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Abstract

Abstract

The surface reactivity o f thorium and uranium, and how this links to the 5f electrons, 

has been investigated under UHV conditions using x-ray photoelectron spectroscopy 

(XPS), ultra violet photoelectron spectroscopy (UPS), and inverse photoemission 

spectroscopy (IPES). Water and ammonia adsorption on a polycrystalline thorium 

surface has been investigated at 100 and 298 K. Water adsorbs and dissociates upon 

the surface, leading to the formation of oxide and hydroxide species at 298 K, and 

oxide, hydroxide, and physisorbed water at 100 K. The surfaces after adsorption at 

both temperatures proved to be unstable when exposed to the low energy electron gun 

utilised in IPES. Ammonia adsorbs and dissociates upon the surface, leading to the 

formation of nitride and NH2 species at 298 K, and nitride, NH2, and physisorbed 

ammonia at 100 K. Upon reaction only the mononitride ThN is formed, the metallic 

nature of which was confirmed by UPS and IPES. The surface was unstable under the 

low energy electron gun utilised in IPES, with the ThN species being converted to the 

non-metallic TI13N4. Water and ammonia adsorption on a polycrystalline uranium 

surface has also been investigated at 100 and 298 K. Water adsorbs and dissociates 

upon the surface, leading to the formation of oxide and hydroxide species at 298 K, 

and oxide, hydroxide, and physisorbed water at 100 K. The rate of reaction of water 

with uranium is substantially reduced in the presence of residual oxygen on the 

surface. The small band-gap o f semi-conducting UO2 can be observed directly with 

UPS and IPES. Ammonia adsorbs and dissociates upon the surface, leading to the 

formation of nitride and NH2 species at 100 and 298 K. The reaction at 1 0 0  K was 

electronically hindered by a combination of residual oxygen contamination on the 

surface, and the phenomenon of “band banding”, which together resulted in the 

coverage being 16 % of that seen at 298 K. The surface was stable under the low 

energy electron gun, retaining the metallic nature that was confirmed with UPS and 

IPES.
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Chapter 1 -  Introduction

1.1 The actinide series

/. 1.1 Introduction

The actinides, a series o f elements located separately from the main periodic table, 

have fascinated mankind for many years. From their unusual properties and 

chemistry, through to their key uses in the nuclear power and weapon industries, the 

actinides have risen in importance, particularly during the last 60 years, with much 

research being carried out upon them. However, the elements that make up the 

actinide series are still some o f the least understood of all the periodic table, with 

much research still needing to be done [1].

In comparison to the rest of the periodic table, the actinide series has not been known 

for all that long. The earliest found actinides, thorium and uranium, were initially 

thought to be transition metals and were positioned accordingly in groups 4 and 6  

respectively. However the work carried out by G. T. Seaborg in the 1940’s into the 

transuranium elements led to their reclassification [2]. Seaborg proposed in 1944 that 

the actinides form a transition series analogous to the rare earth series of the 

lanthanide elements, and as such would contain all the elements o f atomic numbers 90 

through to 103. The final position o f the actinide series and its component elements 

can be seen in figure 1 . 1 .

At the time of their establishment as a separate series within the periodic table, the 

actinides were not well understood, with many of them not having been isolated and 

identified. But since that time the possibilities o f nuclear fission, and the vast energy 

that it can release, have pushed the series to the forefront of chemistry and physics, 

and led to a variety o f interesting and important research being carried out under the 

banner of “actinide science”. This section will detail the important properties and 

traits o f the actinide elements that both inspire and hinder the research and study 

carried out upon them.
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Figure 1.1: The actinide series and its position in the periodic table [3]

1.1.2. Abundance

The actinide series, the second row of the f-block series after the lanthanides, is made 

up of 14 radioactive elements; however only five of them occur naturally. Thorium, 

protactinium, uranium, neptunium, and plutonium have all been found in nature, 

although only thorium and uranium are found in sufficiently large enough quantities 

to make their refining viable. Protactinium, neptunium, and plutonium have only 

been found in very small quantities formed through the neutron capture and decay 

processes associated with radioactive uranium, and not in large enough quantities to 

make refining a viable method of acquiring them. The remaining actinide elements 

are considered man-made, and have been generated, along with protactinium, 

neptunium, and plutonium, through a variety of bombardment processes. The 

elements were originally formed, inside either nuclear reactors or particle 

accelerators, via means of successive neutron capture followed by radioactive decay 

[4], Neutron bombardment can result in a heavy atom capturing a neutron (releasing 

gamma radiation in the process), which then undergoes radioactive decay, due to its 

newly unstable state, emitting a P' particle, the loss of which produces a new atom 

with an increase in atomic number of one (see equation 1.1).
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“38f / + '« —>-39f /  —>‘39Ar/? + P  Equation 1.1 [4]

Through the capture o f successive neutrons access to multiple actinide elements is 

possible. Unfortunately as the number o f successive captures increases the potential 

yield dramatically decreases as well, as the process is a slow one. For example, if you 

began with 1 kg o f 239Pu, and subjected it to a neutron flux o f 3 x 1014 neutrons 

cm 's '1 (an experimentally feasible value), only 1 mg of 252C f would be obtained after 

$-10 years [4]. An alternative method that can be used involves heavy-ion 

bombardment, where particles such as 11 B, l2C, and ,60  are used instead of neutrons; 

however this suffers from the disadvantage o f only being applicable to one atom at a 

time, so cannot be used to produce significant quantities [4].

The lack o f abundance and difficulty in accumulating significant quantities of the vast 

majority o f  the elements is one o f the most serious and specific difficulties associated 

with actinide research.

1.1.3 Radioactivity

As mentioned above, all the elements that make up the actinide series are radioactive, 

and as such their isotopes have limited-lives. The radioactivity varies dramatically 

across the period, with a general trend being that it increases, and the half-lives 

decrease, as the period is traversed from left to right. Table 1.1 features a list o f the 

longest lived isotopes for each o f the elements, combined with the means by which 

they decay.

The radioactivity is another o f the most challenging aspects that have to be managed 

when studying the actinide elements. However, the careful use o f specialist handling 

techniques and facilities can sufficiently minimise the risks, allowing the safe study o f 

the interesting properties and characteristics o f the elements that make up the series.
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Mass Half-life Means of decay
Thorium 232 1.14 x 1010 years a

Protactinium 231 3.28 x 104 years a
Uranium 238 4.47 x 109 years a

Neptunium 237 2.14 x 106 years a
Plutonium 244 8.26 x 107 years a
Americium 243 7380 years a

Curium 247 1.56 x 107 years a
Berkelium 247 1380 years a

Californium 251 898 years a
Einsteinium 252 472 days a

Fermium 257 100.4 days a
Mendelevium 258 55 days a

Nobelium 259 1 hour a
Lawrencium 260 3 minutes a

Table 1.1: The longest lived isotopes o f the actinide elements [4]

1.1.4 Uses

A number o f uses have been found for the actinide elements since their discoveries, 

ranging from the trivial through to the vitally important. Thorium, often in the form 

of thorium dioxide (thoria) has been used considerably in industry. Thorium, when 

applied to the surface o f tungsten filaments leads to an increase in electron emission at 

lower temperatures, which has led to its use in the electronics and lighting industries. 

Thoria itself has one o f the highest melting points o f any oxide (>3600 K), which has 

led to its use in welding electrodes and heat resistant ceramics. Thoria has also been 

added to glass to increase the refractive index, necessary for the manufacture of high 

quality lenses for cameras and scientific instruments [5]. Americium, in the form of 

the dioxide, is found within many smoke detectors where it is used as a source o f 

ionising radiation. Curium is a strong alpha emitter, and as such has been used as the 

source in alpha particle x-ray spectrometers which are used in the field of space 

exploration. Plutonium has found use as a power source in early pacemakers, and as a 

radioisotope heat source in the field o f space exploration [6]. Uranium compounds 

have been utilised as stains and dyes in the ceramic industry, as toner in the 

photographic industry, and as a contrasting agent for biological specimens [7]. 

However all o f these examples are dwarfed in scale by the single most important use
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o f the actinides; the generation o f energy through nuclear fission for both civilian and 

military purposes.

1.1.5 Ground state electronic structure

The actinide series has garnered much o f its interest due to the unusual and striking 

properties o f the elements that are the result o f their electronic structures. The 

actinides, along with the lanthanides, are the only elements in the periodic table that 

possess v alence f  electrons, and it is the filling o f this set o f orbitals that has been of 

greatest interest. Table 1.2 provides a list o f the ground state gas phase electronic 

configurations o f both the lanthanides and actinides, detailing the specific way in 

which the valence f  orbitals fill for the elements o f both series. It can be seen that the 

filling o f the 5f orbitals is not as regular as that seen for the 4 f orbitals, with the lack 

of any f  electrons in thorium o f particular note. The reason for the unusual and 

irregular way in w hich the 5f orbitals o f  the actinide series fill, as you progress across 

the period, is down to their relative position with respect to the 6d orbitals. For the 

early members o f the actinide series the 6d orbitals are located at a lower energy than 

those o f the 5f, and as such become partially filled. It is only then that the additional 

electrons begin to enter the 5f levels. The addition o f electrons to the 5f shell results 

in its relative energy decreasing with respect to others such as the 6d. As it moves to 

lower energy it becomes preferably filled over that o f the 6d, and as such the 6d states 

become completely empty. It is for this reason that the 6d orbitals, while partially 

filled at the start o f the actinide series, gradually become completely vacant upon 

moving through the period as the total number o f electrons increases. This is all in 

complete contrast to the lanthanide series, where the 4f orbitals are always at a 

considerably lower energy level than those o f the 5d, and are thus occupied first, and 

continue to be filled in a more regular manner as the period is traversed.

The unusual orders in which the orbitals o f the actinide series fill up, and the 

reasoning behind it, are both a symptom and a cause of the unusual reactivity and 

behaviour o f the actinide elements, particularly when compared to those o f the 

lanthanide series, which also contain valence f  electrons. This concept will be 

explored in the next section.
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Lanthanides: [Xe] core Actinides: [Rnl core
Atomic

No
Ground
state

Atomic
No

Ground
state

Cerium 58 4f’5d16s2 Thorium 90 6d27s2
Praseodymium 59 4f36s2 Protactinium 91 s f ^ V s 2
Neodymium 60 4f*6s2 Uranium 92 5^6d’7s2
Promethium 61 4f66s2 Neptunium 93 S f ^ V s 2
Samarium 62 4f®6s2 Plutonium 94 S f^s2
Europium 63 4f76s2 Americium 95 5f77s2
Gadolinium 64 4f75d16s2 Curium 96 5?6d'7s2
Terbium 65 4fe6s2 Berkelium 97 5f*7s2
Dysprosium 66 4f106s2 Californium 98 5f107s2
Holmium 67 4f116s2 Einsteinium 99 5f117s2
Erbium 68 4f126s2 Fermium 100 5f127s2
Thulium 69 4f136s2 Mendelevium 101 5f137s2
Ytterbium 70 4f146s2 Nobelium 102 5f147s2
Lutetium 71 4f145d16s2 Lawrencium 103 5f147s27p1

Table 1.2: Ground state electronic configuration o f the lanthanide and actinide

elements [8]

1.1.6 The f-orbitals and oxidation states

To fully understand the attraction o f the actinides and their unusual properties it is 

first necessary to consider the other elemental series in the f-block -  the lanthanides. 

For the lanthanides, the chemical and physical differences between adjacent elements 

in the series are very small. Chemically, the elements all behave in a relatively 

homogenous fashion, especially when in aqueous solution. Table 1.3 lists the most 

common oxidation states seen for the elements o f the lanthanide series. It can be seen 

that the trivalent ion is the most commonly formed by all the elements, with there 

being only very occasional occurrences o f divalent or tetravalent ions. In addition to 

the homogenous nature seen with the oxidation states, the lanthanides all tend to form 

largely identical compounds, where the specific element bound has little to no effect 

upon the properties o f the compound.

The lack o f variation in the oxidation state and the similarity in bonding 

characteristics are both due to the location o f the 4 f valence orbitals (the shapes of 

which can be seen in figure 1.2). These orbitals are characterised by their small radial 

extension as they are bound tightly to the nucleus, and as such are located lower in
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energy, with respect to the Fermi level, than the spatially more extended 6s and 5d 

levels. The 4 f  electrons are sufficiently constrained to be considered localised and 

non-interacting, and as such are incapable o f  participating in chemical bond 

formation. It is because o f  this that the 4 f  electrons have essentially no effect upon 

the properties o f  the lanthanides, and why all the different elements o f  the series, 

defined by the total number o f  4 f  electrons they contain, behave in such a similar 

fashion [8]

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(2) 2 (2) 2 (2)

3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 ] (4) 1 (4) (4) (4)

Table 1.3: The oxidation states exhibited by the lanthanides. Numbers in bold signify 

the most com m on while numbers in brackets signify uncommon or uncertain states

[8]

Ganaralsrf
$ X

c#omj* 858
x*2 xyz ^ - y 2) jr<Jra-3X2) xO ^-y2)

c j -‘ «  ^  « ( | 3 X A # %
** X3 xyz Zi*2- X2) JtX2-* 2) Xt*2 ~ z2)

Figure 1.2: The shapes o f  the seven f  orbitals, in both general and cubic form [9]

Because the valence electrons are the ones that ultimately dictate chemical behaviour, 

it could be expected that the actinides would be chemically similar to the lanthanides, 

which also have f  electrons in their valence shell. However, as was hinted at before 

when considering the ground electronic states o f  the actinides, the properties o f  the 

actinides, and the 5 f  valence orbitals, differ significantly from those o f  the 

lanthanides, and the 4 f  orbitals. The first example o f  this can be seen in table 1.4, 

which details the oxidation states observed to exist for the elements. While trivalent 

ions are still formed by all the elements, a great number o f  other oxidations states are 

also observed, especially for the “light” actinides (thorium through to plutonium). In
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addition, when looking at the most commonly observed states, the steadily increasing 

then decreasing values seen for the light actinides are extremely similar in form to that 

observed for the transition metals. The reason for the wide variety of oxidation states 

is that compared to the 4 f orbitals o f the lanthanides, the 5f orbitals have a far greater 

radial extension, and as such are located at a comparable energy to those of the 6 d. It 

is the core 4 f electrons o f the light actinides partially screening the nuclear charge that 

leads to the 5f orbitals being extended and delocalised. For the light actinides the 

energies o f the 5f and 6 d orbitals are so close that the electrons find it relatively easy 

to switch between the two configurations. It is this ability to fill the d orbitals that 

leads the light actinides to display so many traits reminiscent of the transition 

elements, whose properties are also based upon the filling of d orbitals. In addition to 

the large variety o f oxidation states, the light actinides also display a greater chemical 

variety, which is also in keeping with the transition elements.

Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No Lr
(2) (2) (2) 2 2 2

3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4 (4) (4)

S 5 5 5 5 (5)
6 6 6 6 (6)

7 7 (7) (7)

Table 1.4: The oxidation states exhibited by the actinides. Numbers in bold signify 

the most common while numbers in brackets signify uncommon or uncertain states

[8,10]

The contrast seen between the oxidation states of the light actinides and those of the 

“heavy” actinides (curium through to lawrencium), is one of a number of ways in 

which the behaviour o f the two halves o f the actinide series differ. While the light 

actinide elements are known to form a wide variety o f different compounds, with the 

properties o f otherwise identical compounds varying significantly between elements 

(in a manner similar to the transition elements), the heavy actinides all behave in a 

largely similar fashion. The lack o f variation in the chemical and physical properties 

of the heavy actinide elements is reminiscent o f that seen for the lanthanides, with the 

explanation for the behaviour o f both being largely the same. As with the lanthanides,
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the reason the heavy actinides all behave chemically very similarly is that the 5 f  

orbitals are effectively non-bonding. The delocalised 5f system of the early actinides 

is affected by a dramatic actinide contraction, where an increase in the nuclear charge 

across the actinide series causes the atomic radii to contract, resulting in the 5 f  states 

gradually being pulled in closer to the atomic core. This slight contraction pulls the 5f 

electrons closer into the core, so that from americium/curium onwards they become 

localised, and no longer participate in any chemical bonding. It is because of this 

localised nature o f the 5f electrons in the heavy actinides that the elements all behave 

largely identically, and in a similar fashion to the lanthanides [9-11].

1.2 Actinide surface science and the 5f electrons

The unique and unusual electronic properties o f the actinides have led to there being a 

great quantity o f research carried out in the hope of understanding them better 

[12-18]. As was explained above, it is the nature o f the 5f valence electrons that is 

responsible for those same properties, and as such a large section of the published 

work has been focussed upon them [1,19-27]. Photoelectron spectroscopy has 

especially shown its value as a tool for the study o f the 5f electrons, in particular the 

ability to determine the presence o f band like or localised behaviour [21,23,28-31].

1.2.1 Actinide metal surfaces

Investigation o f the actinides in their metal forms through photoemission 

spectroscopy has proved extremely useful for understanding the electronic 

interactions o f the 5f  band and others. However, owing to the high reactivity o f the 

actinides, the generation o f a clean surface for study is not a trivial thing, as has been 

shown by Allen and Wild [32], McLean et al [33], Winer et al [34], and Morrall et al 

[35]. The two principle methods involve either removing contaminants from an 

actinide sample through ion bombardment and annealing cycles, or preparing a new 

surface in situ via the sputtering o f an actinide onto a supporting material [36].

The study o f thorium metal has proven a useful tool for the investigation of the 5f 

electrons precisely because it is the only element of the series that lacks them entirely. 

By taking the results acquired with thorium as a “base-level” for the 6d7s electrons, it

- 1 0 -
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has been possible to elucidate the actual bonding effects brought about through the 

presence o f 5f valence electrons [15,23,37-41]. The valence band spectra, in both the 

occupied and unoccupied regions, have shown that the f  states are almost entirely 

situated above the Fermi level, as expected based upon the ground state configuration 

o f the metal [23,42]. Even though the 5f states are empty in the metal, their presence 

above the Fermi level still has an effect upon the 4 f photoemission spectra. The 

positions o f the main peaks are influenced by a screening effect of the 5 f  states, which 

become populated in the presence o f a core hole [43,44]. The Th(4f) peaks that have 

been reported have shown pronounced peak asymmetry that is indicative o f a 

delocalised actinide metal [41,43,45]. The asymmetry is the result o f high density of 

states (DOS), particularly 5f states, at the Fermi level that cause significant low- 

energy losses by electrons scattered at the Fermi level into empty states [46,47]. The 

Th(4f) peaks also possess large satellites at 2.5 eV higher binding energy, that are the 

result of screening o f the 4 f hole by 6 d electrons [38,41].

