based on their specific behaviours on the

SCV reconstruction; the ferrite forming metals and the non-ferrite forming metals.

Ferrite forming metals

The ferrite forming metals readily form adatoms on the SCV surface but upon heating or at higher

metal coverage, the metal progressively fills the subsurface cation vacancies of the SCV termination,

lifting the reconstruction to produce a bulk like termination. These metals have characteristically large

enthalpies of oxide formation, ∆HO, e.g. Co, Ni, Mn, Ti and Zr[71]. This is unsurprising given that

filling the subsurface vacancies would results in the metal coordinating with more oxygen anions. To

some degree, the stability of the adatom phases is also found to anti-correlate with the ∆HO of the

metal, for example, Ni forms the most stable adatom phases (∆HO = 240 KJ/mol) while Ti forms no

adatoms and incorporates almost completely upon deposition (∆HO = 946 KJ/mol for TiO2). Many

of these metals can also be found as bulk ferrites, e.g. NiFe2O4, where the metal cations are found to

occupy octahedrally coordinated B sublattice sites [72] (i.e. normal spinel structure) in conjunction with

the occupation of the subsurface cation vacancies of the SCV reconstruction.

Evidence for incorporation of the metal atoms into the subsurface vacancies stems from bright spots

on the FeB rows observed in STM images (see the yellow rectangle in Figure 4.1.5 a)) as opposed to the

bright spots seen between the rows which are attributed to the existence of surface adatoms. Moreover, if
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the SCV reconstruction is lifted by the filling of the vacancies then any electronic or structural distinction

between the two bulk continuation adsorption sites must be lost. This is observed in STM images where

bright spots between the FeB rows, assigned as metal adatoms, are found at both adsorption sites adjacent

to one another. Such a situation is depicted by the red square in Figure 4.1.5 b) where all of the bulk

continuation tetrahedral adsorption sites are occupied by Ni adatoms. Incorporation is also observed

in XPS measurements where the metal core-levels are found to shift to a higher binding energy after

annealing, indicating oxidation of the metal as it goes into the subsurface. The oxidation of the metals

is corroborated by a conjugate reduction of the surface region. This itself is evidenced by the reduced

intensity of the Fe2+ peak found near the Ef as the surface region gains more Fe3+ character transitioning

back to a bulk like surface.

Non-ferrite forming metals

The non-ferrite forming metals are also found to form adatoms on the surface at the same bulk con-

tinuation adsorption site but, upon heating or further deposition of metal, these metal adatoms are

found to agglomerate and form small sub-nanometre clusters and eventually nanoparticles. The cluster

growth is found to precede via the diffusion of smaller clusters and subsequent capture of adatoms. The

prototypical examples of non-ferrite forming metals are the noble metals, Au[73], Ag[74] and Cu[74], but

some of the PGM’s are also classified as such, e.g. Pt[75] and Pd[76]. The ease of agglomeration, and in

turn the highest coverages of adatom phase attainable, is governed by the stability and mobility of the

metal-metal dimers on the surface. Au adatom phases are only stable up to coverages of 0.13 ML, where

1 ML = 1 adatom per (
√

2 ×
√

2)R45° surface unit cell, while Ag coverages can reach 0.5 ML. The Au

dimers are found to be more mobile on the surface, allowing them to initiate further growth of metal

clusters while the Ag dimer is found to be strongly bound to the adatom adsorption site. Pt and Pd

adatom phases are found to reach much higher coverages (nearly 1 ML) and this again is given to the

lack of mobility of their dimers.

CO adsorption on the Pt and Pd adatoms has been shown to promote extensive clustering [75, 76].

It is postulated that this is caused by a weakening of the adatom-surface bonds upon CO adsorption and

the subsequent increase in mobility of the Pt/Pd-CO species. This has also been found to be the case

for CO adsorption on Ag adatoms[77] as outlined in detail in section 4.5 of this thesis. Interestingly, the

sub-nanometer sized Pt clusters formed by CO induced sintering are active for a Mars Van Krevelen type

oxidation of CO demonstrating the importance of structure and morphology on the catalytic properties

of a material. The Pt clusters are found to etch away octahedrally coordinated layers of the Fe3O4

surface and the dominance of cation diffusion towards and away from the Fe3O4(001) surface facilitates

the removal of excess Fe atoms from the surface region.

60



Introduction

Other metals

There are metals that have behaviours on the Fe3O4(001) surface that can be thought of as intermediate

between the two extremes of the ferrite forming metals and the more noble, non-ferrite forming metals.

Upon deposition, Rh is found to form adatoms, dimers and small sub-nanometer clusters on the surface

as well as incorporate into the subsurface cation vacancies and into surface octahedral sites in the cation

rows[78]. Likewise Ir, while not forming dimers or clusters, does go subsurface and into the surface

cations rows[79]. As with Pt, Pd and Ag, exposure of the Ir/Fe3O4(001) surface to CO produces IrCO

adatom species. Additionally, a 5-fold coordinate IrCO species is found to form between the surface

cation rows. This 5-fold bipyramidal site is found almost coplanar with the surface octahedral layers

but coincident with the tetrahedral cations in the [011] direction and is attributed to the preference of

Ir to form square planar metal-complexes, as in, for example, the [Ir(CO)2I2]– complex used to catalyse

the carbonylation of methanol to acetic acid, a very important industrial reaction[80, 81]. The rich

behaviour of the Ir/Fe3O4(001) system[79], and the general interest in understanding the behaviour these

metal/Fe3O4(001) surfaces under exposure to CO, demonstrates the importance of gaining a fundamental

understanding of the interaction of CO with SAC systems as a step towards developing new and improved

catalytic materials.
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4.2 Experimental details

Experimental details common to all the experiments of this chapter are listed here. Additionally, for

each experiment there is a sub-section which comprise further details specific to that experiment.

All experiments in this chapter were conducted in the end station on the I09 beamline at Diamond

Light Source (see chapter 3 section 3.2.2). A polished Fe3O4(001) single crystal (±0.1°, sourced from

the Surface Preparation Laboratory and PI-KEM) was used for each experiment and was cleaned via

standard UHV sputtering (Ar+, voltage: 1 keV, emission current: 3 mA, 10 min) and annealing (600

°C, 10 min) procedures. To prepare the SCV reconstruction, the final anneal of the cleaning cycle

was undertaken in a 1 × 10−6 mbar oxygen partial pressure. Characterisation of the SCV surface was

undertaken with XPS and LEED.

Formic acid, sourced from Sigma Aldrich, was cleaned by several freeze-pump-thaw cycles. The

clean Fe3O4(001) surface was exposed to 5 × 10−8 mbar of formic acid for 200 seconds (≈ 10 L, where

1 L is 1 × 10−6 mbar·s). Deposition of Ni and Ag metal onto the clean SCV surface was achieved

using a Omicron EFM3 evaporator. In each case, the deposition rate of the metal was monitored by

a water-cooled quartz crystal microbalance (QCM). The Ag/Fe3O4(001) system was exposed to CO by

back filling the preparation chamber with CO.

Unless otherwise stated, the photon energies used to measure the soft X-ray photoelectron spectra

(SXPS) were all approximately 100 eV above the core-level energy: 435 eV for C 1s, 650 eV for O

1s, 950 eV for Ni 2p. No SXPS spectra were measured for the Ag experiment. However, HAXPES

measurements were taken of the Ag 3d core-level at 2.9 keV. In all cases, the Fermi energy was used to

align the binding energy values of the spectra.

NIXSW was utilised in all experiments. The (004) reflection (see appendix B.1) was used to

determine the adsorption heights of the various chemical species on the prepared surfaces. The (004)

NIXSW measurements utilised an energy range of 2950–2960 eV. The (004) reflection was chosen, as its

periodicity is equal to that of the A or B layers of the Fe3O4 spinel structure. This ensures the highest

coherent fractions for species bound at a B layer terminated surface and allows the height of a species with

respect to the Feoct surface layer to be easily calculated from the (004) coherent position. Additionally,

the A and B planes are separated by dhkl/2 and are thus antiphase to each other, corresponding to

a difference in coherent position of 0.5. This allows for species located in the adatom and subsurface

vacancies to be distinguished. Here the unit cell of the inverse spinel structure for Fe3O4 has been defined

such that the coherent positions of the tetrahedral planes (A layer) are 0 or 1, leading to a value for the

octahedral planes (B layer) of 0.5 (see Figure 4.1.2 for depiction of A and B layers).

Direct, real space imaging was undertaken by measuring further reflections away from the surface

normal, although still within the normal incidence or back scattering X-ray diffraction condition with
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respect to the Bragg diffraction planes. For the formic acid experiment, the (044), (113), (1̄13), (311)

and (3̄11) reflections were also measured in addition to the (004) reflection. These additional three

reflections each represent a symmetrically equivalent set of reflections ({044}, {113}, {1̄13}, {311} and

{3̄11}) which are depicted in appendix B.1. Thus, in combination with the (004) reflection, this leads

to a total of 17 reflections utilised for the real space imaging. For the Ag experiment, only the (113)

and (044) reflections (sets {113} and {044}) were required in addition to the (004) to determine the

tetrahedral adsorption site of the Ag. This leads to a total of 9 reflections for the real space imaging.

The energy ranges used for the NIXSW measurements were 2500-2520 eV for the {113}, {113}, {1̄13},

{311} and {3̄11} reflections and 4170-4180 eV for the {044}.

Note: unless offer wise stated all XPS peak fitting was done using a numerical Voigt function;

a numerical Gaussian/Lorentzian convolution. The convolution was undertaken by multiplying the

numerical Fourier transforms of the Gaussian and Lorentzian peaks of differing widths.
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4.3 HCOOH on Fe3O4(100)

4.3.1 Introduction

Beyond the applications of Fe3O4 discussed in the prior sections, Fe3O4 finds widespread use in biomed-

ical applications. For example, citrate or olate stabilised nanoparticles of Fe3O4 have found use in tissue

specific drug therapy where the negative charge of the modified nanoparticle surface can facilitate the

adsorption of positively charged drugs. These drugs are then found to be released in the acidic envi-

ronments of tumours, thereby creating tumour specific chemotherapy treatments[82, 83]. In the same

vein, citrate stabilised nanoparticles of Fe3O4 are utilised as magnetic resonance imaging (MRI) contrast

mediums, and in many cases are preferred over more conventional contrast mediums due to their ex-

cellent magnetic properties, tuneable biocompatibility and, importantly, their very low toxicity[84, 85].

Often, control of these properties is achieved via the organic functionalization of the Fe3O4 surface, by

the adsorption of appropriate surface ligands.

Though a wide range of molecular and supramolecular species are used as coatings to such magnetite

nanoparticles, they commonly contain functional groups that are thought to form ionic interactions with

the surface of the nanoparticle. In particular, the carboxylate functional group is widespread in surface

functionalization in general,[86–92] and magnetite surface functionalization specifically,[93–95] due to

how strongly it adsorbs on the surface and its relative robustness.

Thus, understanding the interaction of carboxylate containing compounds with Fe3O4 surfaces

could facilitate the bottom up approach to designing and developing new organic functionalised Fe3O4

materials. More generally such knowledge could also provide a fundamental insight into the structures

of the Fe3O4 surfaces under different conditions providing vital information for studies utilising Fe3O4

in applications such as SAC, which rely heavily on such information.

A number of prior investigations of formic acid (HCOOH), the most basic of the carboxylic acids, on

the Fe3O4(001) surface have been undertaken. Gamba et al.[96] investigated the interaction of HCOOH

with the Fe3O4(001) SCV reconstructed surface, using XPS, LEED, STM, infrared reflection adsorption

spectroscopy (IRRAS) and DFT calculations. XPS and IRRAS indicated that HCOOH underwent

dissociative adsorption at room temperature producing a surface adsorbed formate and surface hydroxyls

which, according to LEED, lifted the SCV reconstruction giving a LEED pattern indicative of a bulk-

like termination. A recently published SXRD study by Arndt et. al.[97] has shown that the formate

is bound to two surface Feoct cations through its two carboxylate oxygens, OHCOO, which is consistent

with how formate[29, 98–102], and more broadly the carboxylate functional group[103–110], bonds with

most surfaces. Moreover, they were able to determine that the formate preferentially binds to one of the
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Figure 4.3.1: a) Top view of the Fe3O4(001) surface showing the two possible formate adsorption sites:
tet (blue box) vs int (purple box). For the surface hydroxyl there are three possible sites: tet, intα and
intβ . Note, for the bulk structure, intα and intβ are the same. b) The first subsurface Feoct and Fetet

layers of the Fe3O4(001) surface. For the one vacancy structure the 1st octahedral vacancies is removed.

two bidentate adsorption sites, the ‘tet’ adsorption site, with the carbon of the formate coincident with

the 1st subsurface Fetet in the [110] crystallographic direction (see Figure 4.3.1).

However, SXRD analyses is model dependent, requiring prospective structures to be theoretically

modelled and compared against experimental results, thus if the correct structure is not modelled, it will

not be found. Furthermore, as SXRD is both chemically “blind” and insensitive to H atoms, this study

was unable to probe the location of the surface hydroxyl, OOH. Understanding the adsorption site of

this OOH species has significant importance in understanding how the SCV reconstruction is lifted upon

hydroxylation, which is of interest not only to fundamentally understand the chemistry of Fe3O4, but

also for investigations concerning the use of Fe3O4 as a support for SAC, where transient hydroxylation

of the support surface will occur as part of the catalytic cycle.

As such, in this work the chemical specificity of the PhD and NIXSW techniques are utilised

to determine the adsorption geometry of the adsorbed formate and the location of OOH. Specifically,

NIXSW is used to image the positions of the carbon and oxygen species on the surface and PhD is used

to investigate the local adsorption site of the oxygen species.

4.3.2 Experimental details

Throughout this experiment, the O 1s and C 1s core-levels were utilised to measure the SXPS, NIXSW

and PhD spectra. Energy ranges for the NIXSW and SXPS spectra are outlined in section 4.2. A photon
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energy range of 600-890 eV was used for the O 1s PhD measurements. Peak fitting was undertaken using

a numerical convolution of a Gaussian and Lorentzian peak. All sample preparations and measurements

were undertaken at 300 K.

The PhD multiple scattering calculations (see section 2.2) were performed by considering the car-

boxylate O atoms (OHCOO) and the surface hydroxyl O atoms (OOH) data to consist of a single χexp

dataset. Three different substrate structures were tested in the optimisation calculations; a bulk termi-

nation, an SCV reconstructed surface and a reconstructed surface comprising of no Fetet interstitial and

one subsurface Feoct cation vacancy (see Figure 4.3.1) which will be termed the one vacancy structure.

Relaxation of the substrate atoms is outlined in the appendix B.2.

Two distinct bidentate sites were considered for the formate molecule: with the carbon coincident

in the [110] direction with either the 1st subsurface Fetet (tet) or an Fetet interstitial site (int) (see Figure

4.3.1). Three distinct surface oxygen sites for the OOH atom were considered: tet, intα and intβ (see

Figure 4.3.1). Note that on a bulk terminated surface, the intα and intβ site are identical due to the

lack of subsurface vacancies and the interstitial Fetet.

Thus, six different combinations of OHCOO and OOH site were considered. For each of the OHCOO

and OOH species, data from 9 different photoelectron emission geometries were considered in the struc-

tural optimisations. Specifically: 5 beams measured in the [110] crystallographic direction and 4 mea-

sured in the [101] crystallographic direction. Note that, PhD is generally insensitive to intramolecular

distances in organic molecules due to the weak scattering by low mass atoms and scattering from atoms

that lie between the emitter and the detector. Therefore, although the carboxylate carbon atom was

present in the modelling, the PhD measurements were insensitive to its position.

4.3.3 Results

SXPS

A direct comparison of SXP spectra of the O 1s region both before and after exposure to formic acid

is given in 4.3.2. An additional O 1s peak at approximately 531.7 eV binding energy is observed after

exposure to formic acid and is assigned as being due to the formate oxygen atoms (OHCOO). The main

photoemission peak at approximately 530 eV is also found to shift to higher binding energy. A peak fit

of this same O 1s spectrum is provided in Figure 4.3.3 where the bulk O 1s peak (OBulk) has been fixed

at a binding energy of 530 eV. An additional peak is found at 530.5 eV and is assigned as being due to

surface hydroxyls (OOH). The assignments are in close agreement with those of Gamba et al.[96] as well

as for carboxylates on other metal-oxide surfaces[111, 112].

Figure 4.3.3 shows the peak fitted C 1s core-level SXP spectrum after exposure to formic acid.

Three species are observed and assigned as a carbon shake up feature (CS) at 289.4 eV, carbon from
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Figure 4.3.2: The O 1s spectra for the clean Fe3O4(001) surface and for the surface after exposure to 10 L
of formic acid. The shift of the bulk O 1s peak is attributed to surface hydroxyls from the dissociative
adsorption of the formic acid.

adsorbed formate (CHCOO) at 289.1 eV and advantageous carbon (Cad) at 285.0 eV. Intact formic acid

is not expected on the surface as, in the previous work by Gamba et. al., the C=O and C-OH stretching

modes were absent above 190 K[96]. These SXP results, for both the C 1s and O 1s core-levels, were

used to fit the corresponding spectra for both the PhD and NIXSW measurements.

NIXSW - adsorption heights

Figure 4.3.4 shows the fitted photoelectron profiles of the (004) reflection for the CHCOO, OHCOO and

OOH species after saturating the SCV surface with formic acid. Also inset on the Figures are the values

of the corresponding coherent fraction, f004, and position, P 004, for each of the fits.

Both the OOH and OHCOO photoelectron yield profiles (Figure 4.3.4 a) and b)) are similar indi-

cating that both these species occupy near identical positions relative to the (004) bulk d-spacing. This

understanding is reinforced by the similarity in the fitted coherent positions, P , for each of the species

(P 004
OOH

= 0.48 ± 0.04 and P 004
OHCOO

= 0.52 ± 0.02). Since, when modelling the NIXSW data, the origin of

the substrate’s unit cell was defined to be centred on a tetrahedrally coordinated Fe cation layer, these

values of P 004 place both species close to coincident with a bulk or bulk-projected octahedrally coordi-
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Figure 4.3.3: a) The fitted spectrum of the O 1s core-level after deposition of formic acid measured at
680 eV incident photon energy. Three peaks are assigned as being due to the adsorbed formate, OHCOO,
the surface hydroxyls, OOH, and the bulk oxygen, OBulk. b) The fitted spectrum of the C 1s core-level
after deposition of formic acid measured with 450 eV incident photon energy. Three peaks are assigned
as being due to the formate carbon, CHCOO, a shake-up feature, Cs, and advantageous carbon, Cad.

nated Fe cation layer, i.e. P 004 ≈ 0.5. The corresponding heights relative to a bulk-like octahedrally

terminated surface are 2.14 ± 0.04 Å and -0.04 ± 0.04 Å for the OHCOO and OOH atoms respectively.

The associated f004 are 0.9 ± 0.1 and 0.78 ± 0.05 for OOH and OHCOO, respectively.

The photoelectron profile for the CHCOO species (Figure 4.3.4 c)) is clearly different from that

of the oxygen species’, clearly identifying that it sits at a very different position relative to the bulk

scattering planes. The fitted coherent position, P 004
CHCOO

= 0.74 ± 0.08, places the C atom 0.6 ± 0.2 Å

above the OHCOO atoms as expected for a formate undergoing bidentate bonding to the surface. The

corresponding f004 is 0.7 ± 0.2, which is very similar to the measured value for the OHCOO species.

NIXSW - real space imaging

The photoemission yield profiles for the other measured reflections ((044), (113), (1̄13), (311) and (3̄11))

for the carbon and oxygen species can be found in appendix B.2.2 in Figures B.2.2 to B.2.4 and their

corresponding coherent fractions and positions are given in Table B.2.1. The results from these reflections,

along with the (004) data, were used to produce real space density maps for each of the OHCOO, OOH and

CHCOO species which are shown in Figure 4.3.5. These real space images are taken at the corresponding

(004) height of the species above a Feoct plane. Note that, because the only possible reflections that can

be used to measure the images are produced by the bulk crystal, the atomic density is projected onto the

unit cell of the bulk crystal. Thus, the features of the real space imaging will share symmetries with the

bulk crystal and care must be taken in deciding which maxima in the real space images are due to the

species occupying a position on the surface, and which are to due applying bulk symmetry operations at

these locations.
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Figure 4.3.4: The absorption profiles of the (004) reflection for the a) OHCOO, b) OOH and c) CHCOO

species. Also provided is the Fe3O4 (004) reflection. The fitted values of the f004 and P 004 parameters
are provided in each Figure. These results are consistent with the bidentate bonding model of the formate
to the surface and the understanding that the OOH species is situated at the surface.

The imaging for the OHCOO species (Figure 4.3.5 a)) places it above the surface Feoct cations and

between the CHCOO species, as expected for the formate being bidentate bonding to the surface to the

two surface cations, in conjunction with the results of Arndt et. al.. There are additional intensity

maxima that place the species above some of the surface oxygens. However, this does not mean that

the OHCOO species is situated in such a location on the surface. The additional maxima seen situated

above the surface oxygen atoms are in fact due to the screw axis symmetry of the bulk and correspond

to the OHCOO species that are situated above the surface cations of the next octahedrally coordinated

layer. This next octahedrally coordinated layer is found shifted and rotated by 90° with respect to the

top surface layer.