Compared to all the other actinides, uranium metal is by far the most understood, with 

large reviews by both Lander el al [48] and Fisher [49] testament to the quantity of 

research carried out upon the element. The great number o f studies undertaken on 

uranium, and the knowledge they have uncovered, are due to its technological 

relevance, particularly when compared to other members o f the actinide series. As a 

prime example of an actinide with delocalised 5f electrons capable of bonding, 

uranium has been compared to thorium in multiple studies in the hope of isolating 

their effect upon reactions, and any changes in stability or reactivity caused by them 

[15,23,37-41]. The valence band spectra for uranium show a narrow intense emission 

just below the Fermi edge in the occupied region, up to 2.5 eV wide, that is due in 

part to the delocalised 5f electrons [23,37,38,40,50-53]. The unoccupied region, 

studied by means o f bremsstrahlung isochromat spectroscopy (BIS) and theoretical 

calculations, is noted for an intense signal at the Fermi edge indicative of the 

unoccupied 5f states and their itinerant character [23]. The U(4f) peaks reported have 

demonstrated the same asymmetric nature observed for Th(4f), but not the satellite 

due to screening effects [37,38,40,41,50].

With its six distinct allotropes, and the extreme changes in density (-20 %) associated 

with them, plutonium has proven to be the most complex of the actinides to

- 11 -
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understand (see figure 1.3) [1,11,54,55]. The majority of the work has focused on the 

ground state monoclinic a and the high temperature fee S phases [1]. Plutonium is of 

particular interest for the study of the 5f electrons because of its unique position on 

the boundary between the actinides with localised or delocalised 5f electrons.
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Figure 1.3: The atomic volume of plutonium as a function of temperature, featuring 

the 6 key allotropes and the liquid phase [1,11]

The valence bands of both the a and S phases show a sharp feature at the Fermi edge 

with additional fine structure located at higher energy [21,30,36,56-60]. The fine 

structure is due to localisation of the 5f states, with the size and intensity observed 

being indicative of the extent of the localisation [1]. The fine structure reported for 

<*-plutonium is considerably larger than for a-plutonium, revealing that the 5f states in 

the higher temperature allotrope are more localised [1]. The Pu(4f) spectra reveal the 

same asymmetric peaks that are indicative of a fairly delocalised actinide metal
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[29,30,35,36,56-64]. However the effects o f the partial localisation of the 5 f  states 

can be seen in the form o f poorly screened satellite peaks present on the high energy 

sides of the main peaks. As with the valence spectra, the satellites are larger for 

<$-plutonium, supporting the belief that its 5f states are more localised than those in 

a-plutonium [1,63,64]

1.2.2 Small molecules and the actinide surfaces

The reactions between small molecules and the surfaces of the actinide metals have 

been used extensively as a means to investigate the role o f the 5 f  electrons in bonding 

[33,40,41,44,65-68]. In addition to the general understanding of the contributions of 

5f electrons to the interactions, the research has also provided key information about a 

large number o f specific and important chemical reactions, such as the formation of 

the actinide oxides, and their reactions with additional molecules. The formation of 

the oxides is o f particular interest as owing to their large sizes and electropositivity, 

the light actinides that are found in nature are in the form of the oxides, and any clean 

metallic actinide surface will oxidise almost instantaneously in air. In contrast to the 

lanthanides, which all tend to form Ln2C>3 sesquioxides, the light actinides, with their 

multiple stable oxidations states, form a wide range of different oxides. For example, 

uranium has been known to form: UO2, U4O9, U3O8 and UO3, with additional 

non-stoichiometric forms also reported [69].

As mentioned previously, thorium, with its lack of valence 5f electrons, has been 

compared with the other light actinides in the hope of understanding the effect that 

they have upon reactivity and bonding [15,23,37-41]. It is because of this that a 

significant amount o f research has been carried out exploring and documenting the 

reactions between the surface o f thorium and small molecules. The reactions that 

have earned most interest are those with oxygen and water [33,37,39-41,70,71]. 

McLean et al [33] studied the effect o f exposure to O2 and showed that upon reaction 

electrons transfer from the valence 6d7s orbitals to the 2p levels of the oxygen ions. 

Owing to the loss o f intensity at the Fermi edge the Th(4f) peaks appear symmetrical. 

Analysis showed that exposure o f a clean thorium surface in vacuum conditions to 

pure oxygen resulted in the formation of only the dioxide, and none of the sesquioxide 

[33,37]. Additional recent work has suggested that the formation of the oxide
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following exposure to O2 retards further oxidation via the hindrance o f diffusion 

through the surface layer [72]. The reaction with water, studied by Nomes and 

Meisenheimer [40], has been shown to proceed rapidly, resulting in the formation of 

the dioxide with additional hydroxide components. Like the reaction with pure O2, 

the reaction with H2O has also been shown to form multiple layers o f oxide upon the 

surface. It was also reported that the photoemission spectra from the reaction of water 

with thorium largely matched those o f water with uranium, suggesting that the 5f 

valence electrons have little effect upon the reaction [40].

The reaction of thorium with CO and CO2 was also studied by McLean et al [33]. 

They showed that both molecules dissociated upon the surface to form both the oxide 

and the carbide. The presence o f both molecular CO and CO2 was also confirmed in 

the C(ls) spectra. The C to O ratio observed upon exposure did not match that of the 

reagents, which was taken as evidence that free carbon from the dissociation upon the 

surface dissolved into the thorium bulk. This belief was then confirmed through 

depth profiling that showed its presence far further into the bulk than the oxygen that 

was also released in the dissociation [33].

The formation o f the nitride o f thorium has been studied by both Norton et al [41] and 

Gouder et al [44]. Both studies utilised N2 as the reactant gas; however Gouder et al 

used a method whereby the N2 gas was added to the argon stream used in the reactive 

sputtering process that is normally used to clean the surface. By varying the partial 

pressure o f the N2 with the argon it was possible to control whether ThN or TI13N4 

was formed [44]. With the more conventional method that Norton et al used, 

whereby the clean surface was exposed to pure N2 at 1200 K, only ThN was reported 

[41]. The valence and Th(4f) spectra o f ThN, and the conclusions taken from them, 

varied considerably between the two studies. Norton et al reported a loss in intensity 

at the Fermi edge combined with symmetric 4 f peaks, which would suggest a non

conducting or semi-conducting nature to the material [41]. These findings were 

disputed by Gouder et al, whose own photoemission spectra revealed a prominent 

signal at the Fermi level and asymmetric 4 f peaks for ThN. Their spectra o f Th3N4 

however did match up with those acquired by Norton et al, which suggested that the 

higher oxidation state nitride had actually been formed in the previous study. In
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conclusion Gouder et al reported that ThN is a metallic conductor while TI13N4, which 

has more ionic character, is non-metallic [44].

Uranium, as highlighted previously, has been studied to a greater extent than all other 

actinide elements because of its important technological relevance. Two reactions 

that have attracted particular interest are those o f uranium with oxygen and uranium 

with water [32-34,38-41,51,52,73-81]. The interest is due to the corrosion reactions 

that occur on the surface o f uranium involving the two reactants [76]. Uranium that is 

kept in nuclear storage facilities, potentially for decades at a time, can come into 

contact with the two reagents, and thus a great deal of research has been undertaken to 

understand the reactions from a safety viewpoint [77]. A big concern is that radiolytic 

processes will reduce adsorbed H2O to H2 and O2, and the build-up of the two gases 

could lead to explosive conditions, which would be potentially catastrophic inside the 

closely packed storage infrastructure [77].

The reaction o f clean uranium with O2 has proven to be a complicated system, due 

both to the large number of oxide phases, and also the deviation from specific 

stoichiometry that has been reported to occur [69,82]. For example, high surface 

coverages have been reported to lead to the formation of stoichiometric UO2 or 

hyperstoichiometric UO2+X [51], while low coverages, due to low exposure to O2, 

have been reported to lead to the formation of either substoichiometric UO2-X or 

islands o f stoichiometric UO2 on the U metal [33]. In addition to the variations 

caused by general changes in exposure magnitude and surface coverage, the 

temperature at which the experiment is undertaken has also been shown to affect the 

oxides formed [40,41,52,83,84]. A study by Gouder et al [52] revealed that 

dissociative adsorption o f O2 on uranium at 73, 300, and 573 K leads to the formation 

of substoichiometric UCh-xi however only at 73 K does the surface continue to 

oxidise, first to UO2 0 , and then to hyperstoichiometric UC>2+x- Photoemission 

spectroscopy has proven to be the ideal tool for the investigation of the 

uranium/oxygen system because o f its ability to distinguish between the many 

different oxides. Allen et al [85] used the technique to study UO2.0, UO2.1, UO2.2, 

U4O9, U3O7, U3Og, and y-U<>j. They showed that the 4 f signal increased in energy as 

the oxidation state of the uranium increased, with the variation significant enough for 

the technique to be used to successfully identify which oxide was formed. The
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variations in the reported photoemission values for UO2 seen in the literature can be 

explained by the fact that substoichiometric UO2-X and hyperstoichiometric UO2+X are 

so easily formed that it is extremely difficult to guarantee purely stoichiometric UO2.0 

is formed [33,38,51,85]. Studies o f the valence band have also been undertaken to 

help with the understanding o f the uranium/oxygen system. The oxidation of uranium 

results in a sharp intense peak at 1.4 eV above the Fermi level, which is a signal that 

is lacking from the valence band spectra o f ThC>2 [8 6 ]. As UIV has a 5?  state and Th,v 

a non-occupied 5f° state, the signal was attributed to 5f electrons. The small gap from 

the signal to the Fermi edge is expected due to the fact that UO2 is considered to be a 

semi-conductor [34,37,39,52]. Additional work looking at the unoccupied states 

above the Fermi level has also been undertaken, using both BIS [87] and inverse 

photoemission spectroscopy (IPES) [6 8 ,8 8 ]. The two techniques produced largely 

identical spectra for stoichiometric UO2, with large signals centred at 5.1 eV above 

the Fermi level that were concluded to be due to the 5f* final state. An additional 

smaller signal on the lower energy side of the peak, which was reported in two of the 

studies, has been attributed to the 6 d* final states [68,87]. Rousell et al [6 8 ] also 

reported the considerably less intense unoccupied orbital spectra of the mixed valency 

UO2 2 species. They noted that the signal from the 5f states, now a combination of 5f3 

and 5f* final states, was located at 0.9 eV higher energy than that seen for UO2, with 

the signal attributed to the 6 d states now more pronounced and centred at 3.3 eV [6 8 ].

The reaction o f clean uranium with water has been studied a number of times, at 

multiple temperatures, and with multiple techniques [34,40,73,75-80]. H2O has been 

shown to dissociate upon the surface o f uranium, forming both oxide and hydroxide 

species. The process forms H2, which is lost to the gas phase, as a by-product of the 

oxide formation, and as such presents potential safety issues [34,76]. Like the 

reaction with pure O2, the reaction with H2O has also been shown to form multiple 

layers of oxide upon the surface. It was also reported that the photoemission spectra 

from the reaction of water with uranium largely matched those of water with thorium, 

suggesting that the 5f valence electrons have little effect upon the reaction [40]. The 

reaction rate for the adsorption of water has proven to be a contentious issue, as 

varying reports have suggested that it proceeds at a comparable or greater rate than 

that of oxygen adsorption [34,73], while others have reported the rate of reaction to be 

significantly slower [40]. The conflicting reports were explained by Winer et al [34],
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amongst others, as being due to the presence of oxygen either on the surface or in the 

vacuum system, which severely retards the reaction with H20  [15,73]. Specific 

studies looking at the issue revealed that the presence of oxygen can prevent 

dissociation upon the surface [89], and even reduce the initial adsorption of water 

vapour [90]. Multiple mechanisms have been put forward to explain the observed 

drop in reaction rate. Allen et al [73] concluded that the presence of oxygen promotes 

the formation o f defect complexes which diffuse more slowly through the oxide layer 

than the OH* ions created through dissociation, and thus inhibit the transport of OH* 

ions to the uranium/oxide interface. Fuller et al [91] suggested that the hydrogen 

released through dissociation o f H20  aids further oxidation through a process related 

to hydrogen embrittlement, and that any oxygen present would scavenge those 

hydrogen atoms, thus retarding the reaction. Finally, Colmenares [15] proposed that 

oxygen is preferentially adsorbed at the surface, and that its presence reduces the 

available sites for the dissociation o f incoming H20  molecules. A review of the 

different mechanisms by Winer et al [34] concluded that preferential adsorption was 

the only answer that justified and explained the accumulated data.

The reaction o f uranium with CO and C 0 2 at 300 K has been studied by McLean et al 

[33]. They showed that both molecules dissociated upon the surface to form both the 

oxide and the carbide. Examination o f the C(ls) spectra revealed that only the carbide 

was present, with no evidence for either molecular CO or C 02. This was taken to 

indicate that all the reacting gases dissociated upon the surface, and at a fast rate [33]. 

The results agreed with those by Gouder et al [74] who studied the reaction at 300 and 

573 K. Gouder et al [74] also repeated the experiment at 73 K, and found that at that 

colder temperature the binding o f molecular CO and C 0 2 to the surface did occur at 

high surface coverages. The C to O ratio observed by Mclean et al [33] upon 

exposure at 300 K did not match that o f the reagents, which was taken as evidence 

that free carbon from the dissociation upon the surface dissolved into the uranium 

bulk. This belief was then confirmed through depth profiling that showed its presence 

far further into the bulk than the oxygen that was also released in the dissociation 

[33].

Uranium nitride is an important compound currently being considered for use as a fuel 

in future advanced nuclear reactors [67,92,93]. The formation of the nitride via
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exposure to N2 has been explored by both Allen and Holmes [94] and Black et al [67]. 

Allen and Holmes left a clean uranium surface in 1 atmosphere of N2 at 300 K for 16 

hours, yet saw no sign o f a reaction between the two regents. Instead the surface 

entirely converted to UO2 through reaction with the 0 .1  ppm of O2 present in the 

research-grade N2. Their solution to the problem was to bombard the clean uranium 

with N2 that was accelerated by 4 kV in a fast ion bombardment (FAB) gun. Using 

this method they successfully produced a surface of UN [94]. Black et al used a 

largely similar method whereby the nitride was produced through reactive DC 

sputtering o f clean uranium with an argon and nitrogen mix. By varying the partial 

pressure o f the N2 with the argon it was possible to control whether UN or U2N3 was 

formed [67]. The reported valence band spectra o f UN featured a sharp and intense 

signal at the Fermi edge, which has been described as indicative of the fact that the 5f 

electrons retain their delocalised nature, and supports the DFT calculations carried out 

that report UN to be a metallic based conductor [41,67,94-96]. While the uranium in 

UN has a formal oxidation state o f +3, the actual charge transfer away form the metal 

atoms has been reported as being 0 .6 -0 .7 electrons, which indicates that the bonding is 

profoundly covalent in character [67,97]. The 5f electrons in U2N3 also remain at 

least partly delocalised, with visible intensity at the Fermi edge in reported valence 

band spectra; however some localisation does take place. The difference in the extent 

of delocalisation remaining is highlighted by the 4f peaks reported by Black et al [67], 

which appeared largely symmetrical for U2N3, and asymmetrical for UN.

13 Summary

This overview o f the literature has covered the basics of why the actinides are of 

interest, their unusual properties, and some o f the important reactions studied. This 

review has focussed on the reactions o f thorium and uranium, as these two elements, 

when compared, provide a fascinating insight into the effect of valence 5f orbitals 

upon reactions. It is for this reason that thorium and uranium were the actinide 

elements chosen for study in this work.

O f the actinide elements, it is the surface chemistry of uranium that has received by 

far the most interest, which is due to its technological relevance. As for specific 

reactions, it is the formation o f the actinide oxides that has been of most interest to

- 1 8 -



Chapter 1 -  Introduction

researchers, owing in part to the propensity o f the clean metals to oxidise almost 

instantaneously when in contact with oxygen. A wide variety of stable oxides exist 

for the early actinides, as their transition metal like behaviour includes that of having 

multiple stable oxidation states possible. The 5f electrons of the actinides have 

understandably received considerable attention owing to their fundamental effect 

upon the properties and reactivities o f the elements, which is highlighted by the ‘light’ 

and ‘heavy’ actinide division. The investigation of the interaction and role of the 5f 

electrons is best undertaken by means of comparing the reactions between multiple 

different actinides and a range o f small molecules. To that effect the light actinides 

have been reacted with multiple small molecules including; O2, H2O, H2, N2, CO, and 

CO2. As the research has so far focussed upon utilizing forward photoemission 

techniques, there remains large scope for the use o f inverse photoemission techniques 

in the study o f the reactions, and determining the contribution o f the 5 f electrons.
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variations in the reported photoemission values for UO2 seen in the literature can be 

explained by the fact that substoichiometric UO2-X and hyperstoichiometric UO2+X are 

so easily formed that it is extremely difficult to guarantee purely stoichiometric UO2.0 

is formed [33,38,51,85]. Studies o f the valence band have also been undertaken to 

help with the understanding o f the uranium/oxygen system. The oxidation of uranium 

results in a sharp intense peak at 1.4 eV above the Fermi level, which is a signal that 

is lacking from the valence band spectra o f TI1O2 [8 6 ]. As U,v has a 5 f2 state and Thiv 

a non-occupied 5f° state, the signal was attributed to 5f electrons. The small gap from 

the signal to the Fermi edge is expected due to the fact that UO2 is considered to be a 

semi-conductor [34,37,39,52]. Additional work looking at the unoccupied states 

above the Fermi level has also been undertaken, using both BIS [87] and inverse 

photoemission spectroscopy (IPES) [6 8 ,8 8 ]. The two techniques produced largely 

identical spectra for stoichiometric UO2, with large signals centred at 5.1 eV above 

the Fermi level that were concluded to be due to the 5f* final state. An additional 

smaller signal on the lower energy side o f the peak, which was reported in two of the 

studies, has been attributed to the 6 d* final states [68,87]. Rousell et al [6 8 ] also 

reported the considerably less intense unoccupied orbital spectra of the mixed valency 

UO2 2 species. They noted that the signal from the 5f states, now a combination o f 5f3 

and 5f* final states, was located at 0.9 eV higher energy than that seen for UO2, with 

the signal attributed to the 6 d states now more pronounced and centred at 3.3 eV [6 8 ].

The reaction o f clean uranium with water has been studied a number o f times, at 

multiple temperatures, and with multiple techniques [34,40,73,75-80]. H2O has been 

shown to dissociate upon the surface o f uranium, forming both oxide and hydroxide 

species. The process forms H2, which is lost to the gas phase, as a by-product o f the 

oxide formation, and as such presents potential safety issues [34,76]. Like the 

reaction with pure O2, the reaction with H2O has also been shown to form multiple 

layers o f oxide upon the surface. It was also reported that the photoemission spectra 

from the reaction of water with uranium largely matched those of water with thorium, 

suggesting that the 5f valence electrons have little effect upon the reaction [40]. The 

reaction rate for the adsorption of water has proven to be a contentious issue, as 

varying reports have suggested that it proceeds at a comparable or greater rate than 

that o f oxygen adsorption [34,73], while others have reported the rate of reaction to be 

significantly slower [40]. The conflicting reports were explained by Winer et al [34],
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amongst others, as being due to the presence of oxygen either on the surface or in the 

vacuum system, which severely retards the reaction with H2O [15,73]. Specific 

studies looking at the issue revealed that the presence of oxygen can prevent 

dissociation upon the surface [89], and even reduce the initial adsorption of water 

vapour [90]. Multiple mechanisms have been put forward to explain the observed 

drop in reaction rate. Allen et al [73] concluded that the presence of oxygen promotes 

the formation o f defect complexes which diffuse more slowly through the oxide layer 

than the OH* ions created through dissociation, and thus inhibit the transport of OH* 

ions to the uranium/oxide interface. Fuller et al [91] suggested that the hydrogen 

released through dissociation o f H2O aids further oxidation through a process related 

to hydrogen embrittlement, and that any oxygen present would scavenge those 

hydrogen atoms, thus retarding the reaction. Finally, Colmenares [15] proposed that 

oxygen is preferentially adsorbed at the surface, and that its presence reduces the 

available sites for the dissociation o f incoming H2O molecules. A review of the 

different mechanisms by Winer et al [34] concluded that preferential adsorption was 

the only answer that justified and explained the accumulated data.

The reaction o f uranium with CO and CO2 at 300 K. has been studied by McLean et al 

[33]. They showed that both molecules dissociated upon the surface to form both the 

oxide and the carbide. Examination o f the C(ls) spectra revealed that only the carbide 

was present, with no evidence for either molecular CO or CO2. This was taken to 

indicate that all the reacting gases dissociated upon the surface, and at a fast rate [33]. 

The results agreed with those by Gouder et al [74] who studied the reaction at 300 and 

573 K. Gouder et al [74] also repeated the experiment at 73 K, and found that at that 

colder temperature the binding of molecular CO and CO2 to the surface did occur at 

high surface coverages. The C to O ratio observed by Mclean et al [33] upon 

exposure at 300 K did not match that o f the reagents, which was taken as evidence 

that free carbon from the dissociation upon the surface dissolved into the uranium 

bulk. This belief was then confirmed through depth profiling that showed its presence 

far further into the bulk than the oxygen that was also released in the dissociation 

[33].

Uranium nitride is an important compound currently being considered for use as a fuel 

in future advanced nuclear reactors [67,92,93]. The formation of the nitride via
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exposure to N2 has been explored by both Allen and Holmes [94] and Black et al [67]. 

Allen and Holmes left a clean uranium surface in 1 atmosphere of N2 at 300 K for 16 

hours, yet saw no sign o f a reaction between the two regents. Instead the surface 

entirely converted to UO2 through reaction with the 0.1 ppm of O2 present in the 

research-grade N2. Their solution to the problem was to bombard the clean uranium 

with N2 that was accelerated by 4 kV in a fast ion bombardment (FAB) gun. Using 

this method they successfully produced a surface of UN [94]. Black et al used a 

largely similar method whereby the nitride was produced through reactive DC 

sputtering o f clean uranium with an argon and nitrogen mix. By varying the partial 

pressure o f the N2 with the argon it was possible to control whether UN or U2N3 was 

formed [67]. The reported valence band spectra o f UN featured a sharp and intense 

signal at the Fermi edge, which has been described as indicative of the fact that the 5f 

electrons retain their delocalised nature, and supports the DFT calculations carried out 

that report UN to be a metallic based conductor [41,67,94-96]. While the uranium in 

UN has a formal oxidation state o f +3, the actual charge transfer away form the metal 

atoms has been reported as being 0 .6 -0 .7 electrons, which indicates that the bonding is 

profoundly covalent in character [67,97]. The 5f electrons in U2N3 also remain at 

least partly delocalised, with visible intensity at the Fermi edge in reported valence 

band spectra; however some localisation does take place. The difference in the extent 

of delocalisation remaining is highlighted by the 4 f peaks reported by Black et al [67], 

which appeared largely symmetrical for U2N3, and asymmetrical for UN.

13 Summary

This overview o f the literature has covered the basics of why the actinides are of 

interest, their unusual properties, and some o f the important reactions studied. This 

review has focussed on the reactions o f thorium and uranium, as these two elements, 

when compared, provide a fascinating insight into the effect of valence 5f orbitals 

upon reactions. It is for this reason that thorium and uranium were the actinide 

elements chosen for study in this work.

O f the actinide elements, it is the surface chemistry o f uranium that has received by 

far the most interest, which is due to its technological relevance. As for specific 

reactions, it is the formation of the actinide oxides that has been of most interest to
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researchers, owing in part to the propensity o f the clean metals to oxidise almost 

instantaneously when in contact with oxygen. A wide variety of stable oxides exist 

for the early actinides, as their transition metal like behaviour includes that of having 

multiple stable oxidation states possible. The 5f electrons of the actinides have 

understandably received considerable attention owing to their fundamental effect 

upon the properties and reactivities o f the elements, which is highlighted by the ‘light’ 

and ‘heavy’ actinide division. The investigation of the interaction and role o f the 5f 

electrons is best undertaken by means of comparing the reactions between multiple 

different actinides and a range o f small molecules. To that effect the light actinides 

have been reacted with multiple small molecules including; O2, H20 , H2, N2, CO, and 

C 0 2. As the research has so far focussed upon utilizing forward photoemission 

techniques, there remains large scope for the use of inverse photoemission techniques 

in the study o f the reactions, and determining the contribution o f the 5f electrons.
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2.1 The vacuum system

2.1.1 Introduction

All experiments were carried out in a hybrid photoemission electron spectrometer 

comprising facilities for photoelectron spectroscopy (VG Scientific), high-resolution 

electron energy-loss spectroscopy (HREELS; Vacuum Science Workshop), and 

inverse photoelectron spectroscopy (PSP Vacuum Technology). The system itself 

comprises of a single large UHV chamber where the experimental samples are 

mounted. Connected to this are the facilities required to both clean and scan the 

samples. The system features a hemispherical electron analyser, an x-ray source, an 

UV source, a photon detector, a low energy electron gun, a quadrupole mass 

spectrometer, and an ion bombardment gun. These components form the different 

analytical techniques available for use on the system, such as X-Ray Photoelectron 

Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), and Inverse 

Photoemission Spectroscopy (IPES). A labelled diagram of the system, featuring the 

key components, can be seen in figure 2 .1.

M a in  
m a n ip u la to r  |

S p u tte r  g u n

IP E S  d e te c to r

H e m is p h e r ic a l
analyser

IP E S  e le c t ro n  g u n
U lt ra v io le t

s o u rc e

Figure 2.1: A photo of the UHV system with key components labelled
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2.1.2 The requirement fo r  Ultra High Vacuum (UHV)

A key requirement for this research, and other research o f metal -  adsorbate 

interactions via photoelectron spectroscopies, is the use of ultra high vacuum (UHV) 

conditions, where the pressure is < 10' 9 mbar. A definition of UHV and the other 

vacuum “regions” is given in table 2.1. The UHV conditions are required for the 

research for three main reasons:

1) The photoelectrons emitted from the surface o f the sample need to have a 

sufficiently long mean free path so that they can travel to the analyser without 

colliding with any gas molecules. For meaningful spectroscopy to be carried 

out, the photoelectrons must arrive at the detector in exactly the same state that 

they left the sample surface.

2) To prevent electrical discharges between different components inside the 

system. The use o f high voltages in both the x-ray anode, and the electron 

multiplier detector, require a minimum of a high vacuum to prevent electrical 

discharges to the electron analyser.

3) To maintain an atomically clean surface. The surface needs to remain clean 

throughout the experimental period, which may be many hours in length. The 

lower the pressure in the system, the lower the number of molecules, and thus 

the lower the number o f contaminating collisions upon the surface.

Vacuum Definition Pressure Range

Low Vacuum (LV) Atmospheric pressure «-> 1 mbar

Medium Vacuum (MV) 1 mbar «-> 1 0 ‘J mbar

High Vacuum (HV) 10*3 mbar «-> 1 0 "* mbar

Ultra High Vacuum (UHV) 1 0 '8 mbar <-► \0~Vz mbar

Extreme High Vacuum (XHV) Less than \0 'il mbar

Table 2.1: Pressure definitions for the different vacuum regions [1]
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It is the requirement o f the atomically clean surface that drives the need for ultra high 

vacuum conditions, as the mean free path and electrical discharge requirements would 

be sufficiently met at high vacuum (<10‘6 mbar). The rate o f contamination of the 

surface can be calculated using the Hertz-Knudsen equation (Equation 2.1).

molecular mass o f the gas, k is the Boltzmann constant, T  is the temperature in K, and 

p  is the pressure in Pa.

Assuming that the sticking probability is 1 (i.e. all molecules that collide with the 

surface stick, and remain attached), and that there are approximately 1 x 1 0 15 available

covered by a monolayer o f contamination within a few seconds. In contrast, at

contamination. So to have enough time available to study the surface while it is still 

predominantly clean, the maintaining of UHV conditions is absolutely essential.

2.1.3 Achieving UHV

To achieve the required UHV conditions, a certain number of vacuum pumps are 

needed. Each one is only capable o f reaching a specific order of magnitude of 

vacuum; however when combined they have the capability of achieving UHV 

conditions (specifically a base pressure of 10"10 mbar). One of the key reasons why 

multiple pumps are needed is that gas behaves in different ways depending upon the 

pressure. This gas flow behaviour is dependent upon the Knudsen number, which is 

defined as:

yflm nkT
Equation 2.1 [2]

Where J  is the rate o f impingement o f gas on the surface in cm"2 s"1, m is the

sites on any 1 cm2 o f the surface, at 10"6 mbar and 298 K the entire surface will be

IQ' 10 mbar the surface takes more than 9 hours to be covered by a monolayer of

Equation 2.2
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Where K„ is the Knudsen number, X is the mean free path o f the gas molecules, and D 

is a characteristic dimensional length of the container (for example the width if the 

container is a cube, or the diameter if it is a cylinder). From atmosphere down to 

10*2 mbar the Knudsen number will be less than 1, and the mean free path of the 

molecules present will be smaller than the dimensions of the pipes of the UHV 

system. Because o f this molecule-molecule collisions are far more likely than 

molecule-surface collisions, and the gas has a fluid-like behaviour. With fluid-like 

behaviour the gas can be physically withdrawn and extracted out of the chamber by 

means o f ‘suction’, with the movement o f molecules communicated by inter- 

molecular collisions. However at lower pressures, needed for UHV, the Knudsen 

number will be greater than 1 and the mean free path of the molecules will be 

considerably longer than the dimensions o f the system. With negligible inter- 

molecular collisions taking place, and molecules only colliding with the surface walls, 

the gas will no longer behave as a viscous flow. Instead the gas would be described 

as a molecular flow, as there is no means o f communicating motion between the 

molecules o f gas. In the molecular flow region gases can no longer be ‘sucked’, and 

instead pumps need to operate on the ‘capture’ principle, and focus on capturing any 

molecules that happen to ‘arrive’ in that area o f the system. This arrival rate is 

determined by the gas alone, and thus applies an upper limit upon the speed at which 

any pump can operate within this region.

Initial evacuation o f the chamber down to a pressure o f 10' 2 mbar is achieved through 

the use of mechanical rotary vane pumps. These mechanical pumps, which operate on 

viscous flow principles, utilise a spinning slotted rotor inside a stator as the basis of 

their pumping ability. Inside the slots on the rotor are sliding vanes, which are in 

constant contact with the sides of the stator. As the rotor spins the vanes draw in and 

trap gases which are then fed to a one-way exhaust valve. All edges and surfaces 

inside the pump are ‘sealed’ with oil to provide good seals and drastically improve the 

performance as opposed to if oil was not present. The rotary pumps are used both for 

the purpose o f ‘roughing’ down the system to 1 0 '2 mbar, and also as the ‘backing’ 

pumps required for the operation o f the oil diffusion pumps.

The job of reducing the pressure in the system down to useable UHV pressures 

(10*10 mbar) falls on the oil diffusion pumps. These pumps utilise collision theory and
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are able to work in the molecular flow region of pressures. A schematic of a diffusion 

pump can be seen in figure 2.2. The heater at the bottom of the pump heats oil to 

produce a vapour which travels upwards through the central chimney structure. This 

oil vapour is then channelled and deflected downwards by the jet assembly into a jet 

travelling at supersonic speed. The speeding oil molecules collide with the random 

moving incoming gas molecules from the chamber, imparting a largely directional 

momentum directed towards the region of the pump outlet. Once the molecules from 

the chamber reach the pump outlet, where the pressure is considerably higher due to 

the constant flow of incoming molecules, the backing rotary pump is able to remove 

them from the chamber. The oil molecules, after colliding with the arriving gas 

molecules, condense on the water cooled walls of the pump and return to the oil 

reservoir at the bottom to begin the cycle again. It is important to note that the choice 

of oil used is critical for the performance of the pump. The oil needs to have a high 

resistance to thermal degradation, a very low vapour pressure, and be non-reactive 

with the gases passing through the pump. The oil that fits these parameters, and is 

used in the diffusion pumps on the system, is a polyphenyl ether oil (Santovac 5, 

SantoLubes LLC) with a vapour pressure o f ~4 x 10*,() mbar at 298 K. In between the 

diffusion pump and the main chamber is a liquid nitrogen cooled cold trap which is 

needed to prevent ‘back-streaming’, where the oil in the pump gradually seeps into 

the system, and facilitate reaching the 10*'° mbar base pressure.

pump inlet

cooling 
water pipe

to backing 
pump

heater

Figure 2.2: Schematic o f an oil diffusion pump
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The final base pressure for the system is ruled by two factors; 1) the overall pumping 

speed o f the multiple pumps mentioned above, and 2 ) the combined total of all 

degassing and leaking components on the system. These two factors work directly 

against one another, so when they are in equilibrium the system will be at the lowest 

pressure possible. Therefore to improve the vacuum either the total pumping speed 

needs to be improved or the amount o f degassing within the system need to be 

reduced (leaking components normally have such a pronounced affect upon the 

system that they would normally be dealt with long before the degassing issues and 

pump size are looked at).

The term degassing is used to describe the increase of gaseous molecules in the 

system. This can either be due to a specific chemical reaction which produces more 

gaseous molecules than it consumes, or by the process o f adsorbed and absorbed 

molecules on the inside surfaces o f the system desorbing (there is also the additional 

issue o f pump ‘back-streaming’ as mentioned above). One of the most common 

causes o f degassing is the use o f hot filaments in the system, which are found both on 

the ion-gauges, and inside the various analytical technique components (e.g. the 

filaments in the x-ray gun and quadruple mass spectrometer). To counteract this issue 

the various filaments are put through an intentional degas procedure, where they are 

briefly run at higher than normal power with the intention of desorbing the majority of 

contaminants present. Afier this has been carried out the rate o f continuous degas 

from the filaments is much reduced, thus allowing a lower final pressure to be 

reached. The second large cause o f degassing is water inside the system. The water 

molecules adsorb onto all surfaces inside the chamber and continuously degas, which 

normally prevents UHV from being obtained. To counteract this problem the entire 

system is heated (“baked”) up to 130 °C for 24 hours whenever the inside of the 

system is exposed to atmospheric pressures (e.g. to change samples), to stimulate 

desorption of all water molecules in the chamber so that they can be pumped out. 

Additionally, it is after this heating o f the system has been carried out that the various 

filaments are normally put through their degas procedure. The final significant source 

of degassing is the chamber itself. Hydrogen leaches out of the metal used in the 

construction of the chamber, and helium, if present in the room (due to leak checking, 

use as a reagent or as part o f a UPS setup), can travel through the glass windows
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designed into the system [3]. Thankfully the combined total of the hydrogen and 

helium is rarely enough to prevent UHV conditions being achieved.

2.1.4 Pressure measurement

Two different methods are used to measure the pressure inside the vacuum system: 

pirani gauges and ionisation gauges (an example o f each can be seen in figure 2 .3 ). 

The pirani gauge, which is a type o f thermal conductivity gauge, is used to measure 

relatively high pressures in the system (1-lx l O' 3 mbar). The gauge consists of a 

resistively heated tungsten filament (subjected to a constant voltage) that is 

incorporated into a bridge circuit. The bridge circuit sends current through the 

filament branch, and also through an isolated reference branch, with a detector being 

used to measure any out-of-balance current between the two branches. Gases present 

in the system conduct heat away from the filament, resulting in a change of its 

temperature, and thus a change in its electrical resistance. The resulting change in the 

out-of-balance current is detected and presented as a pressure reading in nitrogen 

equivalent mbar. Below lxlO ' 3 mbar the heat losses from the filament due to 

conduction become overshadowed by the heat losses due to radiation, and the 

reliability o f the gauge becomes compromised.

For the measurement o f pressures ranging from lxlO*3 down to lxlO' 11 mbar a 

thermionic ionisation gauge (ion-gauge) is used. The basic design of the ion-gauge 

consists o f three components; a filament, a grid (anode), and a collector. The 

filament, which is typically tungsten or thoria coated iridium, emits electrons when a 

current is passed through it. The electrons emitted are attracted via a positive 

potential towards the grid, where they may collide with any gaseous molecules in the 

area, and produce positively charged ions. The positively charged ions are then 

attracted to the negatively charged collector wire resulting in a current, which when 

measured, is directly proportional to the pressure of the gas.
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Figure 2.3: a) a pirani gauge attached to a rotary pump and b) a Bayard-Alpert

ionisation gauge

2.2 The experimental samples and reagents and their relevant health risks

All experiments were carried out on polycrystalline foils. The thorium foil (19.5 mm 

x 9.5 mm x 1 mm Goodfellow Metals) was first cleaned in a solution of 50:50 HNO3 

and water plus 0.1 % HF after purchase to remove the thick layer of oxide formed on 

the surface, before initial mounting in the system. Thereafter nitric acid was sufficient 

to clean the thorium foil for remounting in the system after use of a different sample. 

Before each experiment the foil was cleaned via in situ argon ion sputtering 

(8 x 10^ mbar Ar, 5.0 kV, 30-80 pA sample current). The thorium usually required 

approximately 120 minutes of argon ion sputtering to produce a surface clean enough 

to work with. Please see section 2.2.1 for further sputtering procedure details.

The uranium foil (19.5 mm x 9.5 mm x 1 mm Goodfellow Metals) was cleaned in 

nitric acid to remove the thick layer of oxide on the surface before being mounted 

inside the system. Before each experiment the uranium was cleaned via in situ argon 

ion sputtering (8 x 10-6 mbar Ar, 5.0 kV, 30-80 pA sample current). The uranium
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usually required approximately 1 2 0  minutes of argon ion sputtering to produce a 

surface clean enough to work with.

These foil samples were reacted with oxygen, ammonia, and water. Research-grade 

oxygen (99.99 %) and ammonia (99.99 %) were used without further purification. 