The imaging of the OOH species (Figure 4.3.5 b)) shows that this species is situated at a surface

oxygen site. In an exactly analogous manner to the imaging of the OHCOO species, there are additional

maxima that seem to locate the OOH species in positions other than the surface oxygen sites. Again,
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these are present due to the screw axis of the bulk crystal and correspond to surface oxygen sites of the

next layer in the crystal. While the imaging of the OOH species is able to determine that it is in a bulk

oxygen surface site, these results, solely, are not able to determine whether or not the OOH species in

either the intα or intβ positions.

The density map of the CHCOO species (Figure 4.3.5 c)), there are clear maxima at the sites halfway

between the lateral positions of the Feoct atoms along the [110] and a clear global maximum at the tet site

for the C atom. As with the imaging of the OHCOO species, these results, in a direct manner, corroborate

with the results of Arndt et. al. which place the formate in a bidentate bonding geometry on the surface,

via an electrostatic interaction with two surface cations. Note, the two maxima depicted in the CHCOO

imaging are not related by bulk symmetry operations and so actually represent two possible surface

binding sites for the CHCOO atoms: CHCOO in the int or tet sites.

From their SXRD results, Arndt et. al. also concluded that there was a partial co-occupation of

the int site (15 ± 10%) as well as the tet site. Furthermore, although our NIXSW results presented here

favour adsorption of the formate in the tet site, they do suggest that partial occupation of the int site

cannot be excluded. As such, a fitting of the total CHCOO unit cell density with the calculated total

unit cell densities for a formate in the tet and int sites was undertaken with the aim of determining the

percentage occupancy of both sites. A full description of this procedure is provided in appendix B.2.

The corresponding example images for the calculated tet, int and best fit densities at the CHCOO (004)

height above the unit cell are given in Figure 4.3.5. The best fit to the CHCOO measured unit cell density

was determined as comprising 68 ± 5% of CHCOO in the tet site and 32 ± 5% CHCOO in the int site.

PhD - qualitative analysis

The O 1s PhD spectra for the OBulk, OOH and OHCOO species in both the [110] and [101] azimuthal

directions are shown in Figure 4.3.6. The presence of strong modulations at low kinetic energies for both

the OOH and OHCOO species indicates that these species are located near strongly scattering atoms,

i.e. Fe atoms. The strongest, long-period modulations are found at the lowest polar emission angles

(emission angles closest to the surface normal), indicative of the emitters sitting atop or near atop a

strong scatterer.

More generally, the modulations present in the OOH and OHCOO spectra are similar, though with

key differences, to those found for the OBulk demonstrating that both the OOH and OHCOO sit at bulk

or bulk-like oxygen sites. Whereas the OBulk and OOH modulations remain well correlated with one

another with increasing photoelectron kinetic energy, the period of those modulations for the OHCOO

species become longer particularly for the low polar angle beams. This difference suggests that the

d(Fe-OHCOO) bond length is shorter than that of the d(Fe-OBulk) or d(Fe-OOH).
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The greatest difference between the OOH and OBulk modulations occur for the beam measured at

10° polar angle along the [101] azimuth direction. Notably, the OBulk modulations are much stronger,

suggesting the existence of a strong scattering atom in this direction for the bulk oxygen atoms which

isn’t situated adjacent to the OOH. The [101] azimuthal direction points down the axis of the surface

O-Fetet bonds and so the weak modulations found for OOH in this direction could indicate that the OOH

sits in the int surface site, not adjacent to the Fetet atoms.

PhD - quantitative analysis

Table 4.3.1 gives the R-factors of all 16 single-site optimised structures. The single structure that best

fits the PhD modulations is a bulk terminated surface with the formate in the tet position and with

the OOH in the int position situated above a subsurface Feoct cation. The optimised structure for this

bulk substrate structure is shown in Figure 4.3.7. After parameter optimisation, this structure has an

R-factor = 0.22 ± 0.02. Variances for the R-factors were calculated according to that used in LEED-IV

studies as developed by J. Pendry[37, 113] and are also given in Table 4.3.1. Out of all 16 structures

optimised, only two other structures fall within the variance of this best fit bulk structure; an SCV and

a one vacancy terminated surface both with the formate and OOH atom in equivalent positions to the

best fit bulk structure. All structures with the formate in the int position, the OOH at the tet or with

the OOH above a subsurface Feoct cation vacancy, had R-factors higher than the variance of the best

fit bulk structure. The optimised fits to the modulations for each of these three structures are given in

appendix B.2.4.

While there is an SCV and one-vacancy structure within the variance of the best fit bulk structure,

the bulk structure is a considerably better fit to the experimental data. This is best demonstrated

by calculating the R-factor using only the two beams closest to normal incidence for each azimuthal

direction. These beams have the strongest modulations and thus the least signal to noise ratio. Such a

calculation gives R-factors of 0.14 (± 0.03), 0.23 and 0.24 for the bulk, SCV and one vacancy structures

respectively, clearly demonstrating the superior fit of the bulk structure.

Table 4.3.2 gives the calculated d(Fe-OHCOO), d(Fe-OOH) and d(OHCOO-OHCOO) bond lengths for

the best fit optimised structures of the bulk, SCV and one vacancy models (structures highlighted in

bold in Table 4.3.1). The larger errors for the SCV and one vacancy structures are due to the larger

R-factors and associated variances. The d(Fe-OOH) bond length is measured from the OOH atom to the

Feoct atom directly below. The d(OHCOO-Fe) and d(OHCOO-OHCOO) bond lengths are consistent across

all substrate structures and they corroborate with that determined by Arndt et. al. as well as with other

studies of formic acid on both metal[29, 99–102] and metal-oxide[98] surfaces. These bond lengths also

corroborate with the same bond length comparisons for the iron oxide-hydroxide minerals goethite (α-
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Table 4.3.1: R-factors and variances of all 16 optimised structures. The top row structure, a bulk
substrate with the formate in the tet position and the OOH atom in the int position above a subsurface
Feoct cation, is the structure that best fits the experimental PhD modulations with the lowest R-factor
(= 0.22). Highlighted in bold are the only other structures whose R-factor is within the variance.

Substrate CHCOO position OOH position R-factor Variance

Bulk
tet

int 0.22 0.02

tet 0.32 0.03

int
int 0.30 0.03

tet 0.36 0.03

SCV

tet
intα 0.24 0.02

intβ 0.34 0.03

tet 0.32 0.03

int
intα 0.26 0.03

intβ 0.34 0.03

tet 0.32 0.03

One vacancy

tet
intα 0.24 0.02

intβ 0.33 0.03

tet 0.35 0.03

int
intα 0.29 0.03

intβ 0.30 0.03

tet 0.35 0.03

FeO(OH))[114], akageneite (β-FeO(OH))[115] and lepidocrocite (γ-FeO(OH))[116], all of which contain

both Fe-O and Fe-OOH bonds. Additionally, Fe cation complexes containing either a hydroxy ligand,

OH, or an oxo ligand, O, are also found to follow this trend with the d(Fe-OOH) bond length consistently

being found to be longer[117–119].

All optimised structural parameters for all three substrate structures are given in the appendix

B.2.4 Table B.2.3. Generally, the surface atoms, when compared to the bare-SCV reconstruction, relax

outward to a more bulk like position after formic acid deposition, an observation also made by Arndt et.

al..

Both the prior work by Arndt et. al. and the NIXSW results point to a co-occupation of the tet

and int sites by the formate. For the PhD, the percentage occupation of the formate in the tet and int

sites was determined by undertaking domain averaged PSO optimisations of the PhD measurements. In

such a calculation, an additional structural parameter determining the fraction of occupation for one of

the adsorption sites was optimised. The R-factor and percentage occupations of the tet site for these

calculations, undertaken for the best fit structures of each substrate (i.e. with the OOH atom in the

relevant int position), are given in Table 4.3.3. For all three substrate structures there is a significant
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Table 4.3.2: The d(Fe-OHCOO) and d(Fe-OOH) bond lengths and the intramolecular d(OHCOO-OHCOO)
distance for the best fit bulk structure and the SCV and one vacancy structure that have R-factors within
the bulk best fit’s variance. Values in the brackets correspond, respectively, to the positive and negative
variances in the last significant figure. These values are consistent across all substrate structures and
corroborate with those determined by Arndt et. al.

Substrate d(Fe-OHCOO)/ Å d(Fe-OOH)/ Å d(OHCOO-OHCOO)/ Å

Bulk 1.96(3)(2) 2.2(2)(1) 2.4(1)(1)

SCV 1.96(3)(3) 2.1(3)(1) 2.4(4)(4)

One vacancy 1.96(3)(3) 2.5(3)(1) 2.5(4)(4)

Table 4.3.3: The R-factors of the optimised structures with an additional parameter varying the %
occupation of the formate in the tet site with the value in brackets being the variance of the R-factor.
These results demonstrate that a majority of the formate is in the tet site and corroborate with the
direct NIXSW results.

Substrate R-factor % occupation of tet

Bulk 0.18(2) 71(50)

SCV 0.19(2) 57(50)

One vacancy 0.19(2) 68(50)

improvement in the R-factor. These percentage occupations all fall within the calculated errors for the

unit cell density fitting of the NIXSW data and further confirms the clear preference for the formate to

occupy the tet site, as determined directly by the NIXSW measurements.
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Figure 4.3.5: The real space imaging of the a) OHCOO, b) OOH and c) CHCOO species. Overlaid on top
of a) is half of the surface Feoct and Fetet layers of the Fe3O4(001) surface. a) and c) Show that the
formate is bidentate bonding to the surface through its two OHCOO atoms to two surface Feoct cations.
b) Shows that OOH occupies a bulk oxygen surface site. d) Is a fit of the total unit cell density of the
CHCOO using a 68 % tet and 32 % int ± 5 % mix of the tet and int sites. c) and d) depict the calculated
real space imaging of a species located solely in the tet and int sites respectively.
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Figure 4.3.6: The PhD modulations for the OHCOO, OOH and OBulk species for the [110] and [101]
directions at varying polar angle. It is clear that the OHCOO and OOH species are generally similar to
the bulk species indicating similar adsorptions sites.
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Figure 4.3.7: a) The top and b) the side views of the optimised bulk structure (R-factor = 0.22). The
formate is found in the tet site and the hydroxyl is found in the int site.
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4.3.4 Discussion

In this study the adsorption site of the formate using NIXSW real space imaging has been directly probed

in a model independent manner, finding that a majority of the formate, 62% ± 5 %, is adsorbed in the tet

site on the surface coincident with the 1st layer Fetet atoms. These results confirm the model dependent

results of Arndt et. al. (75 % ± 10%) and the PhD optimisations (71 % ± 50 % for the bulk substrate

structure). It could be that the preference for the tet site is patterned by the SCV reconstruction with

the mechanism of its lifting consistently causing the formate to be located in the tet site on the surface.

This would not be hard to rationalise as the reactivity of the Fe3O4(001) surface to various adsorbates is

dictated by the atomic and electronic structure of the SCV reconstruction. Notably, the SCV comprises

two highly reactive oxygen anions which DFT predicts have charges of -1[74], and its very likely that

the dissociative adsorption of the formic acid occurs consistently at these oxygens. The formate is found

to adsorb on the surface with two over layer periodicities in approximate equal amounts: a (1×1) and a

(2×1)[96]. The (2×1) over layer contains two formate molecules in its unit cell, with them placed off set

to one another in the [110] direction, i.e. one in the int and one in the tet site. Thus, while a majority

of the adsorbed formate is initially located at the tet site, occupation of the int site may be due to the

diffusion of the formate into this site and creation of the (2×1) over layer.

The chemical specificity of the PhD results presented here have allowed this study to also determine

that the surface OOH species is found to occupy a int site, not coincident with the 1st layer Fetet

atoms. The occupation of the int site by the surface hydroxyl is consistent with the studies of native

surface hydroxyl formation on the Fe3O4(001) surface due to the adsorption of background gas phase

hydrogen[120]. Moreover, the formation of water monolayers on the Fe3O4(001) surface has been shown

to initiate via the formation of surface hydroxyls which are found to occupy the int site[121]. These

results are also consistent with the behaviour of deposited metal adatoms on the SCV reconstruction,

which are found to adsorb at the two highly reactive surface oxygen anions of charge -1 (see reference

[25] and sections 4.4 and 4.5). If dissociative adsorption of formic acid occurs at these reactive oxygens,

as consistently observed for water and metal adatoms, it may be that this is also occurring for formic

acid adsorption.

These PhD results also show that the surface hydroxyl occupies a bulk-like surface site, with the

best fit structures being those with the OOH atom above a subsurface Feoct cation; placing the OOH above

a vacancy leads to a worsening of the R-factor in the SCV and one vacancy structures. More generally,

the optimised structural parameters of the substrates are found to tend towards bulk-like positions,

e.g. the outward relaxation of the top octahedrally coordinated layer becomes less pronounced, when

compared to a clean SCV reconstruction, after formic acid is adsorbed. This provides credence to the

work undertaken by Arndt et. al. where the best fit structures in the SXRD and the lowest energy
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models in the DFT were those with no subsurface cation vacancies in the first subsurface octahedral

layer.

Moreover, the DFT calculations showed that a surface hydroxyl found bonded to an Fetet cation was

less energetically favourable by 0.47 eV per adsorbed molecule than structures with the surface hydroxyl

in the int site. Here, this preference has been experimentally confirmed and this study reinforces the

understanding that the surface hydroxyl plays an important role in the mechanism for the lifting of

the reconstruction. Specifically, for the surface hydroxyls to be in int sites on the SCV surface, they

must occupy opposite sites in the same interstitial ‘gap’, a model which Arndt et. al. found to be

energetically unfavourable by 0.12 eV per molecule due to columbic repulsion. As such, the preference

for the surface hydroxyl to occupy an individual int site above an Feoct cation at the surface may be

responsible for the initial migration of the Feint cation into the subsurface octahedral vacancies. The

resulting single subsurface vacancy is then unstable to diffusion towards the bulk leading to the total

lifting of the reconstruction.

It is not immediately clear why the adsorption of OOH at a surface int site would cause such a

cascade of events (i.e. cation movements and diffusions) leading to the lifting of the reconstruction. One

likely reason could be that the surface oxygen at the int is electronically distinct from the other surface

oxygens, notably carrying a -1 charge as a means to avoid a polar surface for the SCV reconstruction

(see section 4.1). Thus, by protonating the oxygen at this site, the hydroxylation of the surface could

be disrupting the charge balance at the surface, and thus other charge reorderings in the surface region

present due to the SCV reconstruction (e.g. the extra Feint and the cation vacancies) become unstable

and/ or unnecessary. This electronic and or chemical link between molecular adsorption at the imme-

diate surface layer and the structure of subsurface layers is fascinating and certainly warrants further

study, particularly before an accurate conclusion can be drawn on the lifting mechanism of the SCV

reconstruction.

4.3.5 Conclusion

In this study, the chemical specificity of the PhD and NIXSW techniques have been used to directly

probe in a model independent manner the adsorption site of the formate and the surface hydroxyl on the

Fe3O4(001) surface formed by dissociative adsorption of formic acid. It was determined that the formate

adsorbs on the surface in both the tet and int sites with occupations of 68% and 32% ± 5% respectively.

A majority of the formate being found in the tet site may be due to a patterning of the SCV surface, i.e.

the mechanism of the lifting of the SCV surface would result in the formate being situated in the tet site.

The PhD results were further able to determine that the surface hydroxyl is found in the int site with

no adjacent Fetet cation. Such a site would be the expected adsorption site with consideration of prior
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investigations[120, 121], however, the results presented here represent the first quantitative confirmation

of the surface hydroxyl’s location.

The adsorption sites of the surface hydroxyl and the formate may be vital in understanding, to

the fullest extent, the nature of the mechanism that lifts the SCV reconstruction. In turn, this work

provides the ground work for further investigations of the interactions of carboxylates with metal-oxides

surfaces, playing an important role in the bottom up approach to funtionalising metal-oxide surfaces for

application in a host of fields (i.e. tissue specific drug therapies). More directly, this work represents

a direct probe of the cation defect chemistry Fe3O4 and how it plays an important role in defining

the surface chemistry of Fe3O4(001). Investigations of such behaviour of the Fe3O4(001) surface are

invaluable to the development of the Fe3O4(001) as a model SAC system.
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4.4 Ni on Fe3O4(100)1

4.4.1 Introduction

Catalysts typically comprise an expensive precious metal on a support material. In turn, industrially

utilised catalysts can become fairly expensive and can render some chemical processes uneconomical.

However, it is becoming more apparent that non-precious transition metals can operate with activities

and selectivities on par with their precious metal counter parts. This is most well established with Ni

metal based catalysts which have demonstrated high activities for the oxygen evolution reaction, an

important step in electro-catalysed water splitting[123–129]. In many of these Ni catalyst uses, the Ni is

either in oxide form or supported on another metal oxide and typically this oxide support is FeOx . As

such, investigations of the interaction between Ni and iron-oxides are of general interest within the field

of catalysis.

More specifically though, an investigation of Ni metal adsorption on the Fe3O4(001) surface offers

an opportunity to gain a deeper, fundamental understanding of the Fe3O4(001) SCV reconstruction and

the pivotal role defects play in defining much of its chemistry. In the work fo Bliem et. al.[71], unique ‘on

row’ features are found to populate the cation rows in the STM images after deposition of ferrite forming

metals, such as Ni. Moreover, LEED diffraction patterns show that, as Ni is deposited, the (
√

2×
√

2)R45°

periodicity of the SCV reconstruction is gradually lost until a (1×1) bulk like termination remains. Such

a change in the periodicity of the surface termination indicates that the SCV reconstruction is lifted by

the Ni metal, and it was thus proposed that the Ni metal lifts the reconstruction by filling the subsurface

cation vacancies of the reconstruction. In turn, the ‘on row’ features of the STM images were proposed

to be Ni metal imaged in the vacancies and this understanding was corroborated by DFT+U calculations

which show that the most energetically stable Ni adsorption site is the subsurface cation vacancy[71].

However, STM measurements only provide an indirect measure of the surface topography and

are strongly influenced by the electronic structure. More importantly, STM cannot image subsurface

topography and, as such, it is only the effect on the electronic structure at the surface of the potentially

incorporated adatoms that is measured. Furthermore, prior work by Meier et. al. using NIXSW to

investigate the adsorption geometry of Ag and Cu adatoms on the same surface has cast doubt on

the accuracy of DFT+U calculations for modelling adatoms on the magnetite surface[25]. Given the

general catalytic interest in such a study, and the need to provide quantitative experimental results

in determining surface structures, this section of the chapter outlines the results and conclusions of a

NIXSW study of Ni metal deposition on the Fe3O4(001) surface.

In this study, the (004) reflection of Fe3O4 crystal was utilised to probe the adsorption heights of

the Ni species. The use of the (004) reflection and the chemical specificity of the NIXSW technique has

1This study has been published[122]
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allowed the adsorption heights of Ni adatoms and subsurface Ni to be determined independently. These

results are found to reinforce the conclusions of the prior STM study[71], directly showing that Ni readily

fills the subsurface cation vacancies of the SCV reconstruction.

4.4.2 Experimental details

Throughout this experiment, the Ni 2p core-level was utilised to measure the SXPS and NIXSW spectra.

Energy ranges for the NIXSW and SXPS spectra are outlined in section 4.2.

Three depositions of Ni metal, with the sample held at room temperature, were conducted, with

two of them being annealed to different temperatures (425 and 875 K). Specifically, the Ni coverages and

annealing temperatures of the three preparations were: 0.2 ML, 300 K (room temperature); 0.2 ML, 425

K; and 0.5 ML, 875 K. Here, 1 ML is defined as one metal adatom per SCV reconstructed surface unit

cell. A fourth deposition, with the sample held at 150 K, was also undertaken to a coverage of 0.3 ML.

Ni 2p SXP spectra and a series of NIXSW measurements were taken for all four preparations.

4.4.3 Results

SXPS

Figure 4.4.1 a) shows the normalised Ni 2p3/2 SXP spectra from the first (0.2 ML, 300 K/room tem-

perature), and third (0.5 ML, 875 K) samples (the original data and example fittings of this data can

be found in appendix B.3). Two Ni 2p3/2 peaks, with a binding energy difference of 1.4 eV, are present

at room temperature and 425 K, but only the higher binding energy peak is present after annealing

to 875 K. After annealing, the satellite feature, at even higher binding energy (with a binding energy

difference of 7.5 eV to the Ni 2p3/2 peak with the lowest binding energy), becomes more prominent.

These two chemically distinct Ni species are assigned, as in the work of Bliem et al.[71], to Ni adatoms

(the lower binding energy), Niad, that are proposed to occupy bulk continuation tetrahedral sites above

the surface and incorporated Ni atoms (the higher binding energy), Nisub. Note that these assignments

were based on a comparison of STM images and XP spectra, but are confirmed by the NIXSW data

presented here.