The water used was obtained from a Micro Pure source therefore no further 

purification was carried out. All exposures are quoted in Langmuirs (1 L = 

lxlO*6 Torr s).

An important issue that needs to be taken into account when dealing with actinide 

samples, such as thorium and uranium, is their inherent radioactivity and the health 

risks this brings. During any handling o f the samples standard personal protective 

equipment (gloves, goggles and lab coat) are needed at the very least, preferably with 

doubled up latex gloves wrapped over the cuffs o f the lab coat. Additionally, extra 

due care and attention is needed when attempting to mount the foil samples onto the 

probe, specifically to avoid contamination o f multiple tools and the surrounding area, 

and also to avoid inhalation o f any radioactive particles given off.

2.2.1 Sputtering procedure

Argon ion sputtering was carried out in situ to clean the samples before each 

experiment. This was carried out using a Vacuum Generators AG2 cold cathode ion 

bombardment (“sputter”) gun (see figure 2.4). This particular sputter gun can operate 

at a wide range o f different energies (from 0-10 kV) and features separate control for 

the purposes o f focussing the beam upon the sample (the beam is normally run in a 

slightly defocused state to ensure adequate coverage of the large sample). In addition 

to the actual sputter gun a large retractable cylindrically shaped metal shield with an 

opening on one side is located inside the system. When extended into the system and 

placed around the sample, the small opening to allow access to the incoming argon 

ions from the sputter gun vastly limits the quantity o f sputtered material from the 

sample that would normally be deposited all over the chamber. This is of particular 

importance as the samples being sputtered inside of the system are radioactive, so 

anything that can be done to limit the travel o f radioactive particles inside the 

chamber is extremely beneficial.
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Figure 2.4: The AG2 cold cathode ion gun 

2 3  Photoelectron spectroscopy (PES)

2.3.1 Introduction

Photoelectron spectroscopy is one of the most useful and widely used spectroscopic 

techniques available, not only to surface scientists, but to all scientific disciplines. 

Involving the excitation and ejection of electrons from atoms through the use of 

electromagnetic radiation, the technique can provide quantitative information on the 

atoms involved and their chemical environment. Traditionally probing only a very 

short distance into the surface of the sample (~50 A), the technique is ideal for 

examining adsorbates, o f any kind, on a surface.

2.3.2 History o f  photoelectron spectroscopy

Photoelectron spectroscopy is based upon the investigations of the photoelectric effect 

carried out by Hertz in 1887 [4]. Hertz was the first to observe the effect, which he 

encountered while carrying out experiments on the production and reception of 

electromagnetic waves. He noticed metal contacts in electrical systems exhibit an
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enhanced ability to spark when exposed to light; however he did not make any 

substantial effort to explain this observation [5]. It was only when the effect was 

subsequently explained by Einstein in 1905 [6 ] that it was properly understood. By 

introducing the concept of light quanta (photons) he was able to explain the observed 

features of the photoelectric effect as being the result of photons of light directly 

transferring their energy to the electrons within an atom. When a material is hit by a 

photon of sufficiently high energy, there is a certain probability that it will be 

absorbed, stimulating emission of an electron (which is often referred to as a 

photoelectron) whose binding energy is less than the energy of the incident photon. 

As no energy is lost in the process, the resulting kinetic energy of the released 

electron is directly related to both the photon energy and the binding energy of the 

electron. The relationship is represented in both figure 2.5 and in Equation 2.3, where 

Eb (or BE) is the binding energy o f the electron, hv is the energy of the photon, Ek (or 

KE) is the kinetic energy of the resulting photoelectron, and O is the work function of 

the spectrometer. It is possible to remove the work function from the equation if the 

binding energies are referenced to the Fermi level of the spectrometer used.

EB = h v -  Ek -  O Equation 2.3

Figure 2.5: The photoelectric effect

The development and harnessing of the photoelectric effect into a useful spectroscopic 

technique owes a considerable debt to the work Kai Siegbahn carried out in the 

1950’s and 1960’s, and in particular, his seminal 1967 paper [7].
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2.3.2.1 The history of x-ray photoelectron spectroscopy (XPS)

The wider technique of photoelectron spectroscopy can be split into two distinct 

variations dependent upon the energy o f the photons used to stimulate the 

photoemission. There is x-ray photoelectron spectroscopy (XPS), which uses x-ray 

photons (in the 200-2000 eV energy range) to stimulate emission from the core shells, 

and then there is ultraviolet photoelectron spectroscopy (UPS), which uses ultraviolet 

photons (in the 10-45 eV energy range) to stimulate emission from the valence shells.

The XPS variant o f photoelectron spectroscopy focuses on the ejection of core 

electrons through the use o f photons in the x-ray energy range, with two typical 

energies used being 1486.6 and 1253.6 eV. Figure 2.6 provides a schematic for the 

photoemission o f a core electron due to incident x-ray radiation. These core electrons 

that are emitted do not participate in bonding, and have energies characteristic of the 

atom from which they originate. Using this information and the relationship above, 

Siegbahn and co-workers developed the technology by which the resulting kinetic 

energy o f the released photoelectrons could be determined, thus allowing calculation 

o f the original binding energy o f the electrons [7]. As the binding energies are 

characteristic for each o f the elements, the technique is extremely useful for elemental 

analysis. However, potentially even more important is that XPS can not only identify 

the elemental composition o f a sample, but it can also be used to determine the 

quantitative composition (see section 3.3). In addition, a detailed energy analysis of 

the photoelectrons emitted from the sample can also provide important information 

concerning the electronic states from which they originated (see section 2.3.3.5 

below), as the binding energy of the core electrons can be “shifted” due to the 

chemical environment o f the atom involved.

The reason for the large lapse in time between the early research into the photoelectric 

effect, and the emergence o f XPS as a useful technique in the 1960’s, is due to the 

specific experimental requirements needed for the technique. These include the 

development o f a suitably sufficient vacuum system to combat the issue of the 

extremely short inelastic mean free path of the emitted photoelectrons (see section 

2 .1 .2 ), the development o f intense monochromatised x-ray sources and the high 

precision voltage supplies need to operate them, and the development of electron
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energy analysers of sufficiently high resolving power. All of these parts had to be 

fully developed before the technique of XPS, as known today, could be realised.

Energy

KE
Vacuum (free eiecton) 
level

Valence band

BE2s (L,)
Core level

h v

1s <K)

Figure 2.6: A schematic of the photoemission of a core electron due to incident 

photon energy. The relationship between BE, K.E, and O can be seen on the side

One of the most important characteristics of the excited electrons utilised in all 

photoemission techniques is their extremely limited escape depth. The photoelectrons 

are the limiting factor for the depth at which the sample is probed, as the x-rays can 

travel microns into the sample. The photoelectron inelastic mean free path (IMFP) for 

a material, which is the average distance an electron travels between successive 

inelastic collisions [8 ], dictates the likelihood of an electron escaping from a material 

without losing any energy, and is dependent upon the kinetic energy of the electron. 

The dependence between the kinetic energy and IMFP has been studied extensively 

[9], and has given rise to the “universal" curve (see figure 2.7), which allows one to 

estimate the IMFP based on the kinetic energy of the electrons.
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Figure 2.7: Distribution o f the IMFP as a function of photoelectron energy -  the

universal curve [9]

For photoelectrons between 10 -  1500 eV in energy (the approximate energy range 

seen with XPS), the majority of the measured photoelectron signal will originate from 

the first 20 A of the sample. It is because of this that the technique of XPS is so well 

suited to examining surface adsorbates present in concentrations less than one 

monolayer.

2.3.2.2 The history o f ultraviolet photoelectron spectroscopy (UPS)

The UPS variant of photoelectron spectroscopy is fundamentally very similar to that 

of XPS; however instead o f core electrons being emitted, the ultraviolet radiation used 

with UPS only has sufficient energy to stimulate emission of valence electrons and 

electrons from the molecular orbitals o f adsorbed species. To highlight the difference 

in energy o f the photons, the two principle energies of the x-rays utilised on the 

equipment used to produced this work are 1486.6 and 1253.6 eV, while the two 

typically used ultraviolet energies, used on the same system, are 40.8 and 21.2 eV. 

Since valence electrons are involved in chemical bonding, UPS is particularly suited 

to the study o f bonding at surfaces. Additionally UPS readily provides measurements 

of the work function and band structure o f the solid, the surface, and adsorbed layers.
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As UPS is merely a particular variant o f the wider technique of photoelectron 

spectroscopy, its origins are largely the same as that previously described for XPS in 

section 2.3.2.1. While Siegbahn and co-workers are largely responsible for XPS 

being the useful technique it is today, it is down to Eastman and Cashion [10] that 

UPS is as widely used today as it is. In 1971 they were the first to integrate a 

differentially pumped helium lamp with a UHV chamber. They showed that even 

submonolayer quantities o f adsorbed gases can significantly modify the measured 

electron distribution curves at the valence band. While Eastman and Cashion are no 

doubt largely responsible for the prevalence o f the technique today, it is worth 

mentioning that there were however others who utilised the principles to look at the 

valence region before them. Quinn and Roberts for example investigated the 

reactions of hydrogen and oxygen on the surface of nickel with an external mercury- 

vapour lamp, joined to the chamber via a quartz window, which produced the 

ultraviolet radiation [11].

It is worth mentioning some o f the specific benefits o f investigating the valence states 

(with UPS) that you do not get by just studying the core levels (with XPS). The 

valence electrons that are ejected through the use of the UPS technique come from 

very near the surface region, and provide information on the density of states (DOS) 

at the Fermi edge, and molecular orbital occupancy in any adsorbates. By accurately 

measuring the binding energy o f the photoemission peaks, surface molecular 

dissociation can be monitored from a direct observation of molecular orbital 

populations. Another additional benefit is that by measuring the DOS at the Fermi 

edge, a direct measure o f the metallic or insulating nature of the material can be 

gained.

2.3.3 Principles and rules o f  photoelectron spectroscopy

2.3.3.1 Basic principles

Superficially, the photoelectron energy spectrum should simply show the occupied 

density of states in the surface transposed up in energy by an amount hv. However 

there are additional complications in the form of final state effects that need to be 

taken into account. The act o f photoemission from an atom results in a final state
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containing one less electron than the initial state. Thus in reality photoemission 

spectroscopy actually measures the final state energies, and can only reveal the initial 

state energies after certain theoretical considerations have been made.

2.3.3.2 Koopmans’ theory

Koopmans assumed that the binding energy of an ejected electron was equal in energy 

to the orbital from which it came [12]. For this to be true it relies upon the binding 

energy ‘seen’ by the photoelectron, £*>, of the state it leaves being the same as it was 

before the interaction. This means all the other electrons in the system have to remain 

in the same state as before the photoionisation event. Such a situation reflects 

Koopmans’ theorem and this energy, £*>, is therefore referred to as Koopmans’ 

energy. In this case Eb is referred to the Fermi level, and the emergent kinetic energy 

is indeed given by Equation 2.4:

KE = h v -  Eh Equation 2.4

However, as this relies upon the false assumption that the photoelectron emission 

process does not disturb any o f the other orbitals, Equation 2.4 is only approximately 

correct. Koopmans’ theorem completely neglects the fact that, in an attempt to screen 

the newly formed positively charged core hole, the electron cloud within the ion 

‘relaxes’. This relaxation leads to a lowering in the binding energy values that are 

actually seen, which are subsequently attributed to differences between the initial and 

final states, which in turn result in the higher observed kinetic energy. Specifically, 

the relaxation energy is the energy necessary for the adjustment of the total system in 

response to the hole left in a specific orbital due to the photoemission effect.

2.3.3.3 Relaxation and the Core hole

Emission o f the photoelectron leaves a core hole and produces a short lived, high 

energy, ionic system. To neutralise the core hole, and the system itself, a 

rearrangement takes place where an electron from an outer shell drops down to fill the 

hole. There are two possible consequences:
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X-ray fluorescence — The outer electron falls into the lower energy core hole, and 

releases the excess energy in the form of an x-ray photon. Therefore the released 

photon is equal in energy to the difference between the initial and final levels of the 

electron involved (see figure 2.8 a):

h v =eA- e R Equation 2.5

Auger transition -  The core hole is again filled by a more energetic electron, however 

in this case the excess energy is used to ionise one of the outer orbitals. This non- 

radiative mode of decay emits a secondary electron known as the Auger electron, 

resulting in a doubly ionised system (see figure 2.8 b):

E  w £  A s B e c Equation 2.6

Eneiyy

2* <L,)

h v

1» <K)

b)

2 s  (L,)

1s <K)

2pM (Lj) 

2Pi« O-2)

X-Ray fluorescence Auger emission

Figure 2.8: Core hole decay via a) X-ray fluorescence and b) the Auger process
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Auger transition results in the emission of an additional electron, which will be 

detected along with the directly x-ray induced photoelectrons. The additional Auger 

electrons will appear as discrete lines on an x-ray photoelectron spectrum. The Auger 

electrons are easily distinguishable from photoelectrons whose kinetic energies are 

dependent on the incident photon energy (see section 2.3.4.1). For example the 

kinetic energy of the nitrogen K.LL Auger peak is 375 eV regardless of the incident 

photon energy, while the kinetic energy of the nitrogen Is photoemission peak is 

855 eV if the photon energy is 1253.6 eV (Mg Kajj)  but 1088 eV if it is 1486.6 eV 

(A1 Kay ?)- The kinetic energy o f an Auger electron can be calculated from the 

binding energies o f the various levels involved. Equation 2.7 below provides an 

example o f this based on the KLL levels mentioned above for the nitrogen Auger 

peak:

= e k -  E I, -  Eu ,  -  ^  Equation 2.7 [13]

Where EkljL2} ls the kinetic energy o f the Auger electron, Ek, E it and El23 are the

binding energies o f the various levels involved, and O is the work function of the 

material.

Both the decay processes occur very rapidly, resulting in extremely short lived core 

holes, and are dependent upon the atomic number (Z) of the atoms involved. Auger 

decay is seen to dominate at the lower ends o f the atomic number (Z < 20). X-ray 

fluorescence on the other hand only becomes the dominant form at higher atomic 

numbers, when the number o f Auger transitions has dropped (Z > 30). A 

representation of this relationship can be seen in figure 2.9.
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Figure 2.9: The relative probability o f x-ray fluorescence and Auger electron emission 

in relation to the atomic number (Z) o f the atom

2.3.3.4 X-ray satellite structure

The brief presence o f the core hole following photoemission can have a direct affect 

upon the many emitted photoelectrons. The energy of these photoelectrons can end 

up altered, leading to a number o f additional different signals located close to the 

main peaks, which are known as satellites. These can be due to a number of different 

processes, including:

a) Shake-up satellite

There is a potential for the emitted photoelectrons to interact with the valence 

electrons contained in the atom. A portion o f the kinetic energy of the photoelectron 

can be imparted to one of the valence electrons, exciting it into a higher unoccupied 

state. Based on Equation 2.3, as a proportion of the kinetic energy is lost, it gives the 

photoelectron the appearance o f having been bound more strongly. This results in a 

satellite feature located on the higher binding energy side of the main peak (see figure 

2.10). As these satellite features are associated with an electronic excitation, they can 

provide valuable information about the unoccupied states involved [14].
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b) Shake-off satellite

The shake-off process is the result o f the whole photoionisation event, and occurs 

when an outer electron is sufficiently excited so as to leave the atom. This creates a 

double ionised state which leads to a very broad XPS feature which is most often lost 

within the general background o f inelastically scattered electrons (see figure 2.10). 

Unlike the shake-up satellites, the shake-off satellites yield no useful spectroscopic 

information.

Centroid
Eigenvalue

Shake-offMain
Peak Shake-up

Inelastic Electrons

Binding Energy

Figure 2.10: The basic elements o f an XPS spectrum -  including the shake-up and

shake-off satellites [15]

c) Multiplet splitting

Multiplet splitting, also known as spin-spin coupling, occurs when an unpaired 

valence electron interacts with the newly unpaired core electron left after 

photoemission. This results in two separate final states which are dependant on the 

alignment o f the spin vector(s) o f the electrons, either parallel or anti-parallel, 

resulting in two distinct peaks in the x-ray photoelectron spectrum. Multiplet splitting 

is most noticeable for the 3s orbitals when unpaired electrons are present in 3d 

orbitals and as such should not be a significant factor in these studies.
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d) Spin-orbit coupling

The magnetic coupling between the spin of an unpaired core electron with its angular 

momentum can also cause splitting, but o f a far greater magnitude than that seen with 

spin-spin coupling. This particular type of magnetic coupling is known as spin-orbit 

coupling.

An electron is a charged particle, and as such its orbit around a nucleus induces a 

magnetic field. The intensity and direction of this field depend on the electron 

velocity and on the radius o f the orbit respectively. It is possible to characterise these 

by an angular momentum, called the orbital angular momentum, which is quantised 

due to the fact the electron may only travel in certain discrete orbitals. The quantum 

number is /, and can take the values 0, 1, 2, 3, 4 , . . .  In addition to the orbit inducing a 

magnet field, the electrons also possess a spin (positive or negative), which will also 

induce a magnetic field. This in turn possesses a spin momentum, which is 

characterised by a spin quantum number s, which can take the values o f +14 o r -14. By 

combining the orbital angular momentum with the spin momentum, by summing the 

two vectors, you get the total electronic angular momentum. However the vector sum 

can be carried out using two specific methods; j-j coupling or L-S (Russell-Saunders) 

coupling.

j-j coupling -  The total angular momentum o f an electron is obtained by summing the 

vectors of the individual electron spin and angular momenta. This is then 

characterised by the quantum number j, where j = / + s. Based on this it is clear that j 

can take the values 1/2, 3/2, 5/2, etc. To calculate the total angular momentum of the 

entire atom, J, the contributions from all the electrons must be summed together, so 

that J = Lj. This description is known as j-j coupling, and is known as a good 

description of the electronic interaction, especially in elements of high atomic number 

(Z > ~75), where it is known as the best description.

L-S coupling -  In this method all the individual electronic angular momentum are 

summed separately from anything else to give the total atomic orbital angular 

momentum quantum number L, which is equal to TJ. After this the individual 

electronic spin momenta are summed in the same way to give the total atomic spin
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quantum number S, which is equal to Ls. These two total momenta can then be 

coupled to give total atomic angular momentum, which can be characterised by the 

quantum number J, which in this case is equal to L ± S (hence the name L-S 

coupling). Unlike j-j coupling, L-S coupling has been found to give a better 

description of the electronic interactions in the elements of low atomic number 

(Z < -20).

As can be seen in figure 2.11, the splitting bought about by the spin-orbit coupling is 

large enough to result in a definitive doublet being visible. It is worth pointing out 

however that the splitting is not always of sufficient size to generate distinct doublets 

(for example the splitting of the Al(2p) signal is miniscule).