So as to achieve a higher Niad coverage, a Ni deposition was also undertaken at 150 K and the

SXP spectrum of this deposition is shown in Figure 4.4.1 b) where it is compared to the as-deposited

Ni at room temperature. However, contrary to expectations, the SXP spectrum shows that the surface

comprises almost entirely the Nisub species. Other than reducing its intensity, annealing this spectrum

did not change it significantly.

The binding energy values of both Nisub and Niad indicate that they are from Ni in a cationic charge

state as both peaks are found at higher binding energy values than metallic Ni (≈ 852.8 eV)[130, 131].
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Figure 4.4.1: a) The soft XP spectra of the Ni 2p3/2 core-level for Ni as-deposited and annealed to 425
K and 875 K on the Fe3O4(001) surface. Annealing the surface drives the Ni into the subsurface site. b)
The soft XP spectra of the Ni 2p3/2 core-level for Ni as-deposited and for Ni deposited at 150 K. Low
temperature deposition also causes the Ni to be driven into the subsurface sites. Note, the increase in
intensity at the higher binding energy side of each spectrum is due to the Ni 2p3/2 photoemission peak
which is not fuller shown. All spectra were measured at a photon energy of 950 eV.

In prior studies of metal deposition on Fe3O4(001)[25, 71], DFT calculations predict a +1 charge state

of the metal adatoms which, in the case of Cu, was supported by the measured photoelectron binding

energy of the Cu 2p state. In contrast, the measured binding energy values of the Niad and Nisub species

(853.9 eV and 855.2 eV respectively) are more consistent with Ni2+ and Ni3+[71]. Moreover, the satellite

feature is consistent with Ni2+ and Ni3+ oxidation states rather than Ni+. While the binding energy

values of the Niad species indicates that it has a 2+ charge state, using binding energy values alone to

determine oxidation state is problematic, notably as it ignores the possible final state effects. Fe3O4

is half metallic in the bulk and so the electronic environment of the Niad/Fe3O4(001) system is likely

very distinct with comparison to that of NiO, which is a wide band gap semiconductor[132]. Indeed,

as detailed in the discussion of the satellite feature in the Ni 2p SXPS, there is good reason to suspect

that the electronic structure of Niad may differ significantly from that of Nisub, as predicted by Bliem et

al.[71]

NIXSW

Figure 4.4.2 a) shows the absorption profiles for the Niad and Nisub present on the surface after depositing

Ni at room temperature. The two profiles are quite similar and this can be attributed to the low coherent

fractions of both of these species (0.32 ± 0.06 and 0.30 ± 0.07 for the Niad and Nisub respectively). These

low coherent fractions indicate that these species are quite disordered on the surface.
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Figure 4.4.2 b) shows the absorption profiles for both the Niad and Nisub species after annealing the

surface to 425 K. The two profiles are quite distinct indicating that the two species occupy significantly

different adsorption sites. This is apparent in the measured coherent fractions and coherent positions of

these species which are listed in Table 4.4.1. The coherent positions of the Niad and Nisub species result

in adsorption heights, with respect to a bulk-like Feoct, of 0.46 ± 0.17 Å for Niad and 0.04 ± 0.08 Å

for Nisub. The drastic increase in the coherent fraction after annealing the as-deposited surface (Figure

4.4.2 a)) to 425 K (Figure 4.4.2 b)) shows that the Ni is initially quite disordered on the surface, likely

occupying a number of different sites, and after annealing it has enough thermal energy to diffuse into

only two distinct adsorption sites.

Figure 4.4.2 c) shows comparable absorption profiles for the Nisub species after annealing the surface

to 875 K. There is no significant change to the coherent fraction or coherent position with annealing

temperature. The absorption profile of the Ni deposited at 150 K is given in Figure 4.4.2 d). The fitted

coherent fraction and position are 0.9 ± 0.1 and 0.54 ± 0.04 respectively and are almost identical to that

of the Nisub species after annealing the surface to 875 K (see Table 4.4.1).

Finally, the absorption profile of the satellite feature found at much higher binding energy is shown

in Figure 4.4.2 e) and has fitted coherent fraction and coherent position values that are essentially the

same as the Nisub species (table 4.4.1). Notably, however, the satellite feature has a significantly higher

coherent fraction suggesting that the satellite feature is not only related to the Nisub species but to a

subset of the Nisub species that is found in a more ordered adsorption site.

Table 4.4.1: The fitted values of the coherent fraction, f004, and coherent position, P004, for the Nisub and
Niad species and the satellite feature present in the XP spectra at different preparation temperatures.
The Niad species was only present on the surface for the as-deposited Ni at 300 K and the surface
annealed to 425 K. The satellite feature could only be fitted in the XP spectra for the 150 K and 875 K
surface preparations as its intensity was too small at other temperatures.

Nisub Niad satellite
Temperature (K) f004 P004 f004 P004 f004 P004

150 0.9(1) 0.54(4) - - 1.0(2) 0.51(6)

300 0.30(7) 0.60(5) 0.32(6) 0.74(5) - -

425 0.75(9) 0.52(4) 0.7(1) 0.72(8) - -

875 0.80(4) 0.50(2) - - 0.94(8) 0.56(3)
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Figure 4.4.2: The absorption profiles of the Niad and Nisub species for a) the as-deposited surface, b)
the surface annealed to 425 K and c) the surface annealed to 875 K. Note, no Niad species was present
when annealing to 875 K. d) The absorption profile for the Ni deposited at 150 K. As with the 875 K
annealed surface, no Niad species is present when depositing Ni at 150 K. e) The adsorption profile for
the satellite feature present in the spretrum of the surface annealed to 875 K. The bottom panel depicts
the (400) reflection of magnetite. The coherent fraction and coherent position values of these fits are
provided in Table 4.4.1 where they can be easily compared.
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4.4.4 Discussion

Nisub species

Within the calculated uncertainties, the coherent positions of the Nisub species are consistently coincident

with the coherent position of the bulk Feoct layers (P 004 = 0.5). These results thus show that the Ni must

be incorporated into the Fe3O4 crystal; the other possibility is Ni adsorption above the Feoct surface,

although this would lead to Ni–O bond lengths that would be physically unsound and to a coordination

number of the Ni atoms that is too low. This does raise two questions however: does the Ni only occupy

Feoct sites and, if so, do these Ni atoms occupy surface or subsurface Feoct sites?

The first question can be easily addressed through inspection of the Nisub coherent fraction. In

magnetite, there are two octahedral sites for every one tetrahedral site, and, for the (004) reflection, the

octahedral and tetrahedral sites are found antiphase to one another (they differ in coherent position by

0.5). Thus, if the octahedral and tetrahedral sites were equally occupied, the coherent fraction would

be 0. If the occupation of the sites was 2:1, as is the case in bulk magnetite, then the coherent fraction

would be 0.33. The measured coherent fraction is considerably higher taking values between 0.75-0.94.

Moreover, the lowering of the coherent fraction away from unity by 0.1-0.2 can be attributed to dynamic

disorder from atomic vibrations alone. Ultimately, occupation of the tetrahedral sites by the Nisub species

can be excluded.

Given that the Nisub species is found entirely in Feoct sites, is it found in the surface or subsurface?

Inherently, the NIXSW technique cannot directly tell one what Bragg diffraction plane the probed

species is located in. The technique provides the investigator with the position relative to a set of Bragg

diffraction planes. In other words, it is not possible to differentiate between adsorption heights that

differ by an integer value of dhkl, the layer spacing of the chosen reflection. For example, heights of

(n+ P004)× dhkl are equivalent for integer n and so a coherent position of 0.5 is indistinguishable from

a coherent position of -0.5, +1.5, +2.5 etc. This being said, judgement can be used to exclude certain

values of n, as was done earlier in this discussion were n = 1 (adsorption at a Bragg diffraction plane

above the surface) was excluded for Nisub due to physically unsound bond lengths. It is also important

to make clear that the NIXSW technique is also insensitive to surface relaxations, because the reflection

and the resulting standing wave utilised within the technique are produced in the bulk of the crystal.

That is, the measured positions will always be with respect to bulk Bragg diffraction planes irrespective

of the relaxations of those planes at the surface. For studies of metal substrates, this rarely needs to be

considered as the surface relaxations are at most a few percent of the layer spacing. However, surface

relaxations on metal-oxides are considerably more pronounced and cannot be ignored[71, 74].
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a)

Figure 4.4.3: a) The SCV reconstruction: the purple atoms are the Fetet interstitial and the dotted
circles depict the subsurface cation vacancies. The blue shaded planes represent the periodicity of the
(004) reflection. b) The SCV reconstruction with a Niad in the adatom adsorption site. c) The (1 × 1)
bulk-like termination after incorporation of Ni into the subsurface vacancies. Note that the other vacancy
is assumed to be occupied by the Fetet interstitial of the reconstruction.

Prior DFT+U studies of the magnetite surface both with and without metal adatoms show the

surface Feoct layer relaxes inwards by -0.23 Å, -0.22 Å and -0.24 Å for the surface without adatoms,

with Cu adatoms and with Ag adatoms respectively[25]. If the Nisub species was situated within the

surface Feoct layer, a relaxation of the surface layer by this magnitude would be apparent in the coherent

position of the Nisub species, which would be measured between 0.38-0.40. This is significantly lower

than what is actually measured as the Nisub coherent position (0.50-0.60). This strongly suggests that

the Nisub species does not lie in the surface layer. The first sub-surface octahedral layer was determined

to relax outwards by less than the NIXSW experimental uncertainty and so the NIXSW results presented

here cannot differentiate between bulk octahedral layers and the first sub-surface octahedral layer. This

being said, the LEED measurements by Bliem et. al.[71] show that the diffraction spots of the SCV

reconstruction gradually disappear upon continued Ni deposition or after annealing Ni into the crystal;

as the Nisub species concentration increases. The lifting of the SCV reconstruction, combined with the

present NIXSW results, do strongly suggest that the Ni is filling some of the subsurface vacancies with

the remaining being filled by the Fetet interstitial of the reconstruction. The resulting (1 × 1) bulk-like

termination of the surface after the SCV reconstruction is lifted by Ni deposition is given in Figure 4.4.3

c).

Niad species

The Niad species in both the room temperature dose and after being annealed to 425 K has a measured

coherent position that places it coincident with the Fetet layers of the crystal (D004 ≈ 0.75). This would

place the Niad species on the surface in the bulk continuation tetrahedral adatom adsorption site (Figure

4.4.3 b)). The prior NIXSW study of Cu and Ag metal adatoms by Meier et. al.[25] found that the
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Cu and Ag adatoms measured coherent positions of 0.71 ± 0.02 and 0.96 ± 0.01, respectively, and this

study also undertook NIXSW imaging of the adatom locations, directly showing that the Cu and Ag

adatoms occupy the single available bulk continuation adsorption site of the SCV surface. While no

direct imaging was undertaken for the Niad species, the similarities in the measured P004 values and the

existence of Ni adatom like features in STM images[71] strongly indicates that the Niad is a Ni adatom

on the Fe3O4(001) surface.

The adsorption height of the metal adatoms above an idealised bulk Feoct surface layer can be

calculated from the fractional coherent position and, for the Ni, Cu and Ag adatoms, they are 0.46 ±

0.16 Å, 0.43 ± 0.03 Å and 0.96 ± 0.03 Å, respectively (Ni height calculated from the Niad P004 of the

surface annealed to 425 K). Note that, these values do not take into account relaxations of the surface

layer and so the true values are likely greater as the outer surface layer of the Fe3O4(001) typically relaxes

inwards[25, 74]. However, comparisons between these values can be made. The Ag adatoms adsorb a

significant distance higher off of the surface than the Ni or Cu adatoms. This may indicate a weaker

interaction of the Ag adatoms with the Fe3O4 substrate and would be consistent with the observed

behaviour of these metals. Ag does not go subsurface likely due to a lower heat of oxide formation[59]

while Ni does readily go subsurface as demonstrated in the prior sections of this discussion. Cu has not

been observed to readily diffuse into the Fe3O4(001) surface however, it does form a solid solution with

Fe3O4[59]. While conclusions about the strength of interactions drawn from bond lengths alone can be

problematic, these values provide benchmarks for future work investigating the adatom adsorption sites

after exposure to catalytically relevant molecules (see section 4.5).

Satellite feature

Satellite features are present in Ni 2p XPS spectra for metallic Ni but can be attributed to plasmon

losses[133] and are comparatively weak. On the other hand, the XP spectra of Ni-ferrites (NiFe2O4), Ni-

oxides and Ni-hydroxides[133–135], contain significantly more pronounced satellite features and these are

attributed to a complex set of multiples in the final-state electronic structure[133]. The satellite feature

present in the XP spectra is clearly related to the Nisub alone as both features measure absorption profiles

that are qualitatively the same and so have coherent fractions and positions that are particularly similar.

This may indicate that the Nisub species is electronically very similar to Ni in Ni-ferrite. This would not

be surprising as the Ni in Ni-ferrite occupies only the A sublattice of the spinel structure i.e. on the Feoct

sites, and it has been demonstrated in this study that the subsurface Ni occupies only the Feoct sites. On

the contrary, the Niad species is found to be quite electronically distinct from Ni-ferrites or Ni-oxides.

Thus despite the observed binding energy shift to significantly higher values in the XP spectra, the Niad

species may have an electronic structure that is more like metallic Ni. This serves to further stress the

caution that must be used when discussing the electronic structures of species using XP core-level spectra
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alone. More interestingly however, it also highlights the drastic change in electronic structure between

the two surface adsorption sites and thus the potential difference in reactivity towards other molecules.

Such a difference in electronic structure would have to be considered in future work investigating this

system as a model catalyst.

150 K surface

It is not immediately clear why dosing Ni at lower temperatures (150 K) leads to the the Ni being

driven completely subsurface. One possible explanation is the unintentional adsorption and subsequent

dissociation of water at 150 K. Water has been shown to adsorb on the Fe3O4(001) surface both intact

and dissociatively at low temperatures with molecular water remaining at temperatures up to 240 K[121].

Assuming that the majority of the background pressure of a UHV chamber comprises water, the partial

pressure of water in the chamber is < 3× 10−10 mbar. The sample was held under these conditions for

several minutes before acquisition of SXP spectra. Assuming a unitary sticking coefficient, this would

result in an adsorbed density of 5× 1017 molecules per m2, which is comparable to the adatom density

( 5× 1017 atoms per m2). Importantly, water and other hydroxyl forming species, such as atomic H and

formic acid, are found to lift the SCV reconstruction[96, 136](e.g. see section 4.3). Since it is the SCV

reconstruction which is responsible for preventing metal adatoms from agglomerating into nano particles,

for the more noble metals, or from incorporating into the subsurface, for those metals that readily form

an oxide, the loss of the SCV reconstruction by the dissociative adsorption of water at 150 K may be

driving the Ni adatoms into the subsurface sites.

It is interesting to note that the coherent fraction of the deposition at 150 K (0.9± 0.1) is higher than

that of the surface annealed to 875 K (0.9 ± 0.1). Thus, after cold deposition, the Ni may be occupying

one distinct site, while after annealing the Ni deposited at room temperature, a small population of

Ni could potentially occupy a number of different surface and subsurface sites. It could also be that

at lower temperatures, vibrations of the bulk crystal are reduced and the Debye-Waller factor within

the coherent fraction becomes less significant. Debye-Waller factors are found to decrease at lower

temperatures at least in metals[137] however, the behaviour of Debye-Waller factors in metal oxides,

particularly magnetite at low temperatures, is less trivially explained[138] and the author is unaware of

any published work detailing the change of Debye-Waller factor with temperature.

4.4.5 Conclusion

In this study, the adsorption geometry of Ni adsorbed on the Fe3O4(001) surface was investigated using

the NIXSW technique. These results confirm previous interpretations of STM images which conclude that

the Ni occupies surface adatom and subsurface sites[71]. The Ni adatoms were found to lie significantly

lower on the surface than Ag adatoms but at a similar height to Cu adatoms[25]. This work unequivocally
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show that the subsurface Ni species is found in Feoct sites which are likely the due to the Ni filling the

subsurface cation vacancies of the SCV reconstruction.

The effect temperature has on the adsorption geometry of Ni was also investigated. After deposition

at room temperature, the Ni likely occupies the adatom and subsurface sites in addition to other sites on

or within the surface, as evidenced by the large amount of disorder measured in the NIXSW results. It

was found that annealing the surface drives the Ni from the surface into the subsurface cation vacancies

where at 875 K it was found that not Ni adatoms remained. This finding is supported by measured

LEED diffraction patterns which show a lifting of the SCV reconstruction after continued deposition

of Ni or after annealing a Ni/Fe3O4(001) surface. It was also found that the Ni subsurface species

dominates when depositing the Ni at low temperature. This could be due to the presence of molecular

and dissociatively adsorbed water at 150 K; water and hydroxyl forming species are found to lift the

SCV reconstruction, the reconstruction which is responsible for the stabilisation of metal adatoms on

the Fe3O4(001) surface.

In conclusion, this study provides a direct probe of the cation defect chemistry of the iron oxides and

of the importance these defects play in understanding the surface chemistry of Fe3O4. Ultimately, this

study, along with previous work on Cu and Ag adatoms undertaken by the same group, has developed

the groundwork for further investigations into the catalytic function of metal/Fe3O4 surfaces.
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4.5 CO adsorption to Ag/Fe3O4(100)2

4.5.1 Introduction

Undertaking accurate theoretical calculations is a pivotal step in the development of SACs. DFT calcu-

lations are invaluable as they provide insight into reaction mechanisms and in turn, these results can be

compared to measured catalytic activities, improving the screening of new or improved catalytic materi-

als.[44, 139–143] However, without anchoring the DFT calculations within a sensible, real-world model

of the system under study, they become at best a guess of the catalytic properties and doubt is cast on

the accuracy of the predictions. Of particular importance is the structure of the system under study, as

the geometry of the catalytic centre, and that of adsorbates bound to it, define much of the catalyst’s

reactivity; the geometry not only defines the accessible reaction pathways via steric effects, but also

through informing the electronic structure which itself is a vital descriptor of reactivity.

In addition to potential direct industrial applications, SACs provide model catalytic materials

with which thorough studies of catalyst functionality can be undertaken; many SAC systems rely on a

crystalline substrate, e.g., a metal or metal-oxide surface, with well-defined repeating adsorption sites

onto or into which the isolated metal centres are stabilized[53, 73, 144–148]. This allows SACs, and

their functionality, to be studied in atomic detail using a host of surface science techniques probing the

material composition, such as XPS, and atomic and electronic structure, such as STM, NIXSW and

PhD. These kinds of studies have already revealed interesting properties of SAC systems. For example,

many parallels can be drawn between SAC systems and metal organic complexes used in homogeneous

catalysis[149] with a pertinent example of such a study being that by Jakub et al.[79] who investigated

the coordination geometries of Ir carbonyls on the SCV reconstruction[74] of the Fe3O4(100) surface.

The study showed that Ir dicarbonyl complexes on the Fe3O4(001) surface were found in a square planar

geometry, the preferred geometry of Ir(I) d8 electron complexes[80, 81, 150]. More generally, this study

also highlights the interest in understanding the interaction of CO, an important reactant molecule

within catalytic studies, with SAC systems and in particular, how CO changes the morphology and/or

structure of the catalyst. Such studies have included investigations of Pt and Pd adatoms on the same

SCV reconstruction where adsorption of CO resulted in gas sintering of the adatoms into subnanometer

Pt and Pd clusters[75, 76].

Importantly however, the results of these rigorous surface science experiments, undertaken in pris-

tine conditions and on single crystals, can be directly compared to DFT calculations. That is, exper-

imental results directly probing the geometry of a catalyst and the adsorbates bound to it, e.g. using

NIXSW, can be used to inform the structural models utilised in DFT calculations, providing confidence

in their predictions. NIXSW studies have been undertaken for Cu and Ag[25] and Ni[77] adatoms on the

2This study has been published[77]
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Fe3O4(100) surface prior to exposure to reactants (see section 4.4 for the Ni on Fe3O4(100) study). In

the study of the Cubare1 and Agbare1 adatoms, supplementary DFT calculations were also undertaken so as

to determine the best approach to modelling the metal adatom geometries on the surface. NIXSW mea-

surements determined that the Cubare1 and Agbare1 adatoms were adsorbed above the idealised bulk Feoct

surface (i.e. not taking surface relaxations into account) by 0.43 ± 0.03 Å and 0.96 ± 0.03 Å, respectively.

It is common for the Perdew–Burke–Ernzerhof+U (PBE+U) and PBEsol+U approaches to be utilised in

DFT calculations of oxide materials,[44, 139–142] however, these performed poorly when trying to pre-

dict the Cubare1 and Agbare1 adatoms adsorption heights[25]. While the Heyd–Scuseria–Ernzerhof (HSE)

hybrid functional reproduced the absolute adsorption height of the Cubare1 and Agbare1 adatoms well, such

functionals are computationally expensive. However, by forcing the ‘cheaper’ PBE+U calculations to

utilise the experimental lattice constant of the Fe3O4 substrate, the predicted adsorption heights both

better represented the experimental values. This potentially offers a computationally viable method

of studying SAC systems. The study presented in this section of the chapter further investigates this

possibility by studying the Ag/Fe3O4(001) system after exposure to CO using the NIXSW.