10.9 eV

4f 7/2
4f 5/2

372384 380 376388392396
Binding Energy (eV)

Figure 2.11: U (4f) spectrum of clean uranium to demonstrate the definitive doublet 

produced by spin-orbit coupling. The splitting between the 5/2 and 7/2 signals is

10.9 eV
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The doublets are features o f all p, d and f  core levels, but not of the s core levels. This 

is because the two possible states, characterised by the quantum number j (where 

j = / + s, as explained above), only arise when / > 0. The difference in energy of the 

two separate states, AEj, mirrors the parallel and anti-parallel nature of the spin and 

orbital angular momentum vectors o f the remaining electron left after photoemission. 

The magnitude of the energy separation is proportional to the spin-orbit coupling 

constant which depends on the expectation value (1/r3) for the particular orbital. The 

value o f AEj increases as Z increases for a given subshell (where n and / are constant), 

or it increases as / decreases for a constant n (e.g. for thorium the splitting of 4d > 4f).

The relative intensities o f the two resultant peaks are given by the ratio of their 

respective degeneracies (2j + 1). Table 2.2 lists the different subshells, their / values, 

their j values, and the ratio o f the areas of the doublet components.

Subshell / Values j Values Area ratio

S 0 1/2 -

P 1 1/2, 3/2 1 :2

D 2 3/2, 5/2 2 :3

F 3 5/2, 7/2 3 :4

Table 2.2: Orbital angular momentum / values, spin-orbit splitting j values, and area

ratios

e) Extra atomic relaxation

Atoms within a crystal lattice gain an additional unique relaxation process, known as 

extra atomic relaxation. This occurs when the valence electrons of surrounding atoms 

contract in an effort to screen the newly formed core hole. The contraction causes a 

lowering in the final state energy, which leads to the acquired spectrum shifting to 

lower energy.
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f) Plasmon loss effect

A portion o f the kinetic energy o f outgoing photoelectrons can be lost, inducing 

collective oscillations in the conduction band, as they pass through the solid. These 

oscillations are known as plasmons, and are at fixed frequencies characteristic o f the 

material being looked at. The energy losses due to these plasmons manifest 

themselves as a series o f regularly spaced discrete loss features o f decreasing intensity 

in the acquired x-ray photoelectron spectrum. Plasmon loss features are 

predominantly observed with materials that feature an s- or p- type valence density 

close to the Fermi edge. As d- and f- type character is not advantageous towards 

plasmon losses, the effects o f this particular loss mechanism are unlikely to be of 

much concern within the context o f this f-block dominated work.

2.3.3.5 Chemical shift

As well as finding out the absolute binding energy of a particular core level, it is also 

of great interest to determine the change in binding energy between different chemical 

forms of the same atom. This added capability o f being able to measure the binding 

energy difference between two or more inequivalent chemical environments of the 

same atom, which is known as the chemical shift, is potentially one of the strongest 

and most important analytical features o f photoemission spectroscopy.

The chemical shifts are due to two different effects working together; the first being 

final state effects (explained above), and the second being initial state effects. The 

initial state effects can be thought o f as the ‘true’ chemical shift, as they are due 

purely to the changes in electronic environment around the atom in question. Even 

without a true quantitative description o f these effects, valuable work can still be 

performed using the chemical shifts observed in known systems as a fingerprint. 

Because of this fact extensive work has been carried out to tabulate and compile 

observed chemical shifts to provide a library o f reference data to compare unknown 

spectra with.

The first person to observe the chemical shift phenomena was Siegbahn [7] who 

recorded a discrete double peak structure in the spectrum of sodium thiosulphate (see
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figure 2.12). He attributed this result to the different chemical states of the two 

sulphur atoms, with the central sulphur atom being more electropositive due to the 

electron-withdrawing oxygen atoms.

.O

s - s o

No

SO 2-

j { Central 
Sulphur

2- Terminal
"Sulphur

Binding Energy (eV)

Figure 2.12: An illustration o f chemical shift. The central and terminal sulphur atoms 

produce two different signals in the S(2p) region [7]

2.3.3.6 Angle resolved XPS

For enhanced sensitivity o f the outer most layers o f the surface, it is possible to vary 

the collection angle (O) between the analyser direction and the normal to the surface. 

By increasing <D, photoelectrons collected from a depth d will have to travel further 

through the material before escaping the surface. Since the inelastic mean free path of 

the photoelectron (A) is dictated by its energy, and is thus fixed in this scenario, only 

photoelectrons from the outermost layers will escape without losing energy. This 

relationship between the collection angle and the mean escape depth ED (the average 

depth normal to the surface from which the photoelectrons escape [8]) can be 

described as:

ED = X cos d> Equation 2.8
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Figure 2.13 provides a simple visual comparison of the mean escape depths ED of a) a 

sample where the collection angle is 0° to the analyser, and b) a sample where the 

collection angle is 45° to the analyser. As can be seen by the relative sizes of the 

arrows labelled ED, at a grazing angle of 45° between the analyser and the surface 

normal, the photoelectrons originate within a smaller depth of the sample, and are thus 

more surface sensitive.

a) b)

detector

hv

s u r fa c e
n o r m a l/ED

detector

ED

Figure 2.13: A comparison of the mean escape depths ED of a) a sample where the 

collection angle is 0° to the analyser, and b) a sample where the collection angle is 45°

to the analyser

The ability to vary the surface sensitivity by varying the collection angle is why angle 

resolved XPS is thought of as such a useful tool for the identification and 

characterisation of surface species. While the technique can be extremely useful it is 

worth noting that this is only for planar systems, as a rough non-uniform surface 

would lead to false, anomalous or misleading results.

2.3.3.7 The reference level

For accurate comparisons to be made between experimental binding energies, a 

definitive definition of an energy reference level is required. The reference level for
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the electron binding energy scale of gaseous molecules was simply and conveniently 

chosen as the vacuum level at infinity.

For electrically conducting samples the Fermi level was chosen to be used as the 

reference level. This relies on the equalisation of the Fermi levels by means of charge 

sharing across the sample, sample probe, and the earthed spectrometer (an energy 

level diagram of this can be seen in figure 2.14).

Initial

Sample 
Contact Potential

Vacuum Level

' Common 
Fermi Level.Sample 

Fermi Level

Sample m contact with Spectrometer
Free Uncharged Sample Spectrometer

Figure 2.14: An energy level diagram comparing a free uncharged sample, a 

conducing sample that is in direct contact with the spectrometer, and finally the

spectrometer itself [ 15]

With insulating samples, photoemission spectroscopy measurements suffer charging 

effects. These arise due to the photoionisation processes creating an electron deficient 

surface. In addition to this, insulating materials may also suffer from the ‘floating’ 

Fermi edge effect brought about by the lack of electrical equilibrium between the 

sample and the system. These two effects can result in large shifts in the binding 

energies in the results collected, which can lead to misidentification of signals. This 

is o f particular issue when dealing with real catalytic systems, as the majority of these
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are based on insulating metal oxides. The charging effects can be minimised through 

the use o f an electron charge neutralises which is designed to neutralise the increasing 

positive charge on the surface. Alternatively the resulting spectra can be calibrated 

based on a known constant such as adventitious carbon impurities or a deposited thin 

gold film, to compensate for the charging effects. However it is worth noting that 

neither o f these are truly effective in obtaining valid binding energies since neither 

promotes Fermi level coupling [16].

2.3.3.8 Line broadening effects

As the energy levels within atoms are quantised, the acquired photoemission spectrum 

should theoretically consist o f sharp well defined peaks. This however is not the case, 

as the peaks observed in spectra are commonly broad, which is due to the influence of 

a number o f different factors. Assuming a Gaussian distribution of the components, 

the peak width (A£), which is defined as the full width at half maximum (FWHM), is 

given by Equation 2.9

AE  = (a£„2 + AEp2 + AEa2 Y  Equation 2.9

Where AE„ is the inherent line width o f the core level, AEp is the width of the x-ray 

line, and AEa is the resolution of the analyser.

The most significant o f these contributions, when using a monochromatic x-ray 

source, is the analyser resolution (AEa\  which results in a broadening of 

approximately 1 eV (this can be lowered through the use of low pass energies).

The second contribution is associated with the width of the x-ray source line itself. 

The natural line widths (AEp) o f the two most commonly used x-ray sources, A1 Ka 

and Mg Ka, are 0.85 eV and 0.70 eV respectively. It is possible to minimise x-ray 

source broadening through the use o f a monochromator. When a monochromator is 

not used the broadening due to the x-ray source and the analyser are comparable in 

size.
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The final contribution is connected to the lifetime of the core hole produced during 

photoemission, and is known as the natural width of the photoelectron peak (AE„). 

The relationship can be expressed in terms of the Heisenburg Uncertainty 

Relationship.

AEn = — Equation 2.10

Where AE„ is the natural line width in eV, h is Planck's Constant, and r is the core 

hole lifetime in seconds.

Core holes with very short lifetimes, due to the efficient decay of the core hole state 

will suffer significantly more broadening. In comparison, the longest lived core 

holes, whose decay is dependent on the rate at which x-ray fluorescence or Auger 

emission occur, will suffer significantly less broadening.

Additionally, coupling between the core hole and the nuclei within the solid lattice 

can lead to phonon broadening. Vibrations within the lattice, known as phonons, are 

induced and can then be observed as Gaussian broadening of the photoelectron peak. 

This broadening effect is temperature dependent, and is normally not significant 

enough to cause serious complications.

2.3.4 X-ray photoelectron spectroscopy (XPS)

As mentioned earlier, x-ray photoelectron spectroscopy (also known as Electron 

Spectroscopy for Chemical Analysis) is a specific variant of photoemission 

spectroscopy, and is a very useful technique for the analysis, both quantitative and 

qualitative, o f the surface of a sample. It enables identification of the elemental 

composition and chemical states o f the different species in the surface region.

2.3.4.1 XPS instrumentation

There are three main components o f the equipment, with the first being the dual x-ray 

anode source, capable o f supplying non-monochromatic x-rays for XPS. The source
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provides both A1 Ka 1 2  and Mg Ka/ 2 electromagnetic radiation, with photon energies 

o f 1486.6 eV and 1253.6 eV respectively, both of which originate from fluorescence 

arising from a 2p —*■ Is electronic transition (a schematic of the anode can be seen in 

figure 2.15). The big advantage o f a dual anode system is the ability to switch 

between sources and resolve any interference which can occur between the 

photoelectron and Auger electron signals. As was shown in section 2.3.3.3 (and 

figure 2.8), this is because the kinetic energy of the Auger electrons is independent of 

the photoelectron energy, and is instead only dependent on the energy difference 

between two different levels in the atom. So switching the choice of x-ray anode will 

result in all photoelectron peaks shifting by 233 eV on the kinetic energy scale (the 

difference in energy between the two anode sources), while the peaks due to the 

Auger electrons will remain in the same positions.

Al Window

Anode 
coated face

Filament 1

Al window securing screw s

End cap

Filament Ring 
Securing screw

Anode Ceramic 
Centring screw

Anode 
Filament 2

I j«-E nd cap 
securing 
screw

Gold push on 
connector

Insulated 
Wire to filament

Figure 2.15: A schematic o f the end o f the x-ray gun. The key components of the 

gun; the filaments, anodes, and aluminium window are all labelled.

The x-rays are produced when high energy electrons generated by a thoriated iridium 

filament are accelerated (by an approximately 15 kV potential difference) onto the 

target anode, which in this case is either aluminium or magnesium. The process of 

the electrons hitting the target anode produces x-ray radiation in two distinct ways. 

Firstly, there is the process of incoming high energy electrons knocking core electrons 

out o f the anode nuclei, producing short lived, high energy ionic systems. As was
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explained in section 2.3.3.3 (and figure 2.8), to neutralise this core hole a 

rearrangement can take place where an electron from an outer orbital can drop down 

into the hole. This releases the excess energy in the system in the form of an x-ray 

photon or Auger electron (since Z is low for Al and Mg, based on figure 2.9, Auger 

electron emission dominates). The released photon is equal in energy to the 

difference between the initial and final level o f the rearranging electron. This process 

o f x-ray production is by far the most important and useful of the two for the purposes 

of this work.

The second o f the two processes in which the high energy electrons striking the target 

anode produce x-rays is based on the principle o f radiative deceleration. As the 

electrons approach and travel through the target material they will pass the positively 

charged nuclei o f the target atoms, leading many of them to be deflected and 

decelerated from their paths due to the opposite charges they both possess. As the 

electrons are decelerating the excess energy that they contain is released in the form 

of x-ray radiation. The continuous spectrum of x-ray energies that this process 

produces is known as the Bremsstrahlung (meaning “braking radiation”).

The two processes that produce the x-rays occur at the same time, resulting in the total 

x-ray emission spectrum that can be seen in figure 2.16. As it is the defined Kay,2 

signal that we desire for the technique, the x-rays that are produced travel though a 

thin aluminium window (approximately 10 pm thick) before heading towards the 

sample. This has the dual benefits o f blocking out approximately 80 % of the 

Bremsstrahlung, as well preventing any stray electrons (including Auger electrons) 

and contamination from the x-ray source from entering the chamber.

As the x-rays used were not monochromated additional satellite lines arise on the 

acquired spectra. These are due to transitions other than the primary Ka/ 2 transitions, 

such as the Kay4 line (see figure 2.16). The K a /2 and Kaj,^ expressions are referred 

to as Siegbahn notation, with the K, a  and number indicating precisely which 

electronic transition is concerned.
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Ka
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Bremsstrahlung
Ka34

, a  5,6

Energy

Figure 2.16: X-ray emission spectrum. The principle transitions are superimposed on

the rising Bremsstrahlung background.

The desired Ka/ 2 radiation arises from a 2p —► Is electronic transition, the undesired 

Kajy radiation also arises from the same transition, however in the presence of 

additional 2p core holes (referred to as ‘spectator holes’) which reduce the screening 

and shift the total energy o f the shell upwards in energy, resulting in an increase to the 

energy released from the 2p —> Is transition. For the aluminium anode the main 

observed satellite peaks, Kajy, are situated at approximately 10 eV lower binding 

energy than the main peaks, with their intensities being approximately 10 % that of 

the main peak. It is particularly important to take the satellites into account, as when 

you have a doublet signal with a splitting value close to the satellite separation value, 

the satellite from the higher energy signal will overlap directly with the signal from 

the lower energy component of the doublet. An example of this can be seen in the 

thorium spectra of figure 2.17 a). To counteract this problem it is possible to subtract 

these specific x-ray based satellites, the result of which can be seen in figure 2.17 b). 

In addition to the obvious loss o f satellite signal at around 325 eV, a visible drop in 

intensity can clearly be seen in the lower energy peak of the doublet, which 

demonstrates that the size o f the satellite component that overlaps it is not 

insignificant, and cannot be ignored. The value that can be seen at the top of both of 

the spectra is the residual STD, which provides a measure of the quality of the curve 

fits applied (see section 3.2.8 for details). In this particular case, the lower the value, 

the more accurate the combined curves are for emulating the measured signal. It can 

be seen in the figure that the removal o f the satellites led to an improvement in the
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quality of the peak fitting, which is another reason why it is so important to take the 

x-ray induced satellites into consideration.

x 1 0 _______________
1 2 _|Residuil STD = 3 3656

10.

370 365 360 355 350 345 340 335 330 325

*10!____________
12-jResidual STD = 2 99199

10.

6 .

370 365 360 355 350 345 340 335 330 325
Binding Energy (eV) Binding Energy (eV)

Figure 2.17: Th(4f) spectra of clean thorium metal at ambient temperature -  where a) 

is before removal of the overlapping x-ray satellite while b) is after removal of the

overlapping x-ray satellite.

Allowing measurement of the kinetic energies of the photoelectrons, the electron 

energy analyser is the second vital piece of equipment needed to carry out XPS. 

There are multiple types of analyser available, each with their own advantages and 

disadvantages. Possibly the simplest example is the retarding field grid analyser 

(RFA), which utilises multiple optically highly transparent grids setup between the 

electron source and collector. When a negative potential Vo is applied between the 

grids and the sample, only electrons with kinetic energy Ek > eVc will be able to 

reach the collector, because of electrostatic deflection. The kinetic energies allowed 

through can be varied by altering the potential applied, thus providing the equipment 

with the capability to distinguish and analyse electrons. While a simple experimental 

setup, and one that features a large angle of electron acceptance (-120°), the RFA has 

a distinct disadvantage in that it collects all emitted electrons whose kinetic energy is 

enough to overcome the applied potential (there is not a means to filter the high and 

low energy electrons at the same time). This leads to poor resolution, increased noise, 

and the need to increase scan time in an effort to counteract these effects.
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Furthermore it generates an integral spectrum. This particular analyser is still often 

used for the purposes of Auger electron spectroscopy [17].

The second of the main types of analyser is the 127° analyser [18], which is a 

dispersion type that uses an electrostatic field to separate electrons (the name stems 

from the 127° cylindrical section of the analyser). Electrons which enter the 

cylindrical section are deflected by a transverse field created by applying a voltage 

between the outer and inner walls (electrodes). Only electrons with a specific kinetic 

energy will be able to pass through the curved section and exit through the exit slit. 

This kinetic energy is controllable by varying the potential between the two 

electrodes. The big advantage o f this detector is that it can be made very small, and 

thus can be setup as a movable device for the purpose of angle-resolved studies [17].

The final o f the three main types is the concentric hemisphere analyser (CHA), which 

is similar in form and function to the 127° analyser above. This is by far the most 

popular of the analysers, as it has been highly developed [7], and features very high 

resolution capabilities. A schematic of the analyser featuring the principles of 

operation can be seen in figure 2.18. The CHA consists of two hemispherical surfaces 

of radii Ri (inner sphere) and R2 (outer sphere) positioned concentrically. A potential 

difference is applied to the surfaces so that Rj is positive and R2 is negative. These 

potentials act producing an area o f zero potential equidistance from each hemisphere 

at radius Ro, when ideally,

Rq = - l * Equation 2.11

Electrons entering the analyser encounter an applied retarding potential (VA) between 

the hemispheres, which decelerates and decreases the energy of the electrons to a 

constant fixed energy, known as the analyser pass energy (Ea). Only electrons with 

this specific energy will pass through the analyser without striking either hemisphere 

surface on the way to the detector. The equation relating pass energy and the applied 

potential (VA) is seen in Equation 2.12.
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e a = va Equation 2.12

The term in the brackets is the hemispherical constant. Pass energies are fixed and are 

typically 20, 50, or 100 eV, depending on the desired resolution. A retarding potential 

( Vr) is applied to the sample to decelerate the photoelectrons, so that: -

K.E.= E + eVL Equation 2.13

Where K.E. is the kinetic energy o f the photoelectron, E  is the analyser pass energy, e 

is the electron charge, and VR is the retarding potential.

l/~ AV

Af,

a.' a+

Figure 2.18: A schematic o f the principle way in which the concentric hemisphere

analyser (CHA) functions [19]

By altering the retarding potential o f the electrodes it is possible to vary the kinetic 

energies o f the photoelectrons passing through the analyser to the detector. Normally 

the retarding potential is linearly ramped so that the electrons of decreasing kinetic 

energy are analysed. There are two alternative ways in which the spectrometer can be 

scanned; the first involves varying the retardation voltage between the sample and the 

entrance slit. This is used for when the analyser setup features a pre-retardation 

device which is used to increase the resolution at higher electron energies. If the 

analyser instead features a retarding lens positioned before the actual hemisphere, 

again to increase resolution o f the device, then the spectrometer would instead be 

scanned by varying the potentials o f the lens [20].
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The final vital component needed for XPS is the electron multiplier. Due to the 

extremely small electron current (10*16 -  10‘13 A) emerging from the analyser, 

amplification by a channel electron multiplier (channeltron®) is required to produce a 

measurable signal.

The channeltron® consists of a coiled tube made of semi-conduction glass, and coated 

on the inside with a high secondary electron coefficient material i.e. a material that 

when struck by a photoelectron readily emits more electrons (for example lead oxide). 

A schematic of a channeltron® can be seen in figure 2.19.

glass tube

secondary
electrons

single electron 
INPUT

2 - 3  5 ItV

Lit

resistive coating
OUTPUT 

current pulse

actual shape

Figure 2.19: A schematic of the channeltron® electron multiplier

Photoelectrons entering the channeltron® via a small entrance cone collide with the 

interior coated walls producing several secondary electrons. These electrons are then 

accelerated along the channeltron® via an applied positive voltage (2-3.5 kV), where 

they then collide with the walls again, producing more secondary electrons, which are 

themselves then accelerated, beginning the cycle anew. The entire process results in 

an amplification of approximately 108 times the original signal. The multiplier 

enables a single photoelectron to become a pulse, which is then passed to a 

discriminator that removes smaller pulses (which are due to noise), and outputs 

normalised pulses to the data collection software on the computer for analysis.
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2.3.5 Ultraviolet photoelectron spectroscopy (UPS)

As mentioned above, ultraviolet photoelectron spectroscopy is the second specific 

variant o f photoemission spectroscopy, and is an extremely useful technique for 

looking at the valence bands o f the surface of a sample. As UPS focuses on just the 

valence bands it is a very useful technique for investigating the bonding of molecules 

adsorbed on the surface.

2.3.5.1 UPS instrumentation

As the same electron energy analyser is used for both the photoemission techniques, 

the only additional piece o f equipment needed for UPS is the source of the ultraviolet 

radiation itself.

The ultraviolet light employed to probe the valence levels is generated via electronic 

transitions within an inert gas discharge lamp. This discharge lamp utilises a voltage 

to ionise and excite the gas molecules inside. For this study, helium was used which 

has two characteristic discharge lines at 21.2 and 40.8 eV, which are labelled He (I) 

and He (II) respectively. He (1) and He (II) photons are generated by the following 

processes:

He (I)

He (II)

He He*
He* -+He + h v ]

He* -»  He2+ 

He2* -»  He + h v

The two lines arise due to transitions from 2p to Is orbitals within the excited helium 

atoms. Satellite peaks are seen to form from the He (I) p line, arising from the less 

probable transition from 3p to 1 s, appearing as weak features at lower binding energy 

in the photoelectron spectra.
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2.4 Inverse photoemission spectroscopy (IPES)

2.4.1 Introduction

Inverse Photoemission Spectroscopy (IPES) is a lesser used but extremely useful 

technique for analysing surfaces. In contrast to both XPS and UPS, which allow 

access to the occupied orbitals in a sample, IPES is entirely concerned with the 

unoccupied orbitals. This is key, as to get a complete understanding of the electronic 

properties and reactivity o f a material and its surface it is imperative to have 

information on both the occupied and unoccupied orbitals.

2.4.2 History and principles

Like the standard photoemission techniques of XPS and UPS, IPES also has its basis 

in the early research into the photoelectric effect carried out by Hertz [4] and Einstein 

[6]. While their key experimental results showed that the maximum energy of the 

emitted photoelectrons increase in increments equal to the increases in the photon 

energy, an additional relationship was observed by Duane and Hunt. They observed 

an inverse relationship between the short-wavelength cut-off of emitted x-rays and the 

incident electron energy when a solid is bombarded with electrons [21]. From this the 

idea of using electrons to stimulate emission of photons from a sample, either in the 

ultraviolet or x-ray range, was bom.

Unlike with forward photoemission, where the early principles were converted into 

useful workable techniques during the 1960’s, the development of the inverse 

technique took considerably longer. In addition to the requirement of a suitably 

sufficient vacuum system to combat the issue of the extremely short inelastic mean 

free path of the probing electrons (see section 2.1.2), a specific detector capable of 

detecting the small flux of photons released from the sample was also needed. This 

detection problem is exacerbated by the fact that the inherent cross section for inverse 

photoemission is considerably lower than that for conventional “forward” 

photoemission. The ratio o f the two cross sections is calculable via Equation 2.14, 

where is the wavelength o f the photoelectron, and Xp is the wavelength of the 

photon.
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<y{lPES)
<t(PES)

V
\ ^ P  J

Equation 2.14 [22]

At an energy of 10 eV, which is characteristic of the vacuum ultraviolet region, Xp is 

approximately 1200 A and Xe is approximately 4 A, leading to an r value of 

approximately lxlO '5. At an energy o f 1000 eV, which is characteristic of the 

vacuum x-ray region, Xp is approximately 12 A, and the value of r is approximately 

1 x 10*3. So when using low energy electrons to stimulate emission of photons in the 

ultraviolet region, the signal will be lxlO*5 of that encountered during the forward 

photoemission technique o f UPS. It is because o f this distinct lack of intensity that 

IPES (in particular the ultraviolet variant where lower energy photons are being 

detected) has lagged behind the development o f forward photoemission by 10 to 20 

years, as the development of sufficiently sensitive detectors has continued.

The basic concept o f IPES is that a beam o f electrons is fired at a sample, where they 

proceed to enter the atoms and occupy previously unoccupied orbitals above the 

vacuum level. The newly created unstable species then undergo a rearrangement in 

an attempt to return to a lower energy state. The rearrangement involves the decay of 

the newly entered electrons, which proceed to drop down into lower energy 

unoccupied orbitals which are located below the vacuum level but above the Fermi 

level. If the decay is via a radiative process, the energy is lost in the form of a photon 

of specific energy, as can be seen in the schematic in figure 2.20. The photons 

emitted provide direct information on the nature and density of states (DOS) of the 

unoccupied orbitals. This in turn provides important information regarding the 

thermal, optical, and electronic properties o f the material, as well as its reactivity and 

bonding characteristics.

As IPES is concerned with using electrons to stimulate emission of photons from the 

sample, it is often thought to be, in essence, a time-reversed version of the regular 

“forward” photoemission techniques (XPS and UPS), where photons are used to 

stimulate the release o f photoelectrons. While this is essentially true for many 

practical purposes, it is however not a strictly factual statement for a few specific
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reasons. Firstly there is the theoretical detail concerning the necessity o f  quantising 

the electrom agnetic field. Secondly there is the fact that inverse photoemission 

involves a transition from the ( n  —► n  + 1 ) electron system, while photoemission 

involves a transition from the ( n  —> n  - 1) electron system. This is a problem as the 

electron would experience a different force when approaching an ion, than it would 

when approaching a neutral atom. W hile these reasons may cause the forward and 

inverse photoemission techniques to be poorly comparable when considering atoms 

and molecules, in the electron delocalised bandstructure o f a solid, adding or 

rem oving a single electron would create little difference to the overall system. This 

allow s the inverse technique to be treated as a time reversed version o f  the “forward” 

photoem ission spectroscopies when dealing with solids which have electron band 

structures.

Figure 2.20: Schematic o f  the inverse photoemission process (adapted from C. N.

Borca e t  a l , 2002) [23]

As m entioned earlier, the photons released from the sample can be in the ultraviolet or 

x-ray regions, depending on the energy o f  the incident electrons. If  the technique is 

based in the x-ray region it is referred to as bremsstrahlung isochromat spectroscopy 

(BIS), while if  it is in the ultraviolet region it is referred to as inverse photoemission 

spectroscopy (IPES or IPS) [24]. However both the x-ray and ultraviolet versions o f
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the technique are sometimes referred to as inverse photoemission (IPE) or inverse 

photoemission spectroscopy (IPES) [22,23].

For both the x-ray and UV versions of the technique, there are two specific variations 

that are dependent on how the experiment is run. In the first case, which is described 

as isochromat, the energy o f the photon being detected is kept constant, and the 

energy o f the electrons is swept, which is analogous to the energy distribution curve 

(EDC) mode of PES. In the second case the energy of the electrons is kept constant, 

while the energy of the photons being detected is swept, which is analogous to the 

constant initial state (CIS) mode o f PES. The isochromat variation is the more used 

of the two, especially for x-ray-IPES, hence the BIS term being applicable [22,23].

IPES is not the only technique capable o f analysing the unoccupied orbitals; however 

it has some distinct advantages over the alternatives. Other possible techniques for 

analysing the unoccupied orbitals include; appearance potential spectroscopy (APS), 

x-ray absorption spectroscopy (XAS, XANES, and NEXAFS), and electron energy- 

loss spectroscopy (EELS). APS involves two electrons and a core excitation, with the 

extraction of the unoccupied density o f states only possible provided the data allows 

deconvolution [25]. XAS also involves a core excitation; however the data is 

relatively difficult to interpret [23]. Finally, EELS is a scattering technique that also 

relies on the excitation of a core electron. As APS, XAS, and EELS all rely on a core 

excitation to probe the unoccupied region, the energy of the core level must already be 

known for any calculation o f the unoccupied states to be possible. IPES, unlike the 

other techniques, is based on a single electron with no core excitations taking place. 

This means the energy of the core levels does not need to be known, and the 

subsequent calculations are simpler. Another advantage that IPES has over the other 

unoccupied orbital techniques is that because only one electron is involved, it is 

possible to specify the momentum, or wave vector, k of the incident electron. This 

gives IPES a ^-resolved capability (when the technique is known as KRIPES) that the 

other unoccupied techniques do not have [22]. The KRIPES technique, which is 

thought o f as the time-reversed version o f angle resolved XPS (ARXPS) [26], is 

useful for a lot o f the same reasons, as it can determine the energy and wave vector of 

the states involved in the electronic transition, and also identify which transitions 

involve bulk states, and which involve surface states. All inverse photoemission is
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concerned with characterising the initially unoccupied final states, but KRIPES is 

especially important as it allows almost complete characterisation of the states, 

providing information on their energy, lifetime, and k dispersion. A significant 

disadvantage of IPES however, when compared to the other techniques, is that it 

cannot distinguish between elements, and as such you cannot look at the unoccupied 

orbitals o f just one specific element in the sample [23,27].

2.4.3 IPES instrumentation

It is worth noting first o f  all that this work is only concerned with the ultraviolet 

isochromat variant o f the inverse photoemission technique, where the photons 

released are in the ultraviolet energy range, and the specific energy of the photons 

detected remains static while the energy o f the incident electron beam is swept.

There are three main components o f the equipment needed for IPES, with the first 

being the electron gun. As ultraviolet photons are desired, the electron gun is of the 

low energy variety, and is capable o f providing electrons from 5 -  50 eV in energy. 

Within this range of energies the electron beam has an approximate energy spread of 

0.25 eV. This is due to the BaO filament used, which during normal operation emits 

electrons at temperatures between 1100 and 1200 K.

The specialised detector needed to record the photons emitted from the sample is the 

second o f the main IPES components. The detector is of the solid state bandpass 

variety, known as such due to the fixed “band” of energies of which it can detect (a 

schematic can be seen in figure 2.21). The band effect is achieved through the use of 

low pass and high pass photon filters. The low pass filter is a SrF2 window which 

only allows low energy photons, approximately below 10 eV, to pass through. The 

high pass filter consists of a tantalum cone (photocathode) coated in NaCl. The 

photons that pass through the SrF2 window strike the photocathode, resulting in the 

production of photoelectrons, with the NaCl serving to increase the quantum 

efficiency of the process. The photoelectrons produced then pass through to an 

electron multiplier used to boost the signal (of the same type detailed in 2.3.4.1). It is 

important to note that only photons of sufficiently high energy are capable of 

producing the photoelectrons, hence the use o f the photocathode as a high pass filter.
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The com bined effect o f  the two filters is that the detector only allows photons o f  

approxim ately 9.5 eV to pass through, and with a resolution o f  approximately 0.5 eV. 

The materials used to construct the window and photocathode were chosen 

specifically to give the best com prom ise between resolution and quantum efficiency.

Ta cone with 
NaCl coating

Mo mesh

electron
multiplier

SrF2 window

Figure 2.21: A schematic o f  the IPES bandpass detector

The third and final piece o f  equipm ent is needed because o f an additional 

com plication that the electron gun produces. The incident sample current generated 

upon the surface when using the gun varies as the energy o f the electrons changes 

(norm ally between the ranges o f  0-10 pA). As the relationship between the electron 

energy and sample current is not constant, and can vary considerably from day to day, 

it needs to be accounted and com pensated for. This is achieved by recording the 

sample current at the same time as the detector signal using a picoammeter (Keithley, 

Model 6487). The signal acquired by the photon detector at each electron energy is 

then m odified to take into account the actual sample current measured at the time.
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3.1 Introduction

The conversion of the raw photoelectron spectroscopic data into useable values and 

information requires the use o f careful and systematic analysis. This includes 

determination o f the peak positions and areas, which in turn is dependent on the shape 

of the peaks themselves, and the underlying background signal. In addition 

supplementary knowledge of the sampling depth is required to correctly estimate the 

concentration o f surface species. These issues are far from trivial, so incorrect or 

uncritical use o f the following methodologies can introduce significant error.

3.2 Data analysis

3.2.I Inelastic background removal -  XPS and UPS

A significant feature in photoelectron spectra is the inelastic background signal. This 

feature is mainly due to the inelastic scattering o f emitted photoelectrons whilst they 

are travelling through the sub-surface region. The effect o f this is a sloping 

background that increases with decreasing kinetic energy, upon which the actual 

photoelectron peaks are superimposed. For accurate quantification of the results to be 

achieved this background intensity must be subtracted. However, before 

contemplating which method of background subtraction to use, it is important to 

understand what the three main sources o f the background actually are. The most 

important of the three is the inelastically scattered photoelectrons of the main detected 

peaks, which result in noticeable ‘step’ like features after each signal (see figure 3.1).

The second source o f background contributions is from inelastically scattered 

photoelectrons from all photoemission lines at higher kinetic energy. This is best 

accounted for by a linear function [1]. The final source is only applicable at low 

kinetic energies (<100 eV), and is due to a background of low energy secondary 

electrons.
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Figure 3.1: Example photoelectron spectrum of uranium detailing the step edges due 

to inelastically scattered photoelectrons from the primary peaks

While there is no single method of background subtraction that is applicable for all 

scenarios, there are a number of approaches available that can be used providing the 

conditions are right. Of the many possible methods of background subtraction, the 

linear type is by far the simplest. This is achieved by approximating a straight line 

between the signal on either side of the peak (see figure 3.2 a)). Everything under the 

base line is then removed from the photoelectron peak. This technique only really 

works well for photoelectron peaks that produce very small background increases, 

such as those due to the 0 ( ls )  and C(ls) orbitals in adsorbed species, and most of 

those produced in the valence region using photons in the ultraviolet energy range. It 

is however not suitable for use with the large background intensities often observed in 

the metal core-levels for bulk materials.

A second method, based on a numerical treatment devised by Shirley [2], is known as 

a non-linear background subtraction. It assumes that every point on the background
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arises solely from higher kinetic energy photoelectrons losing energy in inelastic 

collisions, thus making it proportional to the integrated photoelectron intensity to 

higher kinetic energy (see figure 3.2 b and 3.3).

A third method, developed by Tougaard [3], was based on a refinement of the Shirley 

model. The model was altered through the development of a general loss function, 

which was more closely related to the actual physics of inelastic scattering (see figure

3.2 c)). The alterations meant the Tougaard method required the use of a wider 

spectral range to help define the background when compared to the Shirley method.

There have been many other refinements and adjustments made to these original 

background subtraction methodologies, resulting in a wide range of additional and 

often tailored subtraction strategies. However in this work the Shirley background 

subtraction method was mainly used for XPS results, while the linear method was 

mainly used for the UPS results.

370 365 360 335 350 345 340 335 330 323
B U kcB M E B r(tV )

Figure 3.2: Example background removal from clean Th(4f) spectrum -  a) Linear, b)

Shirley, c) Tougaard methods
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>
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Figure 3.3: Non-linear background removal in XPS 

3.2.2 Additional complication o f  the actinide asymmetric tail

In addition to specifying the model used for the inelastic background removal, there is 

also a need to distinguish any intrinsic peak asymmetry present from the true inelastic 

background. The metallic actinide systems specifically suffer from this complication, 

as being typical narrow-band systems they are characterised by a high density of 

states (DOS) at the Fermi level N(Ef). The increased density of states results in 

significant low-energy losses by electrons scattered at the Fermi level into empty 

states, which in turn results in pronounced asymmetry [4]. The asymmetry only 

disappears when the intensity at the Fermi level also disappears, for example when the 

surface is oxidised. An example of the asymmetric peaks in the clean uranium metal 

signal, and the loss of them due to oxidation, can be seen in figure 3.4.
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Figure 3.4: U(4f) and He(I) spectra of uranium metal and uranium dioxide to highlight 

the asymmetric nature of the metal peak when compared to that of the oxide, and the 

high density of states (DOS) at the Fermi edge that are the cause of it

3.2.3 Inelastic background removal -  IPES

As mentioned above, a significant feature of acquired photoemission spectra is that of 

the inelastic background. However the source of that background can vary slightly, 

and depends on whether it is the forward (regular) or backward (inverse) version of 

the technique that is being studied. For inverse photoemission the steadily rising 

background signal occurs due to inelastic scattering of incident electrons, and is 

known to increase relative to decreasing initial state energy [5].

Unlike the regular photoemission technique, removal of the background from spectra 

from IPES is a far more subjective process, as there are no easily applicable standard 

methods (such as the Shirley, or Tougaard) available. The background used instead is
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a combination of a reverse Fermi function followed by a linear background (see figure

3.5 b)). This must be manually fitted to each data set through the manipulation of five 

key variables:

Fermi m = dictates the vertical size of the Fermi function

Fermi c = determines the position on the Y axis of the Fermi function

Linear m = determines the gradient of the linear function

Shift = determines the location of the Fermi function along the linear function

Temp = determines the steepness of the Fermi function

The successful removal of the background from a clean thorium metal IPES spectrum, 

via adjustment of the five variables detailed above, can be seen in figure 3.5 c).

at

C
Z>

S'±3
i

Linear m

Fermi m

Shift

Fermi c

Energy Above Fermi Level (eV)

Figure 3.5: a) the raw inverse photoemission data of clean thorium metal, b) the 

combined Fermi and linear function fitted to this data, and c) the result of the

background subtraction.
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3.2.4 Calibration

The binding energy scale o f all acquired spectra must be correctly calibrated before 

significant analysis can be carried out upon them. With the case of forward 

photoemission spectroscopy, the signal must be calibrated to compensate for possible 

charging effects upon the surface, and for any possible ‘drift’ from the ideal values 

due to the electronics used to capture the spectra (in particular the highly sensitive 

thermionic valves contained within the electronic control boxes). To achieve this, the 

clean metal signals are compared to the expected values, as obtained from the 

literature, and then calibrated to match them (an example of the difference in energies 

can be seen in figure 3.6). This difference between the expected and acquired values 

is then applied to the other spectra taken during the experiment. Special care has to be 

taken with this particular method, as it relies entirely upon the original spectrum being 

taken when the surface is completely clean.