4.5.2 Experimental details

Throughout this experiment, the Ag 3d core-level was utilised to measure the HAXPES and NIXSW

spectra. Energy ranges for the NIXSW and SXPS spectra are outlined in section 4.2. Note that the Ag

2p core-level was utilised for the (044) reflection.

0.4 ML of Ag was deposited onto the crystal at room temperature where 1 ML is defined as one

metal adatom per SCV reconstructed surface unit cell. Two CO exposures of 10 L and 20 L were

undertaken with the Ag/Fe3O4(100) surface being held at 150 K (1 L corresponds to 10−6 mbars). Note

that, the prepared Ag/Fe3O4(100) surface is the same surface that was utilised for the prior NIXSW

measurements of the Ag before exposure to CO[25].

4.5.3 Results

XPS

The HAXPES spectra of the Ag 3d core-level are shown in Figure 4.5.1 for the as-deposited Ag (Agbare)

and the Ag after exposure to 10 L/ 20 L of CO (AgCO). Note that the Agbare spectrum has already

been published[25] but is reproduced here for ease of comparison. The Agbare spectrum was fitted with

a comparatively broad single peak which was assigned as being due to a mixture of Ag adatoms (Agbare1 )

and a small number of Ag clusters (Agbareclusters) both present on the surface. This peak sits at a slightly

higher binding energy (368.8 eV) than metallic Ag (368.3 eV)[151]. After exposure to CO, the Ag 3d

core-level is found to shift to higher binding energy which is attributed to the coordination of CO to
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Figure 4.5.1: The HAXPES spectra of the Ag 3d core-level for the as-deposited Ag and the Ag exposed
to 10 L and 20 L of CO. These spectra are each normalised to their maximum intensity. The as-deposited
spectra has already been published[25] and is shown here for comparison. After CO exposure, the core-
level shifts to high binding energies and can be fitted with two peaks, AgCO

low and AgCO
high.

the Ag species. Due to changes in the core-level line shape as the photon energy is scanned during the

NIXSW measurement, and the distinct absorption profiles which are produced, the AgCO spectrum was

fitted with two narrower peaks, AgCO
high and AgCO

low at higher and lower binding energy respectively.

The AgCO
low relative intensity increases with CO exposure and is assigned as clusters of Ag atoms

with bound CO AgCO
clusters as well as any remaining Agbareclusters and Agbare1 not yet coordinated with

CO. The AgCO
high peak is assigned as Ag adatoms bound to CO (AgCO

1 ). Typically, metal core-level

binding energies shift to higher values via oxidation of the metal centre[79, 152, 153], however this is

not necessarily the case with Ag[43, 151]. Thus, it is important to note that these assignments have
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actually been made in hindsight, after comparison between the absorption profiles and corroboration of

the fitted NIXSW parameters with DFT calculations, and do not only rely on the binding energy shifts

in the XPS.

NIXSW

The (004) absorption profiles for the Agbare photoemission peak and the AgCO
high and AgCO

low photoemission

peaks after exposure of the Ag/Fe3O4(001) surface to 20 L of CO are shown in Figure 4.5.2. Note again,

that the Agbare data has been previously published[25] but is reproduced here for ease of comparison.

The absorption profiles for the (044) and (113) reflections after exposure of the surface to 20 L CO are

shown in the appendix B.4 Figure B.4.2. Note that the (044) XP spectra it was not possible to separate

the AgCO
high and AgCO

low photoemission peaks and so only one absorption profile could be measured. This

is because a higher analyser pass energy was utilised for the (044) measurements. The fitted coherent

fractions, f004, and coherent positions, P004, for the 20 L exposure are given in Table 4.5.1. In addition,

the adsorption heights above an ideal bulk truncated surface, Hexp
004 , calculated from Phkl, are also given

in Table 4.5.1. The absorption profiles for the surface exposed to 10 L CO are shown in appendix B.4

Figure B.4.1 and this data agrees well with the 20 L data. All the fitted fhkl and Phkl values for both

the 10 L and 20 L exposure are given in appendix B.4 Table B.4.1

The absorption profiles of the other measured reflections, (044) and (113), are given in appendix B.4

in Figure B.4.2. Figure 4.5.3 shows the real space imaging of the a) AgCO
high and b) AgCO

low photoemission

peaks which utilised the coherent fractions and coherent positions from all the measured reflections of

the 20 L CO exposure. These are 2D slices through the Fe3O4 unit cell at the positions of each species

as determined by the (004) reflection and, in each case, they have been normalised to the maximum

intensity found in the total unit cell. Figure 4.5.3 c) shows the calculated, real space imaging of the

idealised adatom tetrahedral adsorption site. The calculation in c) utilised the same reflections as those

of the experimental imaging.

Table 4.5.1: The fitted f004 and P 004 values for the Agbare, AgCO
high and AgCO

low photoemission peaks. Also

given are the adsorption heights, Hexp
004 , in Å above a idealised bulk terminated surface calculated from

the P 004 values. The DFT calculated heights, utilising the PBE+U approach, for the Agbare1 and AgCO
1

species are given and predict the exact same height for the AgCO
1 species.

f004 P 004 Hexp
004 (Å) HDFT

004 (Å)

Agbare 0.66(3) 0.96(1) 0.96(3) (Agbare1 ) 0.87

AgCO
high 0.89(9) 0.05(4) 1.15(8) (AgCO

1 ) 1.16

AgCO
low 0.47(4) 0.00(2) 1.05(4) -
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Figure 4.5.2: a) The absorption profiles of the (004) reflection for the Agbare, AgCO
low and AgCO

high photoe-
mission peaks. Also given in a) is the measured (004) reflection. b) A schematic showing the measured
difference in adsorption height between the Agbare1 and AgCO

1 species. Note that the Agbare1 adsorption
height is likely too large due to contributions from Agbareclusters. This is discussed in more detail in the
discussion.
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Figure 4.5.3: The direct, real space imaging of a) the AgCO
high and b) the AgCO

low photoemission peaks. In
c) the calculated real space imaging of the idealised adatom adsorption site is given. Overlaid on top of
c) is the surface layer of the Fe3O4(001) surface. These direct real space images show that the CO does
not affect the lateral registry of the Ag adatoms and demonstrate that the AgCO

low photoemission peak
comprises Ag clusters and some Ag adatoms.
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4.5.4 Discussion

These results show that coordinating CO to the Agbare1 adatoms, to give the AgCO
1 adatoms, results in

an increase in adsorption height to 1.15 ± 0.08 Å (see Figure 4.5.2 b)). Utilising the PBE+U DFT

approach as set out in detail by Meier et. al.[25] (i.e. fixing the Fe3O4 unit cell parameter to its

experimental value) to calculate the adsorption height of the AgCO
1 gives a predicted height of 1.16 Å

in almost perfect agreement with the experimentally determined result. The increase of the adsorption

height after coordination of CO could be rationalised by a weakening and subsequent lengthening of the

Ag-Osurf bonds. Such an effect would be consistent with the generally observed phenomena of cis or

trans influence[154] where ligands weaken bonds that are cis or trans to themselves, in this case, due to

competing σ donation into the Ag metals d orbitals. Such a trans influence has also been observed, and

characterised with NIXSW, for other surface metal complexes[155]. There is also a considerable increase

in the f004 from 0.66 ± 0.03 to 0.89 ± 0.09 for the Agbare1 and AgCO
1 species respectively. The f004 of the

AgCO
1 is high enough that any difference from unity can be attributed to dynamic disorder in the vertical

position of the species, i.e. due to vibrations of the adatom or the crystal. This high coherent fraction

reinforces the assignment of the AgCO
high photoemission peak as being due to AgCO

1 adatoms alone.

The direct imaging of the AgCO
high photoemission peak (Figure 4.5.3 a)) shows that this species sits

in one of the two bulk continuation adsorption sites on the surface. This is the expected site for metal

adatoms on the Fe3O4(001) SCV reconstructed surface (see Figure 4.5.3 c) for imaging of the idealised

adatom site)[71, 74]. These imaging results are almost identical to those for Agbare1 as measured by Meier

et. al.[25] and show that, while coordination of CO is causing a lifting of the Ag adatom away from

the surface, it does not affect the lateral registry of the Ag adatoms. The imaging of the AgCO
low species

(Figure 4.5.3 b)) corroborates the assignment of this photoemission peak as comprising of a mixture of

adatoms and clusters of Ag atoms. While there is some intensity at the adatom adsorption site, this

intensity is much reduced when compared to the AgCO
1 species, and the real space imaging in Figure

4.5.3 b) is generally much more smeared out. While there is still some significant order in the imaging of

the AgCO
low peak, notably a slight checker-board pattern, this is very likely due to the fact that the (044)

spectra could only be fitted with one peak and so the AgCO
low imaging is sharing characteristics of the

AgCO
high imaging. This checker-board pattern actually comprises the combined periodicity of the {044}

set of symmetrically equivalent reflections.

The relative intensity of the AgCO
low XP peak increases with the CO exposure which may indicate

that CO exposure has a sintering effect on Ag adatoms, causing them to agglomerate into clusters. Such

an effect has been observed for other metals on the SCV reconstruction, such as Pt and Pd[75, 76],

however this has not yet been observed for CO exposure to Ag adatoms at 150 K. This being said, the

proposed mechanism for the CO sintering is the weakening of the adatom-surface bonds and the observed
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increase in adsorption height of the Ag adatoms after coordination of CO may be a direct probe of this

weaker surface interaction. Alternatively, the relative difference in intensity between the 10 L and 20 L

could be due to a difference in the amount of Ag coverage between the preparations, although this would

require an error of ± 50% in the calibrations with the QCM which is unlikely.

In the prior NIXSW study[25] Meier et. al. concluded that the Agbare photoemission peak comprises

both Agbare1 adatoms and, due to a comparatively low measured f004, Agbareclusters. In an analogous

manner, here it is concluded, due to a comparatively low coherent fraction and inspection of the real

space imaging, that the AgCO
low photoemission peak comprises AgCO

clusters as well as uncoordinated Agbare1

and Agbareclusters (i.e. every species expect the AgCO
1 adatoms). Therefore, the f004 and P004 values of the

Agbare photoemission peak are a combination of those of the Agbare1 and Agbareclusters species; the f004 and

P004 values of the AgCO
low photoemission peak are a combination of those of the Agbare1 , Agbareclusters and

the AgCO
clusters species.

While it is not possible to separate the individual f004 and P004 values for the species within the

Agbare and AgCO
low photoemission peaks, some information on the nature of these species can be gathered

through inspection of the measured values. Firstly, it is important to note that the f004 of the Agbare1

adatoms should be similar to that of the AgCO
1 adatoms (or the AgCO

high photoemission peak); both should

have comparatively high f004 values which should, at most, differ from unity by 0.1 as both species sit

at well defined locations with respect to the (004) reflection. However, it is clear, particularly from the

real space imaging, that the Agbare1 relative coverage decreases with respect to the combined coverage

of the Agbareclusters and AgCO
clusters after CO exposure. Moreover, given that the intensity of the AgCO

high is

greater than the combined intensity of Agbareclusters and AgCO
clusters, the majority, if not all, of Agbare1 have

been converted to either AgCO
1 or one of the two cluster species. Given that the AgCO

low photoemission

peak has a non-zero f004 value and that a majority of this peak comprises the cluster species, either both

or one of the cluster species must have a non-zero f004, i.e. the atoms of the clusters are not occupying

a continuum of sites between the (004) Bragg diffraction planes. This is not unreasonable as the cluster

species may comprise a small number of Ag atoms or even be dimers and trimers, all of which have been

observed on the Fe3O4(001) for various metals[59, 71, 73–75]. These clusters may to some extent have

consistent vertical order.

The consequences of this, is that the coherent position of either one or both of the cluster species

does contribute to the coherent position of the AgCO
low and/ or Agbare photoemission peaks. In the prior

NIXSW study[25], it was assumed that the Agbareclusters clusters had a f004 of zero and so the Agbare

measured coherent position was assumed to be the coherent position of only the Agbare1 adatoms (P044

= 0.96 ± 0.01). Given the discussion just provided, this may not be true and the Agbareclusters may

contributed to the measured coherent position. It may be that the Agbareclusters sit, on average, above the

Agbare1 adatoms. That is, when going from the Agbare to the AgCO
clusters photoemission peaks, where the
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relative amount of clusters increases, the adsorption height is found to increase by approximately 0.09

Å. Ultimately, this may mean that the adsorption height of the Agbare1 adatom could be smaller than

0.96 ± 0.01. Interestingly, the DFT predicted adsorption height of the Agbare1 species in the study by

Meier et. al. was, in fact, smaller than the measured height by approximately 0.09 Å (0.96 ± 0.03 Å and

0.87 Å for the NIXSW and DFT respectively. See Table 4.5.1). In turn, this could mean that the prior

approach to calculating the adatom adsorption heights, using either the HSE functional or the PBE+U

functional with the Fe3O4 unit cell fixed at the experimental value, may be more accurate than had been

assumed in the work of Meier et. al..

4.5.5 Conclusion

This study represents the first quantitative results on the effect CO coordination has on the geometry

of a SAC model system. Utilising the NIXSW technique, this investigation found that Ag adatoms on

the Fe3O4(001) surface are lifted away from the surface after coordinating CO which may be attributed

to a weakening of the adatom-surface bonds. Coordination of CO is also not found to change the lateral

registry of the Ag adatoms although it may be causing the sintering of the Ag adatoms into clusters

as has been directly observed for other precious metal/Fe3O4(001) systems[75, 76]. Such sintering may

be causing the weakening of the adatom-surface bonds, which could potentially lead to more mobile Ag

adatoms.

This study also provides the first insights into the structure of the metal cluster species on the

surface. Specifically, it has been determined that the Ag clusters, either with or without coordinated

CO, may have some consistent ordered structure on the Fe3O4(001) surface and thus contribute to the

measured heights in the NIXSW technique. The consequence of this is that the prior DFT calculations

undertaken by Meier et. al.[25], utilising the PBE+U approaching while fixing the Fe3O4 unit cell pa-

rameter to experimental values, may in fact be more accurate than previously proposed. Thus, utilising

this comparatively ‘cheaper’ computational approach to DFT calculations of these adatom/Fe3O4 sys-

tems offers a viable route to accurately predicting other important properties of these systems such as

adsorbate binding energies and electronic structures, all of which are pivotal in the development and

screening of new and improved SAC materials.
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4.6 General conclusion

In this chapter three structural investigations of the Fe3O4(001) surface were undertaken with the general

aim of gaining fundamental insights into the chemistry and physics of this surface, but with a specific

motivation to help develop Fe3O4 as a support material for SACs.

Formic acid dissociatively adsorbs on the Fe3O4(001) surface producing an adsorbed formate and

surface hydroxyl[96, 97], both of whose structures were probed using NIXSW and PhD in the first

experiment of this chapter (section 4.3). Formic acid adsorption on the Fe3O4(001) surface, as well as the

adsorption of other species which produce surface hydroxyls, are of particular interest as they are found

to lift the SCV reconstruction, the reconstruction that is responsible for the stabilisation of atomically

dispersed metal phases. In particular, the location of the surface hydroxyl produced from formic acid

deposition was unknown and so these results provide the first confirmation of its adsorption site on the

surface (the int adsorption site). Moreover, using PhD this investigation was able to determine that the

best fit substrate structure after formic acid deposition is a bulk terminated surface. While this does

corroborate with the results of previous studies[96, 97], this result does lead to further questions. Notably,

for a bulk terminated surface to arise from the lifting of the SCV reconstruction, the migration of cations

from the bulk towards the surface must be facilitated. Thus, what is it about surface hydroxylation at

room temperature that facilitates such a migration? But more importantly, why does such a migration

not occur at room temperature, regardless of the state of the surface? Currently, these questions are

unanswered. Though, one answer to these questions may be that the specific surface structure is more

complicated than simply a bulk terminated surface, i.e. the cation defects have not migrated into the

bulk and still exist at or near the surface, likely in a disordered phase. Certainly SXRD would not be

able to determine such a disordered structure and while PhD, which provides information on the local

environment around an emitter, would be expected to be sensitive to local defects, it may be that the

cation vacancies have moved further from the surface where the technique is much less sensitive. Further

work within this subject would be aimed at addressing these questions, and providing a more grounded

theoretical understanding of the lifting mechanism. The quantitative results presented here will provide

an experimental benchmark for such further investigations which will require considering the location of

the surface hydroxyl.

The second experiment of this chapter (section 4.4 and reference [122]) was concerned with providing

direct evidence of the various locations of Ni on the SCV reconstructed Fe3O4(001) surface. The NIXSW

measurements presented here reinforce previous STM, LEED and XPS results[71] which show that upon

deposition, Ni exists in the subsurface cation vacancies of the SCV reconstruction as well as on the

surface in the adatom sites. Importantly, it was found that heating the surface further drives the Ni

metal into the subsurface vacancies until the SCV reconstruction is completely lifted. This experiment
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can be seen as a direct continuation of the previous formic acid experiment. That is, by investigating

the migration of Ni into the subsurface vacancies of the SCV reconstruction, the cation defect chemistry

of Fe3O4 is being directly probed. The results presented here show that appreciable migration of Ni into

the cation defects does not occur at room temperature but at elevated temperatures. These results are

also corroborated by STM studies of Fe adatom migration into the same subsurface vacancies which show

that considerable migration does not occur until temperatures of between 473-523 K[59]. Bringing this

together, these results could be reinforcing the understanding that the lifting of the SCV reconstruction

by formic acid deposition at room temperature does not result in a completely bulk like surface structure

as appreciable cation diffusion does not occur; cation defects may still exist at or near the surface. Once

again, these results have opened up further lines of investigation within this subject and show that the

much more work is still required before a complete understanding of the lifting mechanism for the SCV

reconstruction is arrived at.

The final experiment of this chapter (section 4.5 and reference [77]) set out to investigate the ef-

fect CO adsorption has on the structure of metal adatoms on the SCV reconstruction, specifically Ag

adatoms. Ag, unlike Ni, forms an almost pure phase of metal adatoms on the SCV reconstruction[25,

74] and does not go into the subsurface vacancies making it a perfect candidate to probe the effect CO

adsorption has on metal adatom structure. NIXSW measurements show that CO lifts the Ag adatom

away from the surface which is likely due to the weakening of the adatom-surface bonds by competing

electron donation into the metal adatom. As opposed to the fundamental investigations of the SCV

reconstruction of the prior experiments, this experiment represents the first attempt at gaining direct

quantitative information from a SAC and a reactant molecule. CO is an important probe molecule in

surface science generally, but particularly within catalysis as it is itself an important reactant. Impor-

tantly, the quantitative results from these measurements were compared against theoretical predictions

and, with the combination of previous measurements of the bare Ag adatoms[25], this has allowed an

accurate yet computationally inexpensive procedure to be developed for calculating the various proper-

ties of the CO/Ag/Fe3O4(001) system. Without comparison to these direct and accurate experimental

results, the theoretical calculations would be, at best, very expensive guesses of the systems structure

and properties.

The investigations of this chapter add to the growing literature on the fundamental science of the

Fe3O4(001) surface and to the field of SACs. As well as providing insights into the chemistry and physics

of the SCV reconstruction, and its use as a SAC support, these investigations also provided quantitative

results that can be utilised to benchmark future theoretical studies of these systems.
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5.1 Introduction

Being able to control the electronic properties of a material’s surface is important in many fields of science.

A particularly pertinent case is in the ever growing field of organic electronics devices (OEDs), where

organic semiconductors are used to manufacture, for example, organic light emitting diodes (OLEDs)[3]

and organic photovoltaics (OPVs)[4, 5]. OEDs hold many benefits over more conventional inorganic

devices, notably OEDs are considerably more light weight and flexible making them perfect for mobile

device applications[2]. OEDs consist of organic thin-films deposited onto metal electrodes and it is the

interface between the organic thin film and the metal which defines of the properties of the device. More

specifically, a great deal of research is committed to understanding the energy level alignment across the

interface as poor energy level alignment leads high charge carrier barriers and ultimately an inefficient

device[156]. This is particularly important in both OPVs and OLEDs where, respectively, electron-hole

pairs (excitons) must be efficiently combined or separated.

Studies of metal-organic interfaces for OED applications can be undertaken within a pristine surface

science setting; under UHV conditions and using a host of surface and interface sensitive characterisation

techniques such as XPS, STM and XSW. For example, many of the organic molecules utilised within

OEDs, such as phthalocyanines[157] and polyacetylene[158], can be easily deposited onto clean, single

crystal metal surfaces in UHV, allowing detailed studies of these molecules and their electronic properties

to be undertaken. In one particularly interesting case, this has allowed the 1D electronic band structure of

polyacetylene chains to be experimental characterised[158]. Much attention, however, is given to under-

standing the interaction of 7,7,8,8-tetracyanoquinodimethane (H4-TCNQ) (Figure 5.1.1), an archetypal

electron accepting molecule, with the surfaces of coinage metals. H4-TCNQ is of particular interest as

it has long been known to form charge transfer salts with considerably higher conductivities than other

organic materials[159] and it is routinely used to control the hole injection barriers at metal-organic

interfaces utilised in OEDs[160]. Control over the electron or hole injection barriers at an interface is

primarily achieved by H4-TCNQ’s effect on the workfuction of the substrate. Molecules adsorbed at an

interface will change the workfunction via interactions with the material’s electron density at or near the
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Figure 5.1.1: The molecular structures of H4-TCNQ and F4-TCNQ.

surface. In turn this allows control over the energy levels within the interface via selection of appropriate

adsorbed over layers.Much work has already been undertaken in gaining a detailed understanding of the

behaviour of the H4-TCNQ molecule on the Ag(111) and Ag(100) surfaces and how its structure can

effect the energy-level alignment at the surface via changes to the work-function[161, 162]. The coad-

sorption of alkali metals with H4-TCNQ as an additional route to tuning the surface electronic properties

has also been investigated[163].

It is the structure of the organic-inorganic interface that defines much of its properties and so gaining

a detailed quantitative understanding of the adsorption geometry of H4-TCNQ on the coinage metals

surfaces is a pivotal step in developing new and improved OEDs. A recent NIXSW structural study of

H4-TCNQ on the Ag(111) surface, both with and without coadsorption of K, best demonstrates this.

A significant change to the work function and energy level alignment was measured when coadsorbing

K with H4-TCNQ and this was rationalised as being due to a structural decoupling of the K and

molecular network from the Ag(111) surface[163]. This study also demonstrates the recent interest in

using NIXSW as a direct probe of the molecule’s geometry[161, 163–165]. Much of this work has found

that the prior structural models, based mostly off of STM and DFT studies[166–170] and utilised to

calculate many of the interface electronic properties, are incorrect. Ultimately, these studies further

stress the importance of developing structural models from quantitative structural techniques to use to

produce accurate theoretical descriptions of interface properties.
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Derivatives of H4-TCNQ also find wide spread application within the field of OEDs. Notably,

2,3,5,6-tetrafluro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) (Figure 5.1.1), where the four hydrogens

on the central quinodimethane ring of the H4-TCNQ molecule are replaced with fluorines, has received

much attention as it has been shown to greatly improve thin film conductivities and further reduce the

energy barriers across organic film interfaces[171–173]. F4-TCNQ has a much greater electron accepting

affinity attributed to the large electronegativity of the fluorines and so would be expected to behave in

a different manner to H4-TCNQ on coinage metal surfaces[168]. This has been found to be the case and

studies show that H4-TCNQ physisorbs on Au(111) and that there is little substrate-molecule charge

transfer[174] while, in contrast, F4-TCNQ chemisorbs on Au(111) and there is substrate-molecule charge

transfer as evidenced by XPS and UPS measurements[175]. However, unlike H4-TCNQ, there are no

published detailed, quantitative structural studies of the geometry of the F4-TCNQ molecule on coinage

metal surfaces. As is the case for H4-TCNQ, understanding the exact structure of the adsorbed molecule

is of paramount importance for developing accurate theoretical structural models for calculating the

electronic and chemical properties of interfaces.

Given the general interest in understanding the adsorption geometries of F4-TCNQ on coinage

metal surfaces, this chapter is dedicated to gaining a detailed quantitative description of the adsorption

structures of F4-TCNQ on Ag(111), Ag(100), Au(111) and Cu(111) and, in the case of F4-TCNQ on

Ag(100), the geometry of the molecule when coadsorbed with K. In particular, there is an emphasis

on elucidating any differences between the H4-TCNQ and F4-TCNQ molecules on these surfaces. For

each system, direct quantitative structural information on the adsorption geometry of the F4-TCNQ

is obtained using the NIXSW technique (see section 2.1). Before these results are presented, the prior

literature on the behaviour and adsorption geometries of H4-TCNQ and F4-TCNQ on the relevant

coinage metal surfaces is presented.

5.1.1 H4-TCNQ on the coinage metals

A number of surface science studies have been conducted investigating the adsorption of H4-TCNQ

on coinage metal surfaces. Generally, the interactions of the molecule with the coinage metals can be

categorised as being either a strong chemisorption, leading to commensurate phases and a negatively

charged molecule, or a weak physisorption, leading to incommensurate phases and a neutral molecule.

The formation of negatively charged molecules is consistent with the fact that H4-TCNQ is one of the

strongest electron accepting molecules; H4-TCNQ has electron affinity between 2.88 and 3.38 eV[168].

The negative charge is found localised on the cyano groups which results in the central ring becoming

aromatic and conjugation over the whole molecule being broken (Figure 5.1.2). As will be seen, this strong

electron affinity and subsequent strong interaction with the substrate defines much of the behaviour of
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Figure 5.1.2: Depicted are the structures of neutral and negatively charged H4-TCNQ. When electrons
are transferred to H4-TCNQ, the central quinodimethane ring becomes aromatic and rotations around
the bond to the cyano groups are facilitated. This structural change defines much of the absorption
behaviour of H4-TCNQ and its derivatives.

H4-TCNQ, and F4-TCNQ for that matter, on the surfaces being studied including defining the observed

adsorption geometries.

In many of the surface phases of H4-TCNQ on coinage metal surfaces, the cyano groups of adjacent

molecules are found close to one another, which is surprising if the negative charge of the molecule

is localised on the cyano groups in such close proximity. In trying to understand this problem, DFT

calculations and near edge X-ray adsorption fine structure (NEXAFS) experiments concluded that the

H4-TCNQ molecule was adsorbed bent on the Cu and Ag surfaces[168, 176]. Here bent refers to a vertical

bend on the molecule, out of the plane of the surface. Specifically, DFT and NEXAFS of H4-TCNQ

on the Cu(111) and Cu(100) suggested that the N atoms of the cyano groups are found more than 1 Å

lower than the rest of the molecule. It was proposed that the N atoms of the molecule interact strongly

with the substrate causing substrate atoms to be pulled out of the surface by approximately 0.3 Å. The

bending of the molecule was facilitated by the loss of conjugation due to the substrate-molecule charge

transfer. The close proximity of localised charges on adjacent molecules was thus explained by including

a stress field generated around the substrate atom being pulled out of the surface[166, 167].

The existence of the bent H4-TCNQ geometry on the Ag(111) surface was directly investigated using

NIXSW[165]. The chemical specificity of the NIXSW technique was used to gain individual adsorption

heights for the chemically distinct carbon atoms and the nitrogen atoms of the molecule. This was

achievable because the C 1s core-level spectrum of the adsorbed H4-TCNQ molecule could be fitted

with separate peaks assigned to the different carbon environments within the molecule (Figure 5.1.3). It

was found that while the nitrogen atoms were located at different heights than the rest of the molecule,

104



Introduction

NN

NN

C-N

292 290 288 286 284 282

In
te

n
s
it
y

Binding energy (eV)

C 1s @ 435 eV

C-N
C-H

C-C

satellite

damage

Figure 5.1.3: The C 1s core-level XP spectrum of H4-TCNQ on Ag(111) measured with an incident
photon energy of 435 eV. In this spectrum, the carbon atoms of the molecule can be chemically sepa-
rated into three distinct species. This allows the NIXSW technique to provide independent structural
information on each of these species. This spectrum has been published in reference [161].

the carbon backbone of the molecule was essentially flat. Specifically, the carbons within the adsorbed

molecule were found to have large coherent fractions (> 0.9) and differed in height by, at most, ≈

0.1 Å. In contrast, the nitrogen atoms of the adsorbed molecule were found to have considerably lower

coherent fractions (≈ 0.4) although similar mean adsorption heights to the carbon backbone. The much

lower coherent fraction of the nitrogen atoms was attributed to the nitrogen atoms of the cyano groups

occupying multiple adsorption heights on the surface, i.e. some pointing up and away from the surface

and some pointing down towards it, with an otherwise flat H4-TCNQ molecule.

It had long been suspected that substrate atoms are incorporated into the H4-TCNQ network

on some of the coinage metal surfaces, acting as counter ions[175, 177–181]. This would explain the

surprising 2D assemblies of the molecule which place the the negative cyano groups adjacent to one

another, as the substrate adatoms would act as cationic counter ions to the molecules. Moreover, DFT

calculations taking into account the dispersion interactions between the molecules, i.e. DFT-D, and

including substrate adatoms within the H4-TCNQ network were able to reproduce the NIXSW results

of the whole molecule. The DFT-D structure reproduced the multiple N atom adsorption heights by

twisting the cyano groups at either end of the H4-TCNQ molecules, placing half of the N atoms above

the plane of the molecule interacting with the adatom, and the other half below the plane of the molecule

interacting with the substrate[161] (Figure 5.1.4). Such a geometry is facilitated by the charge transfer
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Figure 5.1.4: A schematic view down the long axis (see Figure 5.1.1) of the H4-TCNQ molecule on
the Ag(111) surface. As has been proposed by models determined from combined NIXSW and DFT
investigations, the molecule is not flat on the surface and the cyano groups at either end of the molecule
are twisted placing half the N atoms closer towards the surface and the other half higher above the plane
of the molecule.

from the substrate to the molecule, which causes the periphery carbons to become sp3 hybridised allowing

the molecule to become much more flexible (Figure 5.1.2).

The incorporation of cationic Ag adatoms into the H4-TCNQ network on Ag(111) is reminiscent

of the charge transfer salts formed by coadsorption of alkali metals such as K and Cs, where in such

cases, phases of K/H4-TCNQ form similar structures. The NIXSW results of an investigation of an

incommensurate phase of 1:1 K with H4-TCNQ on Ag(111) show remarkably similar coherent fractions

and positions for the carbon and nitrogen atoms when compared to the purely H4-TCNQ on Ag(111)[163,

164]. The DFT results that best reflect the NIXSW results show that half of the N atoms in the cyano

groups are found above and half below the central plane of the molecule. However, the lower N atoms of

the cyano groups do not interact with the substrate but interact with the K cation. The whole molecule

is much further from the surface than in the former case indicating a much weaker interaction of the

network with the substrate. This weaker interaction leads to a decoupling of the K/H4-TCNQ network

from the substrate which, in turn, leads to a significant lowering of the work function and changes to the

energy-level alignment[163]. The formation of this decoupled K/H4-TCNQ network demonstrates the

importance of developing detailed geometric models when trying to understand the electronic properties

of a surface, something which is of paramount importance in developing OEDs.

Higher K coverages lead to a commensurate, head-to-tail phase. The NIXSW results of such a

phase show that the H4-TCNQ molecule obtains an upward bending geometry on the surface[163, 164].
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Again, the N atoms are found to occupy multiple sites as they give a low coherent fraction 0.55± 0.01.

This cannot be rectified as in the former cases, with the N atoms occupying two sites above and below

the molecule, because the average height of the N atoms (coherent position) is found above the molecule

by 0.3 Å. In the previous cases, the average N atom height was found almost coincident with the plane

of the molecule, showing equal occupation and distance both above and below the molecule. A likely

candidate model to explain the low coherent fraction of the N atoms is that the molecule is twisted

about its short axis. This would also explain the slightly lower coherent fractions for the C atoms (0.66

0.86) when compared to H4-TCNQ on Ag(111) alone (≥0.9). To date, no model has been found that

can explain the low coherent fraction of the N atoms.

NIXSW and STM structural investigations have also been undertaken for H4-TCNQ on Ag(100)[162].

However, unlike on Ag(111), H4-TCNQ is found to form phases that maximises the N-H hydrogen bond-

ing. Moreover, the N atoms of the molecule have a comparatively high coherent fraction and found

positioned below the rest of the molecule. The N atoms thus likely occupy one single adsorption height

and the molecule adsorbs in a bent geometry with the N atoms pointing down towards the surface.

Such a geometry is analogous to those originally proposed by the earlier DFT studies of H4-TCNQ

on the Ag(111) surface which do not include Ag adatoms within the molecular over layer[167]. This

would corroborate with the observed 2D packing of the molecule; the lack of Ag adatoms means the

molecule adsorbs maximising the N-H interactions as N-N interactions would be unfavourable. It is

hard to conclude whether or not Ag adatoms are incorporated within the H4-TCNQ network from these

NIXSW alone however, particularly as the nature of the adatom incorporation may lead to a different

type of H4-TCNQ geometry on the (100) surface when compared to the (111) surface. This NIXSW

study also concluded that thermal ‘waggling’ of the molecule is found to considerably affect the measured

NIXSW geometry evident from the lowering of the coherent fractions of the peripheral cyano groups of

the molecule. The coadsorption of K with H4-TCNQ on Ag(100), in a 1:1 ratio, was also investigated

using NIXSW. The K was found to adsorb above the molecule on the surface, as consistent with prior

DFT[182] and LEED[183] studies, and did not significantly alter the out of plane adsorption geometry

of the molecule as was found for K coadsorption with H4-TCNQ on Ag(111).

There is currently no published quantitative structural investigation for H4-TCNQ on Au(111),

however, many DFT and STM studies and comparisons between such investigations have been under-

taken. STM studies show that H4-TCNQ on Au(111) forms a phase that maximise the N-H hydrogen

bonding interactions between adjacent molecules in a similar manner to the phases formed by H4-TCNQ

on Ag(100)[179]. Additionally, the study found no charge transfer from the substrate to the molecule

and the herringbone reconstruction present on clean Au(111) surface was still visible through the molec-

ular over layer. In summary, these observations point to a weak interaction of the H4-TCNQ with the

Au(111) surface which is unsurprising given how noble Au metal is. A subsequent structural DFT study
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concluded that the H4-TCNQ molecule is bent on the surface and no Au adatoms were incorporated into

the molecule over layer[184]. This study suggested that such a DFT structure was able to reproduce the

observed STM images. While this is not a quantitative structural study, the similarities of the STM and

DFT with that of H4-TCNQ on Ag(100) could be used to a similar interaction of H4-TCNQ with the

two surfaces.

5.1.2 F4-TCNQ on the coinage metals

F4-TCNQ, where the four hyrodgens on the H4-TCNQ molecule are replaced with four fluorines (Figure

5.1.1), is an even stronger electron acceptor than H4-TCNQ with an electron affinity of between 5.08

and 5.24 eV[168]. This leads to differences when depositing F4-TCNQ on coinage metal surfaces. No-

tably, while H4-TCNQ is found to weakly interact with the Au(111) surface, physisorbing and forming

incommensurate phases, F4-TCNQ is believed to chemisorb, lifting the herringbone reconstruction of the

clean Au(111) surface and forms a comensurate phase with
(

5 2
1 3

)
over layer mesh[174, 179, 180]. Core-

level XPS measurements indicate that there is charge transfer from the Au substrate to the F4-TCNQ

molecules, further indicating the formation of a charge transfer salt comprised of negatively charged

F4-TCNQ molecules and positively charge Au adatoms.

As with H4-TCNQ, it was generally believed from DFT studies that F4-TCNQ adsorbs in a bent

conformation on the coinage metals surfaces, with the N atoms of the molecule pointing downwards the

substrate[168–170, 185]. The validity of this geometry was directly investigated for F4-TCNQ on the

Cu(111) surface using the XSW technique[171] and it was concluded that the molecule does adsorb in a

bent geometry on the surface. However, these conclusions were purely based on the measured coherent

positions and do not take into account the measured coherent fractions which, for all absorption profiles,

were < 0.5. Such low coherent fractions indicated that the constituent atoms of the molecule in fact

occupy a distribution of heights on the surface and so any conclusions drawn from the measured coherent

positions must be treated with caution.

It may be that, as with the H4-TCNQ molecule on Ag surfaces, the starting structural models for

the DFT calculations are inherently wrong and that substrate metal adatoms are in fact incorporated

into the F4-TCNQ over layer on the coinage metal surfaces. This would be unsurprising as the H4-TCNQ

molecule has now been confirmed to form charge transfer salts on some of the coinage metal surfaces

(attributed to the strong electron accepting potential of the molecule) and F4-TCNQ is an even stronger

electron accepting molecule. Extensive studies of the interaction of F4-TCNQ with Au(111) provide

further evidence of the formation of a charge transfer salt. Notably, a comparative ARPES study of

both the H4-TCNQ and F4-TCNQ over layers corroborates a stronger interaction of the F4-TCNQ with

the substrate but also shows a dispersion of the F4-TCNQ over layer’s molecular orbitals, providing

evidence for the formation of a conductive charge transfer salt[180, 181]. Moreover, STM measurements

108



Introduction

purportedly image the Au adatoms as bright features situated between the cyano groups of neighbouring

F4-TCNQ molecules which is where they are expected to be located if they are to act as counter ions in

the charge transfer salt[175, 186]. Additionally, STM investigations of F4-TCNQ on Cu(100) show that

Cu atoms are removed from step edges which provides further evidence of charge transfer formation as

well as insight into the mechanism by which these proposed charge transfer salts form[177].

There remains to be any quantitative structural study of the F4-TCNQ over layer on the Ag(111),

Ag(100) and Au(111) surfaces. Gaining a full understanding of the geometry of the molecule on coinage

metal surfaces is vital to any study attempting to accurately describe the properties of these systems

such as DFT calculations trying to predict surface work functions and energy level alignments. Previous

NIXSW studies of H4-TCNQ on Ag(111) and Ag(100) have proven vital in developing DFT models to

accurately describe such properties and it was these studies that were able to demonstrate the validity of

Ag adatom incorporation into the H4-TCNQ molecular over layers[161, 162]. The following sections of

this chapter thus outline the results and conclusions of novel NIXSW studies investigating the geometry

of the F4-TCNQ molecule on the Ag(111), Ag(100) and Au(111) surfaces as well as a repeat NIXSW

study investigating the geometry of F4-TCNQ on the Cu(111) surface.
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5.2 Experimental details

Each surface was cleaned by Ar sputtering and annealing cycles and the cleanliness was checked with both

XPS and LEED. The F4-TCNQ powder (98% pure; Sigma Aldrich) was triply purified by sublimation

and temperature gradient selection before being deposited onto the metal surfaces using an organic

molecular beam deposition source operating at 340 K. For the Ag(100) and Au(111) studies, the F4-

TCNQ was deposited iteratively until the appropriate LEED was observed. The appropriate LEED is

that which was observed for the phases measured in supplementary or prior STM studies. See appendix

C for the STM and LEED of the incommensurate phase on Ag(100) and references [179–181] for the(
4 3
−3 4

)
LEED periodicity on the Au(111) surface. For the Cu(111) and Ag(111) studies, where no prior

STM or LEED measurements were available, the F4-TCNQ was deposited until an appreciable amount

of sub-monolayer F4-TCNQ was measured on the surface using XPS C 1s core-level intensities.

For the Ag(100) study, K was deposited via resistive heating of an SAES alkali metal dispenser

using a current of 6.2 A. Before deposition of K, F4-TCNQ was deposited onto the clean Ag(100) surface

until the appropriated LEED (
(

4 3
−3 4

)
over layer mesh) was observed and the sample was cooled to liquid

nitrogen temperatures. K was then deposited after which the sample was warmed to room temperature

were the appropriate K/F-TCNQ LEED pattern was observed.

In all studies NIXSW measurements were measured using reflections normal to the crystal surfaces

providing information on the adsorption heights of the species; the (111) reflection for the Ag(111),

Au(111) and Cu(111) studies and the (200) reflection for the Ag(100) study.
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5.3 F4-TCNQ on Ag(111)

5.3.1 SXPS
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Figure 5.3.1: The SXPS spectra for F4-TCNQ on Ag(111). The C 1s spectrum is fitted with three peaks
for the C-F, C-N and C-C species of the F4-TCNQ molecule as demonstrated with the inset. The N 1s
and F 1s spectra could be fitted with single peaks for the N and F atoms of the molecule. The peak
positions in these spectra are consistent with the F4-TCNQ being negatively charged on the surface.

The SXPS spectra for the C 1s, N 1s and F 1s core-levels of the F4-TCNQ molecule on Ag(111)

are provided in Figure 5.3.1. The C 1s core-level can be fitted with three peaks which are assigned as

the C-C, C-F and C-N carbon species in the F4-TCNQ molecule. All three C 1s peaks fit with similar

intensities which is consistent with the peak assignments; each of the carbon species consists of the same

number of carbon atoms. The peak at the highest binding energy is assigned as the C-F species which is

attributed to the strong electronegativity of the bound F atom pulling electron density away from that

carbon. Additionally, the binding energy of the C-F peak, as well as that of the F 1s peak, is consistent

with prior measurements of fluorine containing organic compounds[187–189]. The other two C 1s peaks

and the N 1s peak are found at binding energy values which are similar but slightly higher than the

corresponding species in H4-TCNQ on Ag(111)[161].