Subtraction 
needed = 0.92 eV

Raw results = 
334.02 eV

Ideal peak position = 
333.1 eV

a

&it
I

325340 335 330345355 350360
Bmdmg Energy (eV)

Figure 3.6: A Th(4f) spectrum before calibration. The size of the ‘drift’ between the 

recorded value and the ideal value is highlighted.
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If pure metal signals are not available then alternative methods utilising the C(ls) and 

0 ( 1 s) are available. Comparison against the pure carbon signal located at 284.7 eV is 

a common method used for XPS calibration. In a similar fashion, when dealing with 

an oxide layer, the 0(1 s) signal can be used to calibrate the other peaks.

The process o f calibration for the inverse photoemission spectra is based upon the 

equipment itself, as opposed to the results acquired. The constant collection energy of 

the photon detector has to be taken into account and compensated for, as it has the 

effect of shifting acquired spectra upwards in energy. The work function of the 

filament in the electron gun also has to be accounted for as it results in a downwards 

shift in energy o f the acquired spectra. To compensate for the two different effects a 

fixed calibration factor for the equipment can be calculated using the following 

equation:

X  = h v  -  <l> Equation 3.1

Where X  is the value used to calibrate, hv is the energy o f the photons detected by the 

detector, and O is the work function o f the filament in the electron gun. For the 

system used hv was fixed at 9.5 eV and <l> was 2.4 eV, resulting in a calibration figure 

of X  = 7.1 eV. This was subtracted from the energy values for all the acquired inverse 

photoemission spectroscopy data.

3.2.5 Spectral smoothing

A poor signal to noise ratio for a peak may occur due to the low sensitivity of a 

particular element or core-level, or because o f time restraints limiting the number of 

scans possible (particularly relevant for the study of the highly reactive actinide metal 

surfaces). To compensate for this issue the raw data can be “smoothed”. Spectral 

smoothing in this way improves the signal to noise ratio, by means of reducing the 

noise component. However this must be accomplished without the shape and/or 

position o f the photoelectron peaks changing or distorting, which is something over 

use of smoothing techniques is prone to cause. One of the most commonly used 

methods for smoothing data was developed by Savitzky and Golay [6]. This uses a 

least squares approach, where a polynomial is fitted to the data over an odd number of
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points known as the smoothing interval. The degree of smoothing is seen to increase 

as the number of points in the smoothing interval is increased. The optimal number of 

points given by Proctor and Sherwood [7] is equivalent to 70 % of the data points 

comprising the full width half maximum (FWHM) of the peak. An example of 

smoothed and over-smoothed spectra can be seen in figure 3.7. The over use of the 

smoothing function has drastically reduced the sharpness of the data, and has 

significantly reduced the definition of the smaller component contained within the 

shoulder of the main signal.

Original Data

335 330 3253~0 355 350 345
Btuduts Ejmiky <eV)

340

Overly SmoothedSmoothed

Figure 3.7: Clean thorium metal Th(4f) spectrum followed by the resulting spectra 

after smoothing (single Savitzky and Golay (SG) Quadratic operation with a 

smoothing width of 5) and over smoothing (4 SG Linear polynomial operations with a

smoothing width of 9) of the signal.
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With the standard smoothing featured in figure 3.7 the energies, FWHM, and relative 

size o f the peaks remain almost identical after the smoothing operation has been 

earned out. This is in contrast to the overly smoothed spectrum where significantly 

different FWHM measurements (up to 0.5 eV wider) are seen, along with a decrease 

in the contribution of the smaller satellite (see section 4.2) towards the total acquired 

signal.

While spectral smoothing can help highlight some features (multiple overlapping 

oxidation states in particularly noisy data), it can also introduce spectral distortions, 

and as such no data presented in this work has undergone smoothing.

3.2.6 Spike removal

Occasional power surges within the system can result in spikes, and other irregular 

points appearing in the acquired photoemission spectra. The problem o f erroneous 

data points is particularly significant for the inverse photoemission experiments, as 

the normal signal rate detected is so low compared to other techniques (see section 

2.4.2). As such points could seriously affect any smoothing or curve fitting 

operations carried out it is imperative that they are addressed early on. The software 

used in this study (CasaXPS [8]) automatically detects and removes any such points. 

If any additional erroneous points still remain, removal through manual means is 

possible.

3.2.7 Spectral subtraction

The removal o f one spectrum from another can be achieved by a point-by-point 

subtraction o f the two data sets to leave a difference spectrum. The ability to do this 

is o f particular use when the peaks from different regions overlap, or when multiple 

oxidation states are present at the same time. For instance when studying uranium the 

shake-up satellites o f the U(4f) region partially overlap with the N (ls) region. 

Through removal o f the uranium component, a more accurate measurement of the 

N (ls) peak component is possible. This was of particular use when studying the 

affects o f ammonia adsorption on the uranium surface. The other case where 

subtraction is particularly useful is when multiple components o f the same peak
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overlap, and an accurate determination of the intensity of one of those components is 

needed. For instance, when the surface is only partially oxidised, the clean metal 

component can be subtracted to leave only the oxidised component, which is often 

needed to estimate oxide depth. An example of a useful spectral subtraction can be 

seen in figure 3.8. Figure 3.8 a) features two U(4f) spectra, the one in red being clean 

uranium, while the one in orange is after exposure to NH 3 . The resulting subtraction 

of the clean spectrum from the N H 3 exposed spectrum gives the signal seen in part b) 

of the figure. The spectrum after subtraction shows up the peak belonging to the 

N(ls) at 397 eV, but also demonstrates that the U(4f) signals themselves are altered 

by the NH 3  exposure (either a broadening effect, or a separate uranium component 

due to a uranium nitride species), as evidenced by their continued prominence after 

the subtraction.

aa

C

£
±3

N(ls)

360370400 390 380
Binding Energy (eV)

j t — 1— 1— |— 1— i— 1— j— 1— 1— r

400 390 380 370
Binding Energy (eV)

Figure 3.8: An example of the result of spectral subtraction in the U(4f) region. The 

red spectrum is of clean uranium while the orange spectrum is of uranium exposed to 

NH3. a) features the two spectra to be compared (red spectrum to be subtracted from 

orange spectrum) while b) is the resulting spectrum after subtraction.
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Spectral subtraction as a method has both advantages and disadvantages compared to 

the more general method o f curve fitting (see section 3.2.8). One advantage is that 

spectral subtraction provides a far clearer visual representation of partially or 

completely obscured signals than merely highlighting it with one of many curve 

shapes fitted to the data, as would be done as an alternative. Additionally, the actual 

shape o f the signal revealed through subtraction would be more accurate than the 

standard peak shape assigned through curve fitting, and would thus lead to more 

accurate measurements o f area and position. Probably the biggest of the 

disadvantages is that it needs a great deal o f care and attention to utilise it properly 

(arguably more than is needed to curve fit). The technique is very sensitive to the 

alignment and normalisation o f spectra, which must be carried out beforehand. 

Incorrect or careless subtraction can generate false results through the creation of 

artificial peaks and troughs in the resultant spectrum, and thus lead to an actual 

decrease in the accuracy o f the results.

3.2.8 Curve fitting

Photoelectron spectra often feature composite peaks, which are formed of overlapping 

components that can arise due to multiple chemical states being present on the 

surface. Curve fitting, whereby multiple Gaussian (or other) curves are fitted to the 

data, is used to resolve the different component peaks (see figure 3.9). Other various 

types o f curve can be used instead o f the Gaussian to increase the accuracy of the fit 

for the more asymmetric natured actinide results. Alternative curves include the 

Lorentzian, Gaussian/Lorentzian product form, Gaussian/Lorentzian sum form, and 

Doniach Sunjic [9,10].

After removal o f the inelastic background the curves are fitted using an iterative least 

squares fit [11]. The number o f components to be fitted is inputted based on the 

chemistry o f the system, and the computer software then varies the positions, peak 

heights, and FWHM in an effort to match up with the acquired data. Extreme care 

must be taken in the choice o f the number o f peaks, as this can be subjective and 

relies upon some knowledge o f the chemistry involved, and the use o f reference data. 

In the event o f certain parameters, such as the FWHM, having unreasonable and 

unrealistic values after fitting, many of the parameters can be specified or constrained
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to a set range in an effort to improve the accuracy of the fit. Again due care and prior 

knowledge is required to ensure that the overall fit and those of the individual 

components is both realistic and accurate.

n

365 360 355 350 345 340 335 330 325
Bmdmg Energy (eV)

f  igure 3.9: Th(4f) spectrum o f clean thorium metal curve fitted (with a Shirley 

background) to separate the main peaks from their associated satellite signals

3 3  Quantification

In order to calculate the surface coverage of the species present on the surface it is 

first necessary to compute the area o f the photoelectron peaks. Accurate peak fitting 

of the data combined with an appropriate background removal leaves just the 

photoelectron peak itself, which can then be integrated between two points on either 

side to calculate the area. Once the area of the photoelectron peaks is known the 

actual surface coverage of the species can be calculated via the Carley and Roberts 

method [12], which is a development of the original equation due to Madey et al [13], 

modified to include the photo-ionization cross section. The photo-ionization cross 

section i/i) gives the probability that an electron will be ejected from a particular
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orbital o f a particular atom. Values o f fx depend on the size and shape of the orbital as 

well as the ionising photon energy [14,15].

The Photo-ionization cross sections for both Mg Ka and A1 Ka radiation are given by 

Scofield [14] relative to the cross section of the C(ls) orbital. The value of // is also 

dependent on the angle o f detection with respect to the incident x-ray radiation (0), the 

corrected value (jx' ) being given by:

// = / / i - i
3 cos 0  -1

Equation 3.2

Where is the angular distribution asymmetry parameter calculated and tabulated by 

Reilman et aI [16]. The angle (0) for the ESCA-EELS spectrometer used in this study 

is the so-called ‘magic angle’ o f 55°, which renders the term 3cos2 0 equal to unity, 

resulting in /* '= //.

Madey et al [13] derived a first principles equation to relate the measured intensities 

o f photoemission from both a bulk metal, and an adsorbed layer. This was then 

modified at a later date by Carley and Roberts [12], resulting in the simplified form:

- j X " \  = —    Equation 3.3
L ( * m )  Mm^ ^ n y mXm{e,)cos^

where Ia(Xa) and Im(Xm) are the measured intensities of the x-ray photoelectron signals 

corresponding to the adsorbed layer, and metal substrate, respectively. The density of 

the emitting atoms in the metal is represented by «m, /im(e,) is the mean free path of 

photoelectrons from level Xm in the metal, and oa is the surface concentration of 

adsorbed species. The nJfi,Xa) and nJJ),Xm) values are the subshell photoionisation 

cross sections from the adsorbed and metal layers respectively, and 0  is the angle of 

collection (with respect to the surface normal) o f the photoelectrons.
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The equation for calculating surface concentrations was then updated to the following 

form:

_  _  K E a  „  I  a  w M s n * s P s  c o s ^
g A = * —  x --------------------- Equation 3.4

where,

<r = Surface concentration (cm 2)

A = Adsorbate 

S  = Substrate

/  = Integrated peak intensity 

KE  = Kinetic energy

p  = Modified photoionisation cross section 

0  = Photoelectron take-off angle with respect to the surface normal 

N  = Avogadro’s number

As = Escape depth o f photoelectrons through the substrate 

Ms = Molar mass o f substrate 

ps = Substrate density

The equation can be further simplified, as many o f the parameters are constant for a 

particular adsorbate, substrate, and spectrometer. The simplified form is as follows:

a  . -  —  x A Equation 3.5
I s

where A is a constant for a particular substrate/adsorbate system.

The Carley-Roberts equation (equations 3.3 and 3.4) relies on the assumption that 

there is no attenuation of adsorbate photoemission intensity. It is because of this that 

surface coverages greater than one monolayer are underestimated, as the scattering of 

the adsorbate above this level of coverage cannot realistically be considered 

negligible. Once the surface coverage is much greater than a monolayer in size, film 

thickness calculations must then be undertaken in order to calculate the actual surface 

coverage.
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3.3.1 Inelastic mean free path and film  thickness calculations

Calculation of the inelastic mean free path (1MFP) X, introduced in chapter 2, has 

recently been improved via a modification to take the physics of the scattering process 

more into consideration. Tanuma et al [17] have developed the following analytical 

expression for X (referred to as TPP-2):

X = E l\E p'\p \n (yE )-(C  / E ) + ( p i  E 2^  Equation 3.6

Where,

X = the 1MFP (in A)

£  = the electron energy (in eV)

Ep = 28.8 (Nvp / M)m  and is the free-electron plasmon energy (in eV) 

p  = the density (in g cm*3)

Nv = the number o f valence electrons per atom (for elements) or molecule (for 

compounds)

M  = the atomic or molecular weight

/?, y, C\ and D in equation 3.6 are adjustable parameters used to try and fit the 

calculated IMFPs to those experimentally measured. Analysis o f the various values 

of /?, y, C, and D derived from the fits to the IMFPs for a variety of elements (27) and 

organic compounds (14), yielded the following expressions in terms of material 

parameters [17]:

P -  0.10 + 0.944/{fip + +0.069p01 Equation 3.7

y = O.191p 050 Equation 3.8

C = 1.97 -  0.91 U Equation 3.9

D  = 53 .4 -20 .8 f/ Equation 3.10
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U = Nvp !  M  -  Ep2 /829.4 Equation 3.11

where Eg is the band-gap energy (in eV) for non-conductors (the work was carried out 

on organic non-conductors such as polyethylene, DNA, and Guanine [17]. This new 

formalism, TPP-2M as it is known, has been applied to elements, inorganic, and 

organic compounds and shows much improved and reduced RMS deviations from 

values calculated from optical data results than was seen with the original TPP-2 

formulation [ 17,18].

To calculate the thickness o f an adsorbed layer two different methods were used. One 

method involved the use o f ARXPS [ 19] and ARCtick [20] computer software, both 

of which attempted to give an approximation o f the thickness of the adsorbed layer. 

A second method, for use where larger surface coverages are involved, can estimate 

the thickness (d) o f the adsorbate, based on the attenuation of the substrate signal. 

The equation is;

'0

where

I -  cos#
— = e A Equation 3.12

/  = integrated substrate intensity after film deposition 

lo = integrated intensity o f the clean substrate 

d  = film thickness

/  = inelastic mean free path o f the substrate photoelectrons through the 

adsorbed film

0  = photoelectron emission angle with respect to the surface normal

Both methods used for calculating the surface thickness of the adsorbate require 

certain assumptions to be taken into account. For instance both the substrate and 

adsorbed species are assumed to be homogeneous in composition and structure, with 

the adsorbed species also assumed to be covering the surface to a uniform depth. It is 

because o f these assumptions that great care must be taken when utilizing either of 

these methods to predict surface thickness.
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4.1 Introduction

This chapter focuses on the interactions between ammonia, water, oxygen and the 

surface of thorium metal.

Thorium, the most abundant o f the actinide elements [1], has an electronic structure of 

[Rn]6d27s2. Being the only element in the actinides to lack any 5f electrons, thorium 

is an especially useful element for investigating the effect valence f  electrons have on 

surface reactions. As was explained in section 1.1, both the physical and chemical 

properties o f the light actinides are influenced heavily by the 5f electrons, with 

research into their behaviour being o f fundamental interest [2-5]. Through 

comparison of thorium with other actinide elements (such as uranium) that do possess 

valence f  electrons, researchers have in the past attempted to distil the effect that they 

have on surface bonding [6-12]. Comparisons can also be made with cerium which 

occupies an analogous position in the lanthanide series. Cerium, unlike thorium, does 

contain valence f  electrons; however as was mentioned in section 1.1, the 4f electrons 

o f the lanthanides have been shown to behave very differently to the 5f electrons of 

the actinides [2-5]. While much research has already been undertaken the work is far 

from complete, as it has been noted that there are still many unanswered questions 

relating to the 5f valence electrons and the actinides in general [13].

Thorium metal will allow us to investigate a 5f° system and the behaviour of the 6d7s 

valence electrons, whilst also providing a base to compare and contrast the results 

acquired from a valence f  electron containing element like uranium.

4.2 Clean thorium

Before examining the results of any reactions upon the surface, it is important to 

understand some key points about photoelectron spectroscopy of thorium. All 

photoelectron spectra were acquired using SPECTRA software [14] and analysed 

using CasaXPS software [15]. For the x-ray photoemission spectra in particular it is 

important to note that as thorium has an open f  shell with two degenerative states, the 

effect of spin-orbit coupling (see section 2.3.3.4 d) results in the splitting of those 

degenerate states into two peaks. The two peaks correspond to Un and iia final states
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with the ratio between the peak areas being 3:4. The peak shapes are complicated by 

satellites, resulting from two specific mechanisms. In addition to those due to the 

non-monochromated x-ray source, as detailed in section 2.3.4.1, there are additional 

intense satellites unique to thorium that result in the Th(4f) signals being made up of 

two distinct components, both of which can be seen in figure 4.1. The smaller 

component, which made up approximately 30 % of the total signal, was centred at 

approximately 2.5 eV higher binding energy than the main peak, and was a satellite 

resulting from a shake-up transition involving the thorium 6d electrons [16,17]. 

While the satellite was due to the screening of the 4f hole involving the 6d electrons, 

the main lines were due to screening by the 5f states, which are above Ef in the 

ground state, but become populated in the presence of the core hole [18]. The satellite 

is particularly troublesome, as it is located at a binding energy very similar to thorium 

oxide at 335.2 eV. This will be seen later on in the spectra acquired after exposure to 

water and oxygen.

2.5 eV2.5 eV

Ka? j  x-ray 
induced satellites

335 330 325340345355 350360
Binding Energy (eV)

Figure 4.1: Th(4f) spectrum for clean thorium highlighting both the large satellite 

components situated at 2.5 eV higher binding energy than the principle signals, and

the Kef? 4 x-ray induced satellites
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The combination of the distinctive satellite and the asymmetric nature of the actinide 

metal peaks (explained in section 3.2.2) combine to make thorium a challenging 

subject for x-ray photoemission studies.