5.3.2 NIXSW

The NIXSW photoemission profiles for the C-C, C-F, F and N atoms of the F4-TCNQ molecule on

the Ag(111) surface are shown in Figure 5.3.2 with the fitted coherent fractions and coherent positions

for the (111) reflection. The coherent fractions and coherent positions are also provided in Table 5.3.1

where the corresponding values are compared to the previous NIXSW investigation for H4-TCNQ on

Ag(111)[161].The resulting heights, H111 in Å, off of the surface for each of the species are given in Table

5.3.1 and defined as H111 = dhklD111 + dhkl where d111 = 2.36 Å.
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Table 5.3.1: The fitted f111 and D111 values for the C-C, C-F, F, C-N and N species of the F4-TCNQ
molecule on Ag(111). Also provided are the corresponding values for the H4-TCNQ molecule as deter-
mined in a previous NIXSW study[161]. The final column for each molecule provides the adsorption
height in Å, H111, which is calculated from the coherent position as outlined in the main text. The
values in the parentheses are the errors in the last significant figure of each value.

F4-TCNQ H4-TCNQ[161]
f111 D111 H111/ Å f111 D111 H111/ Å

C-C 0.70(5) 0.30(3) 3.07(7) C-C 1.0(1) 0.20(2) 2.77(5)

C-F 0.59(4) 0.32(2) 3.11(5) C-H 1.0(1) 0.17(2) 2.85(5)

F 0.47(5) 0.30(2) 3.07(5) - - - -

C-N 0.50(1) 0.15(6) 2.7(1) C-N 0.9(1) 0.15(2) 2.71(5)

N 0.41(5) 0.09(3) 2.57(7) N 0.4(1) 0.09(2) 2.57(5)
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Figure 5.3.2: The NIXSW absorption profiles for the C-C, C-F, F, C-N and N of the PHASE. The bottom
panel depicts the Ag (111) reflection. The fitted coherent fractions, f111, and coherent positions, D111,
are provided for each absorption profile.
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5.3.3 Discussion

All prior theoretical and experimental investigations of the F4-TCNQ molecule on Ag(111) assumed a

bent geometry on the surface, with the cyano groups of the molecule both pointing down towards the

substrate[168–170, 185]. Such a geometry is not consistent with the results of the NIXSW investigation

presented here. In this study, it is found that the backbone of the molecule, the C-C species, likely sits

at a single vertical adsorption site 3.07± 0.07 Å above the surface and this is considerably closer to the

surface than that predicted by DFT studies (3.61 Å)[169]. While, the adsorption heights of the C-N

and N species are found below that of the C-C species, 2.7± 0.1 Å and 2.57± 0.07 Å respectively, these

species have considerably lower coherent fractions than the rest of the molecule (0.5±0.1 and 0.41±0.05

respectively). These low coherent fractions indicate that these species are likely occupying a number of

distinct sites on the surface that differ considerable in their vertical locations which, in turn, means that

the coherent positions cannot be interpreted directly as the adsorption heights of each of the species.

The results of this NIXSW study for the N atoms are very similar to those for H4-TCNQ on

Ag(111)[161]. For the H4-TCNQ, the N atoms of the molecule were found to occupy multiple vertically

separated sites on the surface as evidenced by the comparatively small coherent fraction for the N species

(0.38 ± 0.01)[161]. In that study, complimentary DFT-D investigations were conducted and the energy

minimised structures that best fit the experimental NIXSW results were those that included substrate

adatoms in the molecular over layer forming a charge transfer salt. The multiple N adsorption sites were

then reproduced by the cyano groups twisting so as to raise one of the N atoms up towards a Ag adatom

and one down towards the surface (Figure 5.1.4).

The strong similarities between the N 1s NIXSW results of the H4-TCNQ and F4-TCNQ may

be an indication that a charge transfer salt is also formed between F4-TCNQ and Ag adatoms on the

Ag(111) surface. This would be consistent with the understanding that F4-TCNQ is a considerably

stronger electron accepting molecule than H4-TCNQ and would corroborate the findings of other studies

of F4-TCNQ on the coinage metal surface which find that it forms a charge transfer salt[175, 177–181].

Given the potential presence of cationic Ag atoms on the surface, a NIXSW study of their location could,

in theory, be undertaken. However, due to the strong XP signal from the bulk Ag atoms, no separate

Ag 3d cationic peak could be discerned, rendering any attempt to measure NIXSW absorption profiles

impossible. This is likely due to the very small binding energy shifts that are observed for oxidised Ag

species[151] and saturation of the bulk Ag 3d peak.

Such a conclusion is further reinforced by the observation of low binding energies in the core-level

XPS, which suggests that the F4-TCNQ molecule is negatively charged on the Ag(111) surface. Previous

studies have utilised the C 1s and N 1s core-levels to characterise the charge state of the H4-TCNQ

molecule indicating that it becomes negatively charged on the Ag(111) surface[174, 190]. A separate
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investigation, analysing the plasmon structure of the Ag 3d core-level, further corroborates the negative

charge state of the F4-TCNQ molecule[191].

While the N atoms of the F4-TCNQ produce NIXSW results that are similar to the previous

H4-TCNQ study, the results for the remaining atoms of the molecule are significantly different to the

previous H4-TCNQ study. Notably, the C-C, C-F and F species all occupy essentially the same coherent

positions, i.e. all approximately 0.30, but their coherent fractions are found to decrease as one moves

away from the long axis of the molecule towards (see Figure 5.1.1), where the F atoms are found to

have the lowest coherent fraction (0.47± 0.05). The comparative low coherent fractions of the C-F and

F are likely not due to dynamic disorder from vibrations alone, which typically reduces the coherent

fraction by between 0.1-0.2, and these species thus likely occupy a distribution of heights on the surface.

The common coherent position but differing coherent fraction of the C-C, C-F and D species indicates

a symmetric distribution about a common axis for these three species, i.e. a distribution of positions

caused by a rotation of the central ring about the long axis of the molecule.

Such a rotation is likely small (approximately 5°). It could also be that these reductions and

differences in coherent fractions for the F and C-F species are in fact due to a dynamic vibrational mode

of the molecule about the long axis, rather than a static rotation. These small rotations of up to 5°

would be consistent with the measured rotations found in bulk H4-TCNQ and F4-TCNQ charge transfer

salts[192–196]. Commonly, these kinds of rotations are found to be greater for F4-TCNQ bulks salts which

could be due to the greater steric hindrance caused by the bulkier F atoms on F4-TCNQ and possibly

explain why it is more apparent in the F4-TCNQ than the H4-TCNQ NIXSW results[195]. Nevertheless,

it is clear that such twists of the whole molecule must be considered when selecting appropriate starting

models for theoretical calculations, if accurate structures are to be determined.
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5.4 F4-TCNQ and K/F4-TCNQ on Ag(100)

5.4.1 XPS and LEED
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Figure 5.4.1: The SXPS spectra for F4-TCNQ on Ag(100) without coadsorbed K. The C 1s spectrum is
fitted with three peaks for the C-F, C-N and C-C species of the F4-TCNQ molecule. The N 1s and F 1s
spectra could be fitted with single peaks for the N and F atoms of the molecule. The peak positions in
these spectra are consistent with the F4-TCNQ being negatively charged on the surface[174, 190].

Figure 5.4.1 shows the SXPS of the C 1s, N 1s and F 1s core-levels of pure F4-TCNQ on the

Ag(100) surface. As with F4-TCNQ on the Ag(111) surface (see section 5.3) the C 1s core-level has been

fitted with three peaks of similar intensity for the three carbon species present within the F4-TCNQ

molecule, C-F, C-N and C-C. The N 1s is fitted with one main photoemission peak as well as additional

satellite features from the Ag 3d core-level which is found outside the shown energy range. The XPS

results of the C 1s and N 1s core-levels, in particular the clear shift of the N 1s peak from 400 eV to 398

eV, also show that the F4-TCNQ molecule is negativity charged on the Ag(100) surface[174, 190].

The F 1s core-level is fitted with two peaks with one being assigned as due to the F atoms bound

to the carbon within the F4-TCNQ molecule. The binding energy value of this peak, 686.9 eV, is the

same as that found for F4-TCNQ on Ag(111) and for F atoms found in other fluorine containing organic

compounds[187–189]. The additional peak in the F 1s spectrum, which is not found to exist on the surface

for the other systems investigated in this chapter of the thesis, is most likely due to beam damage and is

assigned as such. Such an assignment is corroborated by the additional peak found in the C 1s core-level

at approximately 283.5 eV which is also not found in other F4-TCNQ XPS spectra and is itself assigned

as beam damage. Further, these beam damage peaks do not appear in the hard XPS spectra of the

NIXSW measurements as is typical for features due to beam damage.
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Figure 5.4.2: The spectrum of the K 2p and C 1s core-level regions after coadsorption of K and F4-
TCNQ on the Ag(100) surface. This spectrum was measured at 3 keV, the photon energy the NIXSW
measurements were undertaken at. The C 1s spectrum is fitted with three peaks for the C-F, C-N and
C-C species of the F4-TCNQ molecule as was undertaken for the spectrum of pure F4-TCNQ. Using the
area under the peaks the K:F4-TCNQ ratio can be calculated as being approximately 1:2.

Figure 5.4.2 shows the K 2p and C 1s core-level regions after coadsorption of K and F4-TCNQ

on the Ag(100) surface (Note, this spectrum was measured at 3 keV and not at soft XPS energies).

The peak positions of the carbon species in the F4-TCNQ molecule do not change markedly. The K 2p

binding energy value is consistent with studies of K salts[197] as well as for K on Ag surfaces[198]. This

indicates that the K likely exists as a cation on the surface, acting as a counter ion for the negatively

charged F4-TCNQ molecule. The relative amount of K on the surface can be determined via comparison

of the K 2p and C 1s peak areas. The K:F4-TCNQ ratio is determined to be approximately 1:2 which is

consistent with the observed windmill phase in the STM and LEED (see appendix C), the same phase

that is observed for K(H4-TCNQ)2 on the Ag(100) and Ag(111) surfaces[162, 164, 165].

To ensure that the samples prepared for the NIXSW measurements are the same as those prepared

for the prior LEED and STM study (see appendix C) LEED patterns were measured of each prepared

surface and these are shown in Figure 5.4.3. The same incommensurate F4-TCNQ LEED diffraction

pattern is observed for pure F4-TCNQ on Ag(100) and the
(

4 3
−3 4

)
over layer mesh is observed when K

was coadsorbed with F4-TCNQ.
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Figure 5.4.3: The measured LEED patterns for pure F4-TCNQ on Ag(100) and F4-TCNQ coadsorbed
with K. Also provided is the simulated diffraction pattern of the commensurate

(
4 3
−3 4

)
over layer mesh.

These LEED patterns demonstrate that the NIXSW measurements were taken on the same phases as
those presented in appendix C.

5.4.2 NIXSW

Figure 5.4.4 depicts the NIXSW photoemission profiles of the C-C, C-F, F and N atoms for the same

incommensurate F4-TCNQ phase as that prepared for the STM images for the (200) reflection. Also given

in Figure 5.4.4 are the coherent fractions and coherent positions. These coherent fractions and coherent

positions are also listed in Table 5.4.1 for ease of comparison between the species. The adsorption heights

are defined as dhkl ∗D200 + dhkl where d200 = 2.04 Å and are also provided in Table 5.4.1.

Figure 5.4.5 depicts the NIXSW photoemission profiles for the C-C, C-F, F, N and K atoms for

the prepared surface after being exposed to K. Again, the coherent fractions and coherent positions are

given in these Figures and Table 5.4.2 along with the calculated adsorption heights. For comparison with
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Table 5.4.1: The fitted f100 and D100 values for the C-C, C-F, F, C-N and N species of the F4-TCNQ
molecule on Ag(100). Also provided are the corresponding values for the H4-TCNQ molecule as deter-
mined in a previous NIXSW study[161]. The final column for each molecule provides the adsorption
height in Å, H100, which is calculated from the coherent position as outlined in the main text. The
values in the parentheses are the errors in the last significant figure of each value.

F4-TCNQ H4-TCNQ[162]
f100 D100 H100/ Å f100 D100 H100/ Å

C-C 0.72(6) 0.44(3) 2.94(6) C-C 0.8(1) 0.30(2) 2.70(5)

C-F 0.77(5) 0.48(2) 3.02(4) C-H 0.7(1) 0.32(2) 2.65(5)

F 0.56(4) 0.49(2) 3.04(4) - - - -

C-N 0.59(7) 0.33(4) 2.72(8) C-N 0.7(1) 0.23(2) 2.51(5)

N 0.20(6) 0.42(6) 2.9(1) N 0.8(1) 0.16(2) 2.36(5)

Table 5.4.2: The fitted f100 and D100 values for the C-C, C-F, F, C-N and N species of the F4-TCNQ
molecule on Ag(100) when coadsorbed with K. Also provided are the corresponding values for the H4-
TCNQ molecule as determined in a previous NIXSW study[162]. The final column for each molecule
provides the adsorption height in Å, H100, which is calculated from the coherent position as outlined in
the main text. The values in the parentheses are the errors in the last significant figure of each value.

K/F4-TCNQ K/H4-TCNQ[162]
f111 D111 H111/ Å f111 D111 H111/ Å

C-C 0.80(6) 0.41(3) 2.88(6) C-C 0.8(1) 0.29(2) 2.64(5)

C-F 0.71(7) 0.47(3) 3.00(6) C-H 0.7(1) 0.33(2) 2.72(5)

F 0.58(5) 0.47(2) 3.00(4) - - - -

C-N 0.38(8) 0.26(5) 2.6(1) C-N 0.7(1) 0.24(2) 2.53(5)

N 0.26(4) 0.06(3) 2.17(6) N 0.8(1) 0.17(2) 2.38(5)

K 0.69(9) 0.81(5) 3.7(1) K 0.9(1) 0.9(2) 3.9(4)

the previous NIXSW studies of H4-TCNQ on the Ag(100) surface, in Tables 5.4.1 and 5.4.2 the coherent

fractions and coherent positions of the species from these previous studies are also provided.
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Figure 5.4.4: The NIXSW absorption profiles for the C-C, C-F, F, C-N and N of F4-TCNQ on Ag(100).
The bottom panel depicts the Ag (200) reflection. The fitted coherent fractions, f200, and coherent
positions, D200, are provided for each absorption profile.
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Figure 5.4.5: The NIXSW absorption profiles for the C-C, C-F, F, C-N, N and K atoms of K(F4-TCNQ)2

on Ag(100). The bottom panel depicts the Ag (200) reflection. The fitted coherent fractions, f200, and
coherent positions, D200, are provided for each absorption profile.
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5.4.3 Discussion

F4-TCNQ on Ag(100)

The low coherent fraction of the C-N and N atoms (0.59 ± 0.07 and 0.24 ± 0.05 respectively) can be

ascribed to these atoms each occupying multiple locations in the [200] direction as well as dynamic

disorder such as vibrations. In previous NIXSW studies of H4-TCNQ on Ag(111)[161], and in the F4-

TCNQ on Ag(111) investigation given earlier in this chapter (see section 5.3), the N atoms were also

found to have a significantly reduced coherent fraction and this was attributed to the cyano groups of

the molecule being significantly twisted away from the plane of the surface[161], indicating a tilt of the

cyano groups towards and away from the surface (Figure 5.1.4). This twisting of the cyano groups is

further evidenced by the observation that the C-N coherent fraction is measured to be greater than that

of the N atoms, but yet much less than the C-C species. Additionally, the coherent position of the N

atoms is found almost coplanar with the other species of the molecule, C-C, C-F and F, indicating a

mostly symmetrical tilting of the cyano groups.

The twisting of the cyano groups so that the N atoms can interact with the Ag adatoms could

be facilitated by the ‘brick-like’ assembly of the F4-TCNQ molecules on the Ag(100) surface (Figure

C.1.1). Such an arrangement of F4-TCNQ and H4-TCNQ on the coinage metal surfaces has been found

to lead to the formation of charge transfer salts[162, 180, 181, 186]. The ‘brick-like’ assembly imaged

for F4-TCNQ shows the cyano groups of adjacent molecules supposedly interacting with one another

which contrasts with that observed for H4-TCNQ; H4-TCNQ STM images show that the N-H hydrogen

bonding interactions are maximised[162]. The interactions of adjacent cyano groups could in fact be the

interactions of the cyano groups with Ag adatoms which are not imaged in the STM measurements.

Despite the similarities with the H4-TCNQ on Ag(111), the geometry of F4-TCNQ on Ag(100)

contrasts markedly with that of H4-TCNQ on the same surface. In the latter case, the molecule is found

to adsorb in a bent geometry on the surface, with the cyano groups pointing down towards the surface. In

particular, the N atoms of the H4-TCNQ are found to occupy a smaller distribution of adsorption heights

inferred from the comparatively high coherent fractions and it is believed that no charge transfer salt

is formed[162]. Thus, it could be that, while the H4-TCNQ molecule is not reactive enough/ cannot as

easily accept electrons, the F4-TCNQ molecule has a strong enough electron accepting potential to form

a charge transfer salt on the Ag(100) surface. Additionally, the F4-TCNQ molecule is found to adsorb

approximately 0.3 Å higher off of the surface when compared to H4-TCNQ. Such a finding would be

consistent with the formation of a charge transfer salt by F4-TCNQ as charge transfer salts are typically

found to be decoupled from the surface, increasing the adsorption height of the molecule[162, 163, 165].

The measured structural parameters for the C-C, C-F and F species follow a similar trend to that

found for F4-TCNQ on the Ag(111) surface (see section 5.3). All three species measure coherent positions
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that are not significantly different, i.e. all approximately 0.47, and the coherent fraction is lowest for

the F atoms. Previously it was proposed that such trends in the structural parameters indicate that the

central ring of the molecule is not perfectly planar with the surface caused by a twist about the long

axis of the molecule (see Figure 5.1.1). However, the coherent fraction of the C-F species is considerably

higher than that for F4-TCNQ on Ag(111). This could suggest that any rotation of the ring about the

long axis is likely small. Though the larger difference in coherent fraction between the C-F and F species

perhaps indicates a significant F vibrational mode on the surface. This difference could also be due to

an intermediate beam damage state, where the F atom is transiently bound between the C atom and

the surface, or static displacement of the F atom above and below the molecule.

F4-TCNQ and K on Ag(100)

Coadsorbing K with the F4-TCNQ does not cause a significant change to the coherent fractions or

positions of the C-C, C-F or F species. The coherent fractions and positions of the C-N and N species,

however, do change quite drastically. This is strong evidence that the K is interacting with the cyano

groups of the molecule and is unsurprising given that the cyano groups of the molecule and the potassium

are negatively and positively charged, respectively. Moreover, such behaviour is predicted in prior DFT

studies of alkali coadsorption with H4-TCNQ[182]. After deposition of K, the coherent fraction of the N

species increases slightly to 0.26 ± 0.04 and its coherent position decreases to 0.06 ± 0.03. This drastic

change in coherent position from 0.42 ± 0.06 by approximately 0.5 is characteristic of the N atoms

occupying two sites that become separated by more than half of the dhkl layer spacing. As such, these

results could be indicative of a subtle, but significant, further twist of the cyano groups when K is

deposited onto the surface, as the further twist of the cyano groups could be moving the N atoms from

two sites that differ by just less than dhkl/2 to just more then dhkl/2. More specifically, assuming an

otherwise completely flat molecule, tilting the N atoms both upwards and downwards by 30° with respect

to the plane of the surface would produce a coherent fraction of 0.30 and a coherent position of 0.91,

both of which are very similar to the measured values for the N species.

The K is found at a height of 3.7 ± 0.2 Å above the surface placing it approximately 0.7 Å above

the F4-TCNQ molecule. This is consistent with NIXSW for K coadsorption with H4-TCNQ on both

Ag(100)[162, 163] and Ag(111)[164] where the K is found approximately 1.0 Å and 0.8 Å above the

molecule, respectively. Interestingly, the K being situated above the molecule further reinforces the

understanding that the cyano groups twist further after K deposition. The further rotation of the cyano

groups moves the higher of the two N atoms towards the K which is found elevated above the molecule

and the other N atom down to interact with the substrate.

The ‘windmill-like’ assemblies of the F4-TCNQ molecule (Figure C.1.2) when coadsorbed with K

are similar to ‘windmill-like’ structures of K/H4-TCNQ that are found to form charge transfer salts[164,
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199]. In the same manner as the ‘brick-like’ assemblies of pure F4-TCNQ, such an over layer structure

facilitates the formation of a charge transfer salt by the K and F4-TCNQ, allowing the cyano groups to

interact with K counter ions within the network.
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5.5 F4-TCNQ on Au(111)

5.5.1 XPS and LEED
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Figure 5.5.1: The C 1s, N 1s and F 1s core-level spectra for the commensurate phase of F4-TCNQ on the
Au(111) surface. These spectra were measured at a photon energy of 2.6 keV close to that undertaken
for the NIXSW measurements. The C 1s spectrum is fitted with three peaks assigned as the C-F, C-N
and C-C species of the F4-TCNQ molecule as has been done for previous studies in this chapter. The N
1s and F 1s spectra could be fitted with single peaks for the N and F atoms of the molecule. The peak
positions in these spectra are consistent with the F4-TCNQ being negatively charged on the surface.

The C 1s, N 1s and F 1s core-level XP spectra for F4-TCNQ on the Au(111) surface are shown in

Figure 5.5.1. These spectra were measured at 2.6 keV, which is approximately the energy utilised for the

NIXSW measurements. This accounts for the worse noise to signal ratio when they are compared to the

previous studies in this chapter. The C 1s qualitatively looks very similar to spectra of the F4-TCNQ

measured in prior studies and the three main components assigned as the C-F, C-N and C-C species

can be chemically separated. The binding energy values of these three components are found slightly

lower in binding energy when compared to F4-TCNQ on the Ag(111) and Ag(100) surfaces (sections 5.3

and 5.4 respectively) but it is difficult to drawn conclusions from this as at the hard X-ray energies used

to measure these spectra the energy resolution is much poorer. The N 1s and F 1s peaks are found at

essentially the same binding energy values as the N 1s and F 1s photoemission peaks for F4-TCNQ on

Ag(111) and Ag(100). These results strongly indicate that the F4-TCNQ is found negatively charged on

the Au(111) surface, as on the Ag(100) and Ag(111) surfaces. This conclusion is drawn from the shift

of the C 1s and N 1s core-level peaks to lower binding energy values[174, 190] and agrees with the prior

studies of F4-TCNQ on Au(111)[180, 181].

To ensure that the measured phase of the F4-TCNQ is the same as the commensurate phase

investigated in prior literature[180, 181], LEED of the prepared surface for the NIXSW measurements
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5
1 3

2))

14.5 eV 25 eV
Figure 5.5.2: The periodicity of the over layer mesh as determined by prior studies[180, 181] is shown
above two LEED patterns measured for F4-TCNQ on Au(111) for the prepared surface in this study.
The LEED patterns are taken at incident electron energies of 14.5 and 25 eV.

was also measured and is shown in Figure 5.5.2. The LEED in Figure 5.5.2 is the same as that reported

in previous studies[180, 181] producing a
(

5 2
1 3

)
over layer mesh.

5.5.2 NIXSW

The absorption profiles for the C-C, C-F, F, C-N and N species of F4-TCNQ on the Au(111) surface

for the (111) reflection are shown in Figure 5.5.3. Also given in these plots are the fitted coherent

fractions and coherent positions. The coherent fractions and coherent positions are also given in Table

5.5.1 where they can be more easily compared. In Table 5.5.1 the heights of the species in Å, calculated

from the coherent positions as has been done in previous sections of this chapter, are also given using a

Au d111 = 2.35 Å.

The fits to the NIXSW results for this F4-TCNQ study on Au(111) are generally poorer than the

results of the previous sections of this chapter. Of note is the observation that the Au (111) measured

reflection seems to be saturated. The Au (111) reflection is typically a much sharper feature and the
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peak intensity of a reflection is normally much closer in value to unity. This has caused poor fitting of

the absorption profiles for some of the species, notably the C-F and C-N atoms, and in particular this

has affected the coherent fractions as seen by the large errors for these fitted parameters. The coherent

fraction is generally strongly affected by the maximum of the absorption profile. It is important to note

that, as a consequence of this, in both cases the absorption profile fit is found lower than the data at its

highest point and so the actual coherent fraction values may be higher than those given by the fit or at

the higher ends of the quoted deviations in these fitting parameters.

Table 5.5.1: The fitted f111 and D111 values for the C-C, C-F, F, C-N and N species of the commensurate
phase of F4-TCNQ molecule on Au(111). The final column for each molecule provides the adsorption
height in Å, H111, which is calculated from the coherent position using a Au d111 = 2.35 Å. The values
in the parentheses are the errors in the last significant figure of each value.

f111 D111 H111/ Å

C-C 0.7(1) 0.44(6) 3.4(1)

C-F 0.6(2) 0.47(9) 3.5(2)

F 0.31(9) 0.52(6) 3.6(1)

C-N 0.2(2) 0.1(1) 2.6(2)

N 0.1(1) 0.00(6) 2.4(1)
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Figure 5.5.3: The NIXSW absorption profiles for the C-C, C-F, F, C-N and N species of the commensurate
phase of F4-TCNQ on Au(111). The bottom panel depicts the Au (111) reflection. The fitted coherent
fractions, f200, and coherent positions, D200, are provided for each absorption profile.

128



F4-TCNQ on Au(111)

5.5.3 Discussion

It is clear that there is a similar trend in these XPS and NIXSW results to that presented in previous

sections for F4-TCNQ on Ag(100) and Ag(111). The coherent fraction is found to decrease as one moves

towards the periphery of the molecule, where at the cyano groups the N atoms of the molecule have

the lowest coherent fractions. Moreover, the F atoms of the molecule have a significantly lower coherent

fraction than the C-F and C-C atoms while measuring a coherent position that is not significantly

different. These results point to a geometry where the molecule is not found planar with the surface and

the N atoms of the cyano groups are occupying sites separated significantly in vertical position.

The coherent fraction of the N atoms (0.1 ± 0.1) could be indicating once again that the cyano

groups are twisting at either end of the molecule, causing half of the N atoms to occupy positions above

the molecule’s centre and the other half to be situated closer to the surface. In turn, this could indicate

the existence of incorporated Au adatoms within the molecular over layer; previous NIXSW studies have

determined that half of the N atoms of H4-TCNQ and F4-TCNQ molecules in coinage metal charge

transfer salts point up away from the molecule to interact with metal adatoms above the surface, while

the other half point down towards the surface.

This geometry would also be consistent with the commensurate unit cell proposed in recent inves-

tigations demonstrating the existence of a charge transfer salt for F4-TCNQ on Au(111)[175, 180, 181,

186]. This
(

5 2
1 3

)
unit cell contains one F4-TCNQ molecule and one Au adatom with the Au adatom

placed in the ‘holes’ between the cyano groups of adjacent molecules. Given the molecule:adatom ratio

of 1:1, only half of the N atoms of the molecule can interact with the adatoms at a time. Figure 5.5.4

shows the F4-TCNQ over layer on Au(111) which depicts only one N atom of each cyano being close and

interacting with the Au adatoms[175, 180, 181]. The other N atom is found further from the Au adatom

and, given the results of this structural study, are likely found closer towards the surface. Importantly,

the C 1s and N 1s core-level photoelectron spectra of the F4-TCNQ molecule indicate that it is negatively

charged on the Au(111) surface, providing further evidence for the presence of a charge transfer salt.

This stands in contrast to H4-TCNQ which is found to adsorb on the Au(111) surface in a neutral charge

state and does not form a charge transfer salt[179].

While the standard deviations of the coherent fractions for the other species of the F4-TCNQ

molecule are comparatively large, some trends similar to those seen for the previous NIXSW studies

are observed. The C-C, C-F and F atoms all take coherent positions that are not significantly different

(≈ 0.48). Moreover, the C-C species takes the highest coherent fraction and, notably, the coherent

fraction of the F atoms is lower than that of the C-F atoms with which they are directly bound to. This

again indicates a possible rotation about the long axis of the molecule, as has been proposed in previous

sections of this chapter (sections 5.3 and 5.4). Such a rotation could create a distribution of the C-F
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and F atoms that lowers the coherent fraction of the F atoms more than the C-F and C-C species while

keeping the C-C coherent fraction comparatively high. Such rotations of the molecules on the surface,

specifically the fact that the planes of the quinodimethane rings of adjacent molecules would be tilted

with respect to one another, would be consistent with bulk crystal structures of H4-TCNQ[192].

Figure 5.5.4: Shown is the F4-TCNQ over layer on the Au(111) surface as determined by prior studies
of this system[175, 180, 181] and the LEED measurements of this investigation. The brown, red, blue
and gold coloured atoms are the C, F, N and Au atoms respectively. The black box depicts the

(
5 2
1 3

)
unit cell of the over layer. Within this structure, only half of the N atoms of the cyano groups are found
to interact with the Au adatoms. This is consistent with the NIXSW results presented here, which have
determined that the N atoms of the cyano groups are found at two different heights.

130



F4-TCNQ on Cu(111)

5.6 F4-TCNQ on Cu(111)

5.6.1 XPS
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Figure 5.6.1: The C 1s, N 1s and F 1s core-level spectra for F4-TCNQ on the Cu(111) surface. The C 1s
spectrum is fitted with three peaks assigned as the C-F, C-N and C-C species of the F4-TCNQ molecule
as has been done for previous studies in this chapter. The F4-TCNQ C 1s peak positions and intensities
are consistent with the previous F4-TCNQ studies. There are an additional two carbon contamination
peaks, as well as an additional peak in the N 1s core-level which are all likely due to a contaminant. The
F 1s spectra could be fitted with a single peak for the F atoms of the molecule. The peak positions in
these spectra are consistent with the F4-TCNQ being negatively charged on the surface as previously
discussed (see section 5.3).

Figure 5.6.1 shows the the C 1s, N 1s and F 1s core-level soft XP spectra for F4-TCNQ on the

Cu(111) surface. The C 1s core-level is found to be essentially the same as the previous F4-TCNQ

studies with three peaks of similar intensity assigned as being due to the C-F, C-N, C-C species of

the F4-TCNQ molecule, except that here there is an additional set of peaks at lower binding energy

corresponding to contamination from the substrate crystal. The N 1s and F 1s core-levels both fit with

one main photoemission peak ascribed to the N and F atoms within the F4-TCNQ molecules but the N

1s core-level region also contains a peak due to contamination. The binding energies of the C 1s and N

1s peaks are at positions consistent with negatively charged F4-TCNQ as is the case for the prior studies

in this chapter[174, 190].

5.6.2 NIXSW

Figure 5.6.2 gives the NIXSW adsorption profiles for the C-C, C-F, C-N, N and F species of the F4-

TCNQ molecule when deposited onto Cu(111). Also provided in this Figure is the Cu (111) reflection

as well as the fitted coherent positions and coherent fractions for each species which are also provided in

Table 5.6.1 along with the calculated adsorption heights of each species, H111.
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Table 5.6.1: The fitted f111 and D111 values for the C-C, C-F, F, C-N and N species of F4-TCNQ
molecule on Cu(111). The final column for each molecule provides the adsorption height in Å, H111,
which is calculated from the coherent position using a Cu d111 = 2.09 Å. The values in the parentheses
are the errors in the last significant figure of each value.

f111 D111 H111/ Å

C-C 0.4(1) 0.50(6) 3.1(1)

C-F 0.5(2) 0.62(7) 3.4(2)

F 0.38(2) 0.60(2) 3.34(4)

C-N 0.5(2) 0.4(1) 2.9(2)

N 0.24(5) 0.45(5) 3.0(1)
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Figure 5.6.2: The NIXSW absorption profiles for the C-C, C-F, F, C-N and N species of the commensurate
phase of F4-TCNQ on Cu(111). The bottom panel depicts the Cu (111) reflection. The fitted coherent
fractions, f200, and coherent positions, D200, are provided for each absorption profile.
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5.6.3 Discussion

In contrast to all other studies of H4-TCNQ and F4-TCNQ, for all species of the F4-TCNQ molecule

on Cu(111) the measured coherent fractions are ≤ 0.5. This indicates that the atoms of the F4-TCNQ

molecule are occupying a distribution of positions on the surface that are separated significantly in

vertical height. There is a significant carbon and nitrogen contamination in this investigation and

the likely origin is a hemithioindigo derivative as prior experiments in the same experimental chamber

utilised hemithioindigo molecules. The hemithioindigo molecules contain C, N and S all of which were

present on the surface of the Cu(111) in addition to peaks due to the F4-TCNQ. Whether or not this

carbon contamination has led to a vertical disorder in the positioning of the F4-TCNQ molecules is

not clear however. The NIXSW technique is able to differentiate between the structural parameters of

different chemical species. That is, the structural parameters of the carbon and nitrogen species within

the molecule can be determined separately to those of the unwanted contaminant molecule because the

contaminant molecule peaks have been fitted separately to the carbon species of the F4-TCNQ in the

XP spectra. However, the contaminant may still be affecting the geometry of the F4-TCNQ molecule on

the surface via interactions with the molecule. The exact nature of how the contaminant interacts with

the F4-TCNQ on Cu(111) is not known. Although, the F4-TCNQ molecules are found to be negatively

charged as evidenced by the shift of the C 1s and N 1s core-level peaks to lower binding energies and

so the F4-TCNQ may have strong repulsive interactions with the contaminant. Moreover, the NIXSW

results presented here are essentially identical to those of the previous XSW study[171] and the XPS

peak positions and intensities of the F4-TCNQ molecule are the same as those for the prior F4-TCNQ

studies. This may potentially be demonstrating that the carbon contamination present within this study

has no affect on the F4-TCNQ adsorption geometry.

Assuming a weak interaction between the F4-TCNQ and the contaminant a number of conclusions

can be drawn from the measured structural parameters. As in previous studies of H4-TCNQ and F4-

TCNQ, the low coherent fraction of the N atoms as well as the fact that the F4-TCNQ molecule is found

to be negatively charged on the Cu(111) surface may indicate the incorporation of Cu adatoms within

a charge transfer salt. The coherent fractions of the other species of the molecule, the C-F, C-C and F

atoms, follow a similar trend as previous studies of F4-TCNQ, with the coherent fraction being lowest

for the F atoms and the coherent positions of three species not being significantly different. Thus, in the

same manner as the previous F4-TCNQ studies in this chapter, this may indicate again that the central

ring of the F4-TCNQ molecule is tilted away from being planar with the surface.
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5.7 Conclusion

Developing clear and detailed understandings of organic-inorganic interface structures is pivotal in the

development and improvement of new and existing electronic devices. In particular, the prediction of the

electronic properties of an interface is dependent on first arriving at an accurate model structure of the

interface. Thus, this chapter of the thesis extends the current literature investigations on the behaviour of

strong electron accepting molecules on the coinage metals surfaces by studying the adsorption geometry

of F4-TCNQ, an organic molecule extensively utilised in OEDs, using the NIXSW technique. The

adsorption geometry of F4-TCNQ was investigated on four surfaces, Ag(111), Ag(100), Au(111) and

Cu(111), and also when coadsorbed with K on the Ag(100) surface. The chemical specificity of the

NIXSW technique has allowed an almost atom by atom picture of the adsorption geometry of the F4-

TCNQ molecule on the various surfaces to be developed.

In all the studies presented in this chapter it was found that the N atoms of the F4-TCNQ molecule

occupy multiple heights on the surfaces. The consistency of the N atom NIXSW results across these

studies could be pointing to the fact that F4-TCNQ readily forms a charge transfer salt on the coinage

metal surfaces, causing the twisting of the cyano groups and a significant separation of the N atom

adsorption heights (Figure 5.1.4). Such a geometry of the F4-TCNQ molecule on these coinage metal

surface is corroborated by prior studies of the over layer meshes formed, for example, on Au(111)[180,

181], and, in the same studies, through separate characterisation of the presence of a charge transfer salt.

Moreover, for all the studies undertaken in this chapter it has been concluded from inspection of the C

1s and N 1s XPS core-level spectra that the F4-TCNQ molecule is negatively charged on the surface,

a further indication of the formation of charge transfer salts. While H4-TCNQ is found to form charge

transfer salts with only a few of the studied coinage metal surfaces, these results show that F4-TCNQ

instead readily forms charge transfer salts with the surfaces studied and this can be attributed to its

much stronger electron accepting potential.

The results from all four surfaces show common trends in the coherent fractions and coherent

positions of the C-C, C-F and F species. For all four surfaces, these species measure coherent positions

that are not significantly different, but have coherent fractions that typically decrease in order of C-C

> C-F > F. In isolation these trends may be hard to explain, but together they are unlikely due to

coincidence and point to a common geometry for the F4-TCNQ on the coinage metal surfaces. The same

coherent position being measured for the C-C, C-F and F species indicate that these species occupy a

distribution of positions around a common centre of symmetry, i.e. due to a rotation about an axis of

symmetry of the molecule. Such a rotation, e.g. a twist of the central ring about the long axis, would

ensure that the coherent fraction of the F atoms is lower than that of either the C-F or C-C species,

which is exactly what is consistently measured across all of the surfaces. It may also be that, while the
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molecule is on average planar with the surface, the measured distribution of heights of the F and C-F

atoms are due to dynamic rotations about this axis.

It is interesting to note that, a similar trend is observed for the C-C and C-H species in all NIXSW

measurement of H4-TCNQ[161, 162] as well as for NIXSW measurements of H4-TCNQ when coadsorbed

with alkali metals[162–165]. The C-H species is consistently found to have lower coherent fraction than

the C-C species while both measure coherent positions that do not significantly differ. Thus, it could be

that a similar twist of the central ring of the molecule is also present for H4-TCNQ adsorption geometries.

Generally, it is common for the central rings of adjacent molecules to be tilted with respect to one another

in bulk crystal structures and in organo-metallic compounds of H4-TCNQ and F4-TCNQ[193–196]. In

many cases, the 2D assemblies of the F4-TCNQ and H4-TCNQ molecules on the coinage metal surfaces,

such as the ‘windmill-like’ phases, share common motifs with the bulk 3D crystal structures. Thus, these

similarities between the 3D and 2D assemblies may also extend to the orientations of the molecule with

respect to one another within the structures.

Given the consistency of the measured C-C, C-F and F coherent positions within each of the

studies, and the fact that these species may be distributed about a common centre located at the

measured coherent position, these coherent positions can be taken as the heights of the main backbone

of the molecule above each of the surfaces, so that comparisons can be made between each of the studies.

An increasing order of adsorption height, calculated as the average of the measured adsorption heights

for the C-C, C-F and F species, can then be defined for F4-TCNQ as: Ag(100) (3.00 ± 0.08 Å) <

Ag(111) (3.08 ± 0.10 Å) < Cu(111) (3.3 ± 0.2 Å)< Au(111) (3.5 ± 0.3 Å). Such a trend in the coinage

metal surfaces matches theoretical trends in the amount of work function modification and substrate-

molecule charge transfer as calculated for the Ag(111), Au(111) and Cu(111) in reference [169]. However,

the theoretical study in reference [169] utilised structural models that did not include metal adatoms

in the molecule over layer and place the F4-TCNQ on the surfaces in a bent like geometry with the

N atoms occupying single adsorption heights. Additionally, there is clearly a drastic difference in the

experimentally determined adsorption height when comparing Au(111) and Cu(111) with Ag(111) within

the same theoretical study. In other prior theoretical studies, which also did not include incorporated

metal adatoms within the molecular over layer[168], the carbon backbone of the F4-TCNQ molecule was

predicted to sit at essentially the same height on the Ag(111), Au(111) and Cu(111) surfaces, in contrast

to the results presented here. These results thus show that if theoretical calculations are to be accurate,

they must first model their starting structures off of experimentally determined structures.

While these results provide insight into the comparative behaviour between H4-TCNQ and F4-

TCNQ they also provide quantitative structural data with which future theoretical calculations can be

benchmarked against, so that accurate predictions of interface electronic and chemical properties can be

calculated.
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Dynamical diffraction theory

A.1 Propagation equation in a dielectric medium

A propagation equation inside a dielectric material can be derived from Maxwell’s equations 2.22. For

such a derivation, the magnetic potential is assigned as zero (B = µ0H) which is a fair assumption given

that the interaction of the electromagnetic radiation with the dielectric potential is much stronger than

its interactions with the magnetic potential. Taking the double curl (∇ × ∇×) of the first equation in

2.23:

∇×∇×E = (∇×∇×D +∇×∇× (χ(r)D))/ε0,

and equating this with the curl (∇×) of the first equation in 2.22 gives

∇×∇×D +∇×∇× (χ(r)D) = −ε0µ0
δ(∇×H)

δt
.

Replacing the right hand side of the above equation with the second equation in 2.22 gives

∇×∇×D−∇×∇× (χ(r)D) = − 1

c2
δ2D

δt2
. (A.1)

Using the vector calculus identity ∇×∇×D = ∇× (∇ ·D) +∇2D and that ∇× (∇ ·D) = 0 from 2.22,

equation A.1 can be simplified to

∇2D(r, t) +
1

c2
δ2D(r, t)

δt2
+∇×∇× (χ(r)D(r, t)) = 0, (A.2)

which is a propagation equation in potential χ(r).

A.2 Equation for the normal to the crystal surface

The goal of this appendix is to derive an equation for the normal to the crystal surface, n, in terms of a

set of experimental geometric parameters. These parameters are first defined in the following subsections

of this appendix (sections A.2.1, A.2.2 and A.2.3).
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A.2.1 The angles between the normal to the crystal surface and the incident

and reflected wave vectors (ψo and ψh)

Figure A.2.1 shows a real space representation of the angles between the normal to the crystal surface

and the external incident (K) and external reflected (S1) wave vectors, ψo and ψh respectively. The

cosines of these angles can be defined as

γo = cosψo, (A.3)

γh = cosψh. (A.4)

An asymmetry parameter, γ, can also be defined as

γ =
γh
γo
, (A.5)

which takes a value of negative unity for a symmetric Bragg reflection. An asymmetric reflection is one

where the Bragg diffraction planes of the reflection are not parallel to the surface plane.

K

n

S1

�h

�o

Figure A.2.1: The incident and reflected wave vectors, K and S1, are shown with their angles to the
surface normal vector, n, being ψo and ψh respectively. S1 is used here to denote the external reflected
wave vector which must not be confused with the internal reflected wave vector Kh.

A.2.2 Departure of the incident wave vector from the kinematic Bragg angle

(∆θ)

The incident wave vector has a magnitude k and its extremity lies at point M on the tangent To′ (Figure

A.2.2). When the extremity of the incident wave vector lies exactly at La, the kinematic diffraction

theory is satisfied. It follows that the departure of the incident wave vector from the kinematic Bragg
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Dynamical diffraction theory

angle, ∆θ, is the angle between the wave vectors OM and OLa (Figure A.2.2):

sin ∆θ =
LaM

k
.

Since the actual value of ∆θ is very small during an XSW measurement, ∆θ can be approximated as:

∆θ =
LaM

k
. (A.6)

∆θ is scanned through the Bragg condition during a XSW measurement.

La

Lo

To Th

To' Th'

H O

M

Δ�

k

Figure A.2.2: The incident wave vector has magnitude k and its extremity is at point M on tangent To′.

∆θ is then approximated as the ∆θ = LaM
k .
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Equation for the normal to the crystal surface

A.2.3 Difference between the kinematic and dynamical diffraction definitions

of the middle of the reflection domain (∆θos)

Kinematic diffraction theory is exactly and only satisfied when the extremity of the incident wave vector

lies at point La. The kinematic diffraction theory, however, does not take into account the refraction of

the incident wave vector within the dielectric medium. That is, the magnitude of the internal refracted

wave vector is nk where k is the magnitude of the incident wave vector. n is the refractive index, and is

defined as

n = 1 +
χ0

2
, (A.7)

where χ0 is the Fourier component of the dielectric susceptibility for the incident wave vector and takes

negative values. The difference between the internal refracted and incident wave numbers is then −kχ0

2 .

The refraction of the incident wave vector causes the point in reciprocal space that exactly satisfies the

kinematic diffraction theory within the crystal to shift to the point Lo (Figure A.2.3) . The difference

in incidence angle between the points La and Lo is termed ∆θos.

∆θos can be related to the dielectric susceptibility via inspection of Figure A.2.3. Firstly, XoI and

XhI are defined as the distances from the tangents To and Th to the point I, respectively (Figure A.2.3).

I is the intersection of the normal to the crystal surface with the tangent To′ when the normal to the

crystal surface is drawn from the point Lo. From Figure A.2.3, it can be shown that:

XoI = −kχ0

2
= γoLoI,

XhI = −kχ0

2
− LaI sin 2θB = γhLoI.

By eliminating LoI between the two expressions above, the following can be defined:

∆θos =
LaI

k
=
−χ0(1− γ)

2 sin 2θB
, (A.8)

where γ is asymmetry parameter, γ = γh
γo

, as defined in appendix A.2.1.
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Dynamical diffraction theory

Figure A.2.3: I is the intersection of the normal to the crystal surface with the tangent To′ when the
normal to the crystal surface is drawn from the point Lo. The definition of the difference between the
kinematic and dynamical diffraction theory values for the middle of the reflection domain then follows
from inspection of this Figure, as outlined in the main text of this appendix.

A.2.4 Equation for the normal to the crystal surface

The normal to the crystal surface, n, can be defined as MoMh where Mo and Mh are the intersections

of n with the tangents To and Th (Figure A.2.4). The coordinates of the tie point P , Xo and Xh, can

be defined relative to the points Mo and Mh as follows:

Xo

γo
= MoP ,

Xh

γh
= MhP ,

where γo and γh are the cosines of the angles ψo ψh (see appendix A.2.1). From these above relations it

follows that:

Xo

γo
− Xh

γh
= MoMh.

Using the sine rule it can be seen in Figure A.2.4 that
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Equation for the normal to the crystal surface

MoMh

sin 2θB
=

LoMo

sin (ψh − π/2)
=
LoMo

cosψh
,

which after rearrangement becomes

MoMh = LoMo
sin 2θB
γh

.

LoMo can be shown to be equal to

LoMo = LaM − LaI. (A.9)

As shown in the previous sections of this appendix (sections A.2.2 and A.2.3), LaM = k∆θ and LaI =

k∆θos (equations A.6 and A.8 respectively). Equation A.9 can thus be rewritten as

LoMo = k(∆θ −∆θos), (A.10)

and, finally, the normal to the crystal surface can be written as

MoMh =
Xo

γo
− Xh

γh
= k(∆θ −∆θos)

sin 2θB
γh

. (A.11)

Figure A.2.4: An equation for the normal to the crystal surface, n, in terms of known geometric values
can be arrived at by inspection of this Figure as is done in the main text of this appendix.

143



Fe3O4 as a substrate for SACs

B.1 Fe3O4 reflections

The following Figures depict the reflections used throughout this thesis to undertaken real space imaging

of species on the Fe3O4(001). These have been organised into sets of reflections which are symmetrically

equivalent for the symmetry operations of the bulk crystal: (004), {044}, {113}, {1̄13}, {311} and {3̄11}.

In each Figure the green planes represent the periodicity of the given reflection.

(004)

[010]

[001]

[100]

Figure B.1.1: The (004) reflection. Used throughout the thesis to determine the adsorption heights of
species relative to the Feoct (or B layer terminated) surface
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Fe3O4 reflections

{044} = (044), (404), (404), (044)

[100]
[010]

[001]

Figure B.1.2: The (044) reflection which represents the {044} set of symmetrically equivalent reflections.
The {044} set of reflections are symmetrically equivalent for all the bulk positions in the Fe3O4 crystal.
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Fe3O4 as a substrate for SACs

[100][010]

[001]

{113} = (113), (113)

[010]

[100]

[001]

{113} = (113), (113)

Figure B.1.3: The {113} and {1̄13} sets of reflections.
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[010][001]

[100]

{311} = (311), (131), (311), (131)

[001]

[010]

[100]

{311} = (311), (131), (311), (131)

Figure B.1.4: The {311} and {3̄11} sets of reflections.
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Fe3O4 as a substrate for SACs

B.2 HCOOH on Fe3O4(100)

B.2.1 Fe3O4(100) surface relaxations

The first three octahedrally coordinated and tetrahedrally coordinated layers of each optimised substrate

were allowed to relax independently of each other vertically. Only atoms in the top octahedral and

tetrahedral layers were allowed to relax in either the x (crystallographic [110
¯
]) or y (crystallographic

[110]) directions, symmetrically about the interstitial site defined as the centre of the unit cell. All

surface oxygens not bound to the 1st layer Fetet atoms were only allowed to relax in the y direction, with

positive relaxations being in towards the closest interstitial site. The four oxygens bound to the 1st layer

Fetet atoms and the four surface Feoct cations were allowed to relax in both the x and y directions, with

both the positive y and x relaxations being in towards the central interstitial site. The two Fe cations

in the 1st Fetet layer were relaxed in the x direction only. A schematic showing the positive relaxations

of each atom in the top layer is given in the Figure B.2.1.

Additionally, five vibrational amplitudes for the Fetet, Feoct, Obulk, OOH and OHCOO atoms were

optimised as well as the inner potential of the substrate. The additional Fetet interstitial atom present

in the SCV structure was allowed to relax only vertically. In total, 27 parameters for the bulk and one

vacancy structures and 28 parameters for the SCV structures were optimised.

y

x

Figure B.2.1: The relaxations of the top octahedral and tetrahedral layer atoms in the positive x and
y directions. These relaxations were used for all three substrate structures. The additional interstitial
Fetet atom in the SCV structure was only allowed to relax in the vertical direction (out of the plane of
the page).
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HCOOH on Fe3O4(100)

B.2.2 Additional photoemission profiles

To undertake real space imaging, an additional set of reflections was measured. Their adsorption profiles

are provided in the following Figures, and the fitted parameters all of the reflections, including those of

the (004) reflection, are provided in Table B.2.1.

Table B.2.1: All of the measured values of fhkl and P hkl for the OHCOO, OOH and CHCOO species. The
value in the brackets is the error for that parameter in the last significant figure. All of these values were
utilised to produce the real space atomic densities for each species.

Formate position Reflections fhkl P hkl

OHCOO

(004) 0.75(5) 0.52(2)

{044} 0.59(3) 0.97(1)

{113} 0.34(4) 0.89(3)

{1̄13} 0.32(4) 0.63(3)

{311} 0.11(4) 0.80(5)

{3̄11} 0.05(4) 0.52(8)

OOH

(004) 0.9(1) 0.47(4)

{044} 0.62(4) 0.98(2)

{113} 0.09(1) 0.97(2)

{1̄13} 0.10(2) 0.68(2)

{311} 0.17(2) 0.88(2)

{3̄11} 0.12(2) 0.63(2)

CHCOO

(004) 0.7(2) 0.74(8)

{044} 0.76(8) 0.75(4)

{113} 0.39(7) 0.05(4)

{1̄13} 0.32(8) 0.80(5)

{311} 0.52(7) 0.88(4)

{3̄11} 0.48(7) 0.63(4)
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HCOOH on Fe3O4(100)
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HCOOH on Fe3O4(100)

B.2.3 Fitting of CHCOO real space imaging

To determine the percentage occupation of the two possible bidentate adsorption sites on the Fe3O4(001)

surface for the formate molecule, theoretical unit cell densities of the CHCOO atom in the tet and int sites

were fitted to the measured real space density for the CHCOO species. The theoretical unit cell densities

for the tet and int sites were determined by first calculating their corresponding fhkl and Phkl values. For

such calculations, the CHCOO atom was placed at the experimentally determined (004) height above the

Fe3O4(001) surface and all possible positions within the unit cell were determined by taking into account

the complete symmetry of the Fe3O4(001) unit cell. The resulting coherent fractions were reduced by 0.1

to take into account inherent atomic vibrations that were not modelled directly during the calculation.

The complete set of fhkl and Phkl for the two theoretical positions are shown in Table B.2.2. They

are organised into sets of reflections that are symmetrically equivalent with respect to the tet and int sites.

These reflections are depicted in appendix B.1. The theoretical unit cell densities were then calculated

in the exact same manner as was done for the experimental real space imaging which is described in

detail in the chapter 2 section 2.1.4. The two sites were then summed together with a varying tet site

occupation parameter and a mean squared error was then used to fit this parameter. Errors in the

percentage occupations were determined by undertaking the same fittings of the unit cell densities but

with all the experimental fhkl and Phkl errors either added or subtracted from their experimentally fitted

fhkl and Phkl values.

Table B.2.2: The calculated values of fhkl and P hkl for the formate carbon being situated in either the
tet or int sites and at the adsorption height determined from the (004) measurements.

Species Reflections fhkl P hkl

tet

(004) 1.00 0.74

{044} 1.00 0.74

{113} 0.71 0.21

{1̄13} 0.71 0.96

{311} 0.71 0.82

{3̄11} 0.71 0.57

int

(004) 1.00 0.74

{044} 1.00 0.74

{113} 0.71 0.96

{1̄13} 0.71 0.71

{311} 0.71 0.07

{3̄11} 0.71 0.82
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Fe3O4 as a substrate for SACs

B.2.4 Fits to modulations for optimised structures

Bulk substrate; formate in tet ; hydroxyl in int

Figure B.2.5: Optimised fits to the OOH experimental modulations for a bulk substrate with the formate
in the tet and hydroxyl in the int positions. Overall R-factor = 0.22.
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HCOOH on Fe3O4(100)

Figure B.2.6: Optimised fits to the OHCOO experimental modulations for a bulk substrate with the
formate in the tet and hydroxyl in the int positions. Overall R-factor = 0.22.
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Fe3O4 as a substrate for SACs

SCV substrate; formate in tet ; hydroxyl in intα

Figure B.2.7: Optimised fits to the OOH experimental modulations for a SCV substrate with the formate
in the tet and hydroxyl in the intα positions. Overall R-factor = 0.24.
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Figure B.2.8: Optimised fits to the OHCOO experimental modulations for a SCV substrate with the
formate in the tet and hydroxyl in the intα positions. Overall R-factor = 0.24.
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Fe3O4 as a substrate for SACs

One vacancy substrate; formate in tet ; hydroxyl in intα

Figure B.2.9: Optimised fits to the OOH experimental modulations for a one vacancy substrate with the
formate in the tet and hydroxyl in the intα positions. Overall R-factor = 0.24.

158



HCOOH on Fe3O4(100)

Table B.2.3: The optimised structural parameters which had a significant effect on the R-factor for the
bulk, SCV and one vacancy models. These values are given as changes from bulk positions except for the
height of the OHCOO species which is its height from the 1st layer Feoct atoms. Note that the carbon atom
of the formate was included in each structure and its height was optimised but this had no significant
effect on the R-factor. Otet are the surface oxygen atoms bound to the 1st layer Fetet cations. The values
in brackets represent to positive and negative errors in the last significant figure of each parameter.

Parameter Bulk (Å) SCV (Å) One vacancy (Å)

2nd layer Fetet ∆z -0.02(9)(8) -0.10(10)(4) 0.0(1)(1)

2nd layer Feoct ∆z -0.05(1)(8) 0.0(20)(6) 0.0(2)(1)

1st layer Fetet ∆z 0.00(2)(3) 0.08(3)(2) 0.10(5)(4)

1st layer Feoct ∆z -0.09(3)(3) -0.08(3)(2) -0.17(5)(5)

1st layer oxygen ∆z 0.00(9)(10) 0.00(9)(10) 0.0(1)(2)

1st layer Feoct ∆x 0.0(3)(3) 0.0(3)(3) 0.0(3)(3)

1st layer Feoct ∆y 0.0(3)(3) 0.0(4)(3) 0.0(4)(4)

Otet ∆x 0.0(3)(3) 0.0(3)(3) -0.1(3)(3)

Otet ∆x 0.1(2)(2) 0.0(3)(2) -0.1(3)(3)

OHCOO height 1.96(3)(2) 1.96(3)(3) 1.96(3)(3)

OHCOO ∆x -0.30(10)(9) -0.3(1)(1) -0.3(1)(1)

OOH ∆y 0.20(20)(7) 0.20(20)(3) 0.2(3)(3)

OOH ∆z -0.01(3)(3) -0.12(4)(2) -0.05(5)(4)
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Figure B.2.10: Optimised fits to the OHCOO experimental modulations for a one vacancy substrate with
the formate in the tet and hydroxyl in the intα positions. Overall R-factor = 0.24.
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B.3 Ni on Fe3O4(100)

One complication in the NIXSW XP spectra data analysis is that the Ni 2p and Fe 3s photoemission peaks

are energetically almost coincident. To remove the influence of the bulk peak a template background

was constructed. First XP spectra were measured from a clean SCV reconstructed surface over the

binding energy range corresponding to the Ni 2p peak, at the same photon energies as the Ni NIXSW

measurement. These spectra were summed to produce an integrated spectrum that was then fitted with

a Shirley background[200]. The XP Ni 2p spectra subsequently recorded for each NIXSW measurement

were then fitted utilising this Shirley background-subtracted integrated spectrum (IS) and the Shirley

background (SB) itself, in addition to the peaks arising from the presence of the Ni. Both the IS and SB

components were scaled by separate linear corrections whose gradient and offset were parameters in the

fitting of the XP Ni 2p spectra. In part, this fitting procedure is depicted in Figures B.3.1 and B.3.2.

This convoluted analysis, to remove the contribution from the Fe 3s, was due to a subtle difference

observed in the shape of the background as a function of the photon energy (relative to the Bragg

energy), that we attribute to differing absorption profiles of the elastic and inelastic contributions in the

background.

875 870 865 860 855 850 845

Ni 2p1/2

Ni 2p3/2

satellite

In
te

n
s
it
y
 (

a
.u

.)

SB

Nisub

Niad

Satellite

Binding energy (eV)

Fe 3s

Figure B.3.1: The Ni 2p and Fe 3s core-levels showing the fitting of the XP spectra for the NIXSW
measurements. A template background was created by measuring over this energy range on a clean
SCV surface. A Shirley background[200] was subtracted from this template background to produce the
background of the NIXSW spectra.
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Figure B.3.2: A smaller energy range view of the Ni 2p spectrum depicted in Figure B.3.1 showing only
the Ni 2p2/3 core-level.

B.4 Ag on Fe3O4(100)
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Figure B.4.1: The absorption profiles for the (004) reflection of the Agbare, AgCO
low and AgCO

high photoe-
mission peaks as well as the fitted (004) reflection. The results of the 10 L exposure corroborate with
the results conclusions of the 20 L exposure.
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Figure B.4.2: The absorption profiles for the a) (113) and b) (044) reflections of the AgCO
low and AgCO

high

photoemission peaks. Note: the (044) spectra could only be fitted with a single peak due to the low
energy resolution of these measurements. As such, only a single absorption profile has been produced
for the (044) reflection.
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Table B.4.1: The fitted fhkl and P hkl values for the Agbare, AgCO
high and AgCO

low photoemission peaks. All
of the fhkl and P hkl values listed here were used in the real space imaging of each of the species. Note
that the AgCO

high and AgCO
low share the same {044} values as only one peak could be fitted to the data. The

Agbare data is taken from reference [25] for Ag before any CO exposure and is listed here for comparison.

10 L CO exposure 20 L CO exposure

Reflections fhkl P hkl fhkl P hkl

AgCO
high

(004) 0.7(1) 0.02(4) 0.89(9) 0.05(4)

{044} 0.53(3) 0.00(2) 0.47(3) 0.00(2)

{113} 0.63(9) 0.12(4) 0.58(6) 0.11(3)

AgCO
low

(004) 0.52(8) 0.00(4) 0.47(4) 0.00(2)

{044} - - - -

{113} 0.53(7) 0.11(4) 0.37(3) 0.11(2)

Agbare
(004) - - 0.66(3) 0.96(1)

{044} - - 0.60(3) 0.95(2)

{113} - - 0.02(4) 0.82(1)

164



Charge transfer salts on coinage metals

C.1 F4-TCNQ on Ag(100): STM

Figure C.1.1 depicts STM images and a LEED diffraction patterns measured for pure F4-TCNQ on the

Ag(100) surface measured on an Omicron STM at Warwick University by Luke Rochford. Only one

phase of the F4-TCNQ could be prepared on the Ag(100) surface. The features in the STM images

have dimensions that are very similar to the F4-TCNQ molecule and so are assigned as being due to the

F4-TCNQ molecules forming an ordered over layer. The F4-TCNQ molecules are aligned parallel to one

another in a ‘brick-like’ or ‘head-to-tail-like’ arrangement on the surface, which shares similarities with

some of the pure H4-TCNQ phases. This F4-TCNQ phase on the Ag(100) is likely incommensurate as

no commensurate over layer mesh could be found that reproduces the observed LEED pattern.

Figure C.1.2 depicts the STM images and a LEED pattern measured for F4-TCNQ coadsorbed with

K on the Ag(100) surface. Again, the features in the STM images are assigned as F4-TCNQ molecules.

The F4-TCNQ molecule is found to assemble in a ‘windmill-like’ arrangement and is a commensurate

phase with over layer mesh of
(

4 3
−3 4

)
.

The NIXSW results conclude that the F4-TCNQ molecule likely forms a charge transfer salt with

Ag adatoms, for pure F4-TCNQ, or with K cations, when coadsorbed with K. Both the ‘brick-like’

incommensurate and the ‘windmill-like’ commensurate phases are consistent with these conclusions as

both phases have previously been observed on systems proposed to comprise a charge transfer salt[162,

180, 181, 186]. Both assemblies allow for half of the N atoms of the molecule to interact with the Ag

adatom or K cation while the other set of N atoms can interact with the substrate, as proposed from

the NIXSW results.
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Charge transfer salts on coinage metals

5 nm10 nm

14.5 eV 22 eV

Figure C.1.1: STM images of F4-TCNQ on the Ag(100) surface. The bright rectangular features are
assigned as the F4-TCNQ molecules. Shown below the STM images are two LEED diffraction patterns
taken at 14.5 and 22 eV incident electron beam energy. This phase is believed to be incommensurate as
no commensurate over layer mesh could be found to reproduce the observed diffraction pattern.
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F4-TCNQ on Ag(100): STM

5 nm10 nm

14.5 eV 4
-3 4

3))
Figure C.1.2: STM images of F4-TCNQ on the Ag(100) surface after coadsorption of K. The bright
rectangular features are assigned as the F4-TCNQ molecules. Shown below the STM images is a LEED
diffraction pattern of the same surface taken at 14.5 eV incident electron beam energy and a simulated
LEED pattern using a commensurate over layer mesh of

(
4 3
−3 4

)
. The simulated LEED pattern was

produced using LEEDpat4 software.
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(39) Döll, R.; Van Hove, M. A. Surface Science 1996, 355, L393–L398.

(40) Duncan, D. A.; Choi, J. I.; Woodruff, D. P. Surface Science 2012, 606, 278–284.

(41) Tanuma, S.; Shiratori, T.; Kimura, T.; Goto, K.; Ichimura, S.; Powell, C. J. Surface and Interface

Analysis 2005, 37, 833–845.
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