As was explained in section 2.3.2.1, the binding energies observed by XPS are 

characteristic for each element. In the case of thorium the two primary signals in the 

Th(4f) region, the Un and fz/2, have known values for the pure metal. Figure 4.2 

shows the Th(4f) spectra of clean thorium at both "'ambient” (298 K), and “cryogenic” 

(100 K.) temperatures. For all the cryogenic experiments carried out the sample was 

cooled down via a continuous flow of liquid nitrogen through internal pipes running 

the length of the sample probe. The peak positions of 342.4 eV and 333.1 eV 

corresponded to Th and Th Afyn respectively [10,16]. As can be seen in the 

figure, there were no significant differences between the spectra acquired at the two 

different temperatures, which was to be expected as the same allotrope of thorium is 

stable at both temperatures. The alternative allotropes of thorium are only seen at 

temperatures in excess of 1500 K.

298 K

100 K

330 325340 335345350360 355
Bmcbng Energy (eV)

Figure 4.2: Th(4f) spectra for clean thorium acquired at 298 K and at 100 K
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As the process o f cooling down the sample to cryogenic temperatures takes upwards 

of 30 minutes, it could be expected that any residual water or other molecules in the 

vacuum would contaminate the clean surface. That the surface remains largely the 

same is a strong indicator o f the clean condition of the vacuum system.

The ultra-violet photoelectron spectra o f thorium, at both ambient and cryogenic 

temperature, can be seen in figure 4.3. These were both acquired after the surface had 

been sputtered, removing most o f the contaminants, to create a clean surface. The key 

valence band (6d7s) states could be seen extending from Ef upwards in binding energy 

towards 4.0 eV, with the two key components at approximately 0.8 and 2.0 eV. At 

binding energies higher than 4.0 eV, when the signal from the valence states has 

largely disappeared, a new signal centred at 7.5 eV appeared. The position of this 

intense broad signal appears to correspond approximately to that of a shifted oxygen 

species [19,20], the presence o f which can be attributed to both residual oxygen in the 

vacuum, and bulk oxygen in the sample itself. Owing to the increased surface 

sensitivity o f UPS in comparison to XPS, the oxygen contamination seen in the 

acquired ultra violet spectra o f figure 4.3 was considerably more noticeable than in 

any corresponding 0 ( ls )  x-ray photoelectron spectra taken at the time (a factor which 

will be important in section 4.3.2).

While the two spectra in figure 4.3 were largely similar there was some variation 

between the two, specifically related to the signal due to oxygen contamination. The 

signal at the colder temperature appeared to be more intense, which supported the idea 

that the contamination o f the surface was due to residual oxygen species in the 

vacuum, as if that were the case a greater quantity would be expected to be adsorbed 

at the lower temperature. The fact that the UPS results disagree with the assessment 

o f the cleanliness o f the vacuum made above, upon examination of the XPS results, 

provides a good example o f the benefit of the increased surface sensitivity of the 

technique.
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Green = 298 K 
Red =100 K

as

C

±J

14 12 10 68 4 2 0 -2 -4
Binding Energy (eV)

Figure 4.3: Height normalised He(I) spectra of thorium after sputtering, acquired at

both 298 K and at 100 K

The inverse photoelectron (1PE) spectra of clean thorium, at both ambient and 

cryogenic temperatures, can be seen in figure 4.4. The background has already been 

fitted and subtracted utilising the methodology detailed in section 3.2.3. After 

processing, three distinct components remained constituting the majority of the 

spectrum. The two principle signals that can be seen were located at 1.4 and 3.2 eV 

above the Fermi level. An additional less intense, but broader visible signal was 

centred at 6.9 eV.

The spectrum of a clean actinide metal should be dominated principally by the 

unoccupied states that correspond to the spin orbit doublets of the 5f and 6d states. 

However, as was mentioned in section 2.4.3, the energy of the photons being detected 

was centred around 9.5 eV. At this energy only the 6d states would be detectable as 

the photoionisation cross-section towards the 5f orbitals is essentially non-existent 

[21,22]. However the 5f unoccupied orbitals could be detected if there was band 

hybridisation in place, which a review by Moore and van der Laan has revealed to be
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the case [13]. So the principle signals seen at 1.4 eV and 3.2 eV can be safely 

attributed to the hybridised 5f and 6d states. The broader and less intense signal seen 

at 6.9 eV was likely due to a small residual oxygen component. Thorium atoms 

bound to oxygen species on the surface would produce a different signal in the IPE 

spectra than those bound only to other thorium atoms. The signal at 6.9 eV was likely 

due to the thorium atoms in contact with oxygen, and as such could correspond to a 

hybridised 5f6d final state. The presence of residual oxygen on the surface was in 

agreement with the UPS results above, where the effects of the oxygen contamination 

were also seen.

"i—i—i—|—i—i—i—|—i—i—i f —i—i i j n  i p

0 2 4 6 8 10
Energy Above Fenrn Level (eV) Energy Above Ferrm Level (eV)

Figure 4.4: Inverse photoemission (IPE) spectra for clean thorium metal at a) 298 K

and b) 100 K. The data is presented both before and after normalisation to aid

comparison

Background subtracted Background subtracted 
Normalised data

Figure 4.4 also featured the normalised results of the experiments carried out at both 

temperatures, allowing direct comparison between the two, which showed up only 

cosmetic differences. The two principle signals and the single secondary signal were 

all present at the reduced temperature; however they were located at slightly different
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energies. This energy shift was due to both the general decrease in intensity of the 

signal (mentioned below), but also the specific decrease in intensity o f the peak at 

lowest energy, with respect to the other components. This intensity difference of the 

lowest energy peak was sufficient enough to have a knock on effect upon the peak 

fitting process (see section 3.2.8), thus altering the calculated positions of the 

components. The reason behind the decrease in intensity o f the lowest energy signed 

may be down to the process o f cooling used. As was mentioned above, a flow of 

liquid nitrogen through the probe on the system was used for the cold temperature 

experiments, with a period o f at least 30 minutes needed for the sample to reach its 

lowest temperature. It has been shown above, while considering the UPS of clean 

thorium, that the amount o f residual oxygen in the vacuum chamber is significant 

enough to contaminate the surface during, and after, the cooling process. The 

contamination may have been sufficient enough to result in the drop in intensity seen. 

The reason that only the lower energy o f the two signals dropped in intensity may be 

that the unoccupied states responsible for it were the ones that became occupied upon 

reaction with the residual oxygen in the chamber.

An additional difference between the spectra acquired at the two different 

temperatures is that o f the total intensity. The total intensity of the signal seen at the 

lower temperature was considerably less than that seen at the higher temperature, as 

could be seen in the non-normalised results. While variation in intensity can 

sometimes be down to the actual electronic environment of the sample, in this 

particular example however, where the environment stayed the same, that clearly 

cannot be the case, and there was another cause for what was observed.

It is in fact a very significant feature o f the experimental setup used to carry out the 

inverse photoemission studies; that it often leads to a wide variation in the intensity of 

spectra acquired. The setup has demonstrated itself to be extremely sensitive to even 

very small changes in the positioning of the sample, electron gun, or detector, which 

can be explained by the extremely small signals being detected (the detected signal is 

routinely below 20 counts per second). Additionally, the electron gun is extremely 

variable in its output, the results o f which are easily seen with the picoammeter 

attached to record the sample current. The maximum sample current seen for a 

specific filament current varied, along with the relationship between electron energy

- 9 8 -



Chapter 4 -  The interaction of thorium with water and ammonia

and detected sample current. While the effect of the electron gun upon the actual 

shape o f the spectra acquired was nullified by means of the modification method 

explained in section 2.4.3, this does not account or compensate for general changes in 

total intensity. This is why the spectra, particular those taken on different days, could 

vary so significantly with their intensities.

43 Adsorption of water (H2O) on clean thorium

4.3.1 Introduction - the thorium and water system

The reaction o f water with the radioactive actinide elements is of particular interest as 

water is one o f the most likely contaminates that could come into contact with them 

whilst in storage. The risk o f general corrosion, and the more important specific risk 

that the radioactive emission could exacerbate the problem of dissociative adsorption 

upon the surface, and lead to the release o f considerable quantities of O2 and H2, has 

led to a considerable quantity o f research being undertaken, especially on uranium 

[7,9,23,24]. The thorium/water reaction on the other hand has not been studied 

anywhere near as much, but with the likelihood that its use as a nuclear fuel will 

expand in the future, possibly dramatically, the need to fully understand the reaction 

will intensify on the grounds of safety [25-27].

The effect o f exposure o f thorium to water has been previously investigated, for 

instance by Nomes and Meisenheimer [9] who studied it at 120 K. However it is 

important to note that the research by Nomes and Meisenheimer, and others of the 

period, was undertaken before the large satellite in the XPS spectra o f Th(4f) had been 

properly identified, and was thus mistakenly attributed to a thorium oxide.

In addition to the corrosion reasons noted above, and the more general investigation 

of the 5f  electrons, it is also o f interest to study the reaction of water upon the surface 

o f thorium as the results can be compared against those from thorium exposed to 

oxygen, providing an insight into the oxidation process.
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4.3.2 Experimental results -  XPS and UPS

The effects o f gradual exposure o f clean thorium metal to increasing quantities of 

background dosed H2O at approximately 298 K can be seen in figures 4.5 to 4.8. In 

the Th(4f) region (see figure 4.5) the H2O oxidised the thorium surface resulting in the 

appearance o f the thorium oxide peak at 335.2 eV. When compared to the work 

carried out by Nevitt [11] (which is backed up by McLean et al [10]) on the oxidation 

of thorium with O2 (the thorium and oxygen system), there was a pronounced 

difference in the magnitude of exposure necessary to generate similar looking oxide 

peaks in the Th(4f) region. To generate the same intensity oxide signal the exposure 

needed to be approximately 20 times greater, so 100 Langmuirs of H2O was needed to 

match the effect o f 5 Langmuirs o f O2 [11]. While it may simply be due to differing 

reaction probabilities o f the two reagents for the thorium surface, additional factors 

related to the reagents may potentially be involved. One important factor is the ratio 

o f oxygen atoms in H2O and O2, which is 1:2 respectively, and also the availability of 

oxygen atoms formed by the splitting of O2 on the surface. An additional factor that 

possibly contributes to the discrepancy is the nature o f the reactions taking place on 

the surface between the hydrogen and thorium atoms. After the water adsorbs and 

dissociates upon the surface, the resulting hydrogen atoms could end up occupying 

the vacant sites, preventing further H2O molecules from reacting with the surface. 

With few free sites the additional H2O molecules could instead hydrogen bond to the 

oxide and hydroxide species already present on the surface, thereby preventing and 

eliminating the chance of them then adsorbing directly to the thorium and dissociating 

to provide the oxygen atoms needed to form ThC>2.

It was noted above that the thorium oxide peak is located very close in binding energy 

to the large thorium satellite. As the exposure to H2O increased, the signal due to the 

satellite became obscured by the growing oxide peak. By 100 Langmuirs exposure 

the oxide peak was the dominant feature, with the thorium metal peak only making up

18.6 % o f the total signal. Clearly the continuing presence of the unoxidised metal 

signal in the Th(4f) region indicates that metallic thorium is still in the near surface 

region, as the technique of XPS is only capable of analysing down to -50  A. The 

signal was most likely to be from thorium metal that was completely submerged by 

the oxide and hydroxide layers above, as the explanations offered for the relatively
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slow oxidation of the surface with H2O as opposed to O2 rely upon the blocking of 

surface sites, and the unavailability of the pure thorium metal. Based upon the idea of 

distinct layers, the depth of the oxide/hydroxide layer was calculated to be 

approximately 25 A thick. The concept of surface layers, and their thickness, is 

explored in greater detail later (see page 102), with the support of coverage 

calculations.

H20  adsorption at 298 K Th Metal Th(4f)

1 0 0 - 'W'

CO

a

£ 40

350 340 330370 360
Binding Energy (eV)

Figure 4.5: Th(4f) spectra for clean thorium exposed to increasing quantities of H2O

at 298 K

After 100 Langmuirs of H2O exposure the signal from the clean thorium metal at

342.4 appeared noticeably larger than that of the one at 333.1 eV. This was due to the 

presence of a shake-up satellite situated at 343 eV which contributed to the lower 

binding energy side of the Th(4f5/2) peak. The existence of this satellite was 

confirmed by the visible presence of the second shake-up satellite, at approximately 

352 eV, which was expected because of spin-orbit coupling. Satellites at these 

energies are characteristic of bulk TI1O2 [28].
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It can be seen in figure 4.6 that there were two distinct components in the 

corresponding 0 (ls) spectra, as opposed to one which was seen in the thorium and 

oxygen system [10,11]. The smaller peak at 532.6 eV, which made up 40 % of the 

total signal, was due to OH' species, as opposed to the O2' species that form ThC>2, 

which were responsible for the larger peak at 531.0 eV [10]. 531.0 eV is the same 

binding energy for the O2* species as has been reported for exposure of thorium to 

pure oxygen [10,11]. Again, when compared to the work carried out by Nevitt on the 

exposure of thorium to oxygen, the 0 (ls) spectra confirm the fact that the oxidation of 

the surface with H2O requires approximately 20 times greater exposures to generate 

the same 0 ( 1 s) signal [11].
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Figure 4.6: 0 ( 1 s) spectra for clean thorium exposed to increasing quantities of H20  at

298 K

By plotting the coverage of surface oxygen species, calculated from the O(ls) spectra 

using the Carley-Roberts equation [29] (see section 3.3 for details), against exposure 

to H20 , it is possible to note any trends in surface coverage. Figure 4.7 shows the 

coverage versus exposure graph for the reaction of H20  with thorium. The 

calculations carried out suggest the presence of multiple layers of adsorbate. Based
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on the theoretical value for the number of active sites on the surface, 1 x 1 0 15 sites per 

cm , after 100 Langmuirs the coverage was approaching the equivalent o f 13 layers. 

Calculation of the thickness o f the adsorbed layer, utilising the equation given in 

section 3.3.1, returned a value of 25 A, which supports and agrees with the high 

multilayer coverage displayed in the figure.

The multilayer formation is possible due to the mechanism for the oxidation of 

thorium with water. Initially the incoming H2O molecules adsorbed and dissociated 

directly on the thorium metal surface to form the oxide. After the formation of the 

first layer o f oxide on the surface, additional oxidation relied upon the process of 

diffusion. The oxygen atoms supplied by the incoming water molecules, in the form 

of hydroxide ions, would diffuse through the oxide layer to reach the thorium/oxide 

interface, where they would then undergo reaction to form additional oxide. So the 

observation that multiple layers o f oxide formed upon the surface is both explainable 

and expected.

It can be seen in figure 4.7 that the relationship between the calculated coverage and 

the exposure to H2O does not follow the “standard” form. Instead of the rate of 

coverage increase beginning high, and decreasing upon further exposure, which 

would be expected, the rate remained stable until 50 Langmuirs, where it proceeded to 

increase dramatically. Only after this did the rate then proceed to decrease, as the 

surface coverage headed towards a saturation value. The period between 50 and 75 

Langmuirs, when the coverage dramatically increased, coincided with a significant 

increase in the proportion o f the signal in the O (ls) spectra being due to OH'. It is 

possible that the unexpected relationship between the calculated coverage and the 

exposure was the result o f the experimental method used. From 0 to 50 Langmuirs 

the exposures were carried out in 10 Langmuir intervals, with each exposure being 

undertaken at 10' 7 mbar and lasting a duration of 100 seconds. From 50 to 100 

Langmuirs the exposures were carried out in 25 Langmuir intervals, with each 

exposure again being undertaken at 10‘7 mbar, but this time lasting a duration of 250 

seconds. As the mechanism for the formation of the oxide relies upon the adsorption 

and dissociation of H2O to form OH', which then diffuses through the adsorbate, it is 

possible that the equilibrium at the surface is influenced by the duration of the 

exposures. If the equilibrium on the surface between the adsorption and desorption
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processes only adjusts slowly to changes in the system, it is possible that the extended 

duration under which the surface was exposed to incoming H2O molecules could have 

driven the equilibrium further to the side of adsorption, thus facilitating an increase in 

dissociation, and therefore a significant increase in surface coverage. That there was 

not a similar significant increase when the total exposure increased from 75 to 100 

Langmuirs was most likely due to the surface approaching saturation. The oxidation 

of thorium with O2 has previously been shown to be diffusion limited, as the growing 

layer of oxide retards the diffusion of oxygen ions [11], so it is probable that the 

oxidation of thorium with H2O is also diffusion limited, in this case reaching 

saturation after the adsorbate had grown to a thickness of 25 A.
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Figure 4.7: Adsorption of water on thorium at 298 K: calculated surface concentration 

of oxygen species plotted against exposure to H2O

Figure 4.8 shows the corresponding He(I) UPS spectra acquired during the H2O 

exposure experiments. With increasing exposure to H20  a number of different peaks 

became visible in the region. Comparisons of the peak positions against reference 

values acquired for gaseous H2O were used to help assign the observed signals [30- 

33]. The peak at approximately 5.5 eV corresponds to the lbi molecular orbital 

(overall non bonding [30]), while the partially hidden smaller peak at approximately
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8.0 eV relates to the 3ai molecular orbital (overall bonding [30], H-H bonding 

character [31,34]). An intense peak at approximately 5.5 eV has also been reported in 

the valence band of thorium after exposure to pure oxygen [10,11]. The final peak at 

approximately 11.1 eV corresponds to the lb^ molecular orbital (overall bonding [30], 

O-H bonding character, H-H antibonding character [31]), of the gaseous molecule 

[32-34]. Figure 4.9, taken and adapted from “The Organic Chemist's Book of 

Orbitals” by W. L. Jorgensen and L. Salem [30], provides a visual representation of 

the various orbitals of gaseous water just described.

H20  adsorption at 298 K Th Metal

1bi

100

75

010
Binding Energy (eV)

Figure 4.8: He(I) spectra for clean thorium exposed to increasing quantities of H20  at

298 K

Between 50 and 75 Langmuirs of H20  exposure the signal at the Fermi edge largely 

disappeared. This loss of the metallic 6d7s states close to the Fermi edge is 

understandable and agrees with the fact that thorium metal, like most actinides, has a 

high density of states (DOS) located at the Fermi edge, while thorium dioxide, which 

is an insulator, does not. Again, as with the XPS results and the calculated surface 

coverages, there was a noticeable increase in the signal recorded in the spectra 

between 50 and 75 Langmuirs. As well as an overall increase in intensity, the peaks
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corresponding to the lb | and 3ai orbitals increased in size compared to that of the lt>2 

orbital. The increase is likely connected to the proportion of hydroxide making up the 

total oxygen signal, which was also seen to increase between 50 and 75 Langmuirs 

H2O exposure.
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Figure 4.9: Visual representations o f the orbitals of gaseous water -  taken and adapted 

from “The Organic Chemist's Book Of Orbitals” by W. L. Jorgensen and L. Salem

[30]

When the water exposure experiments were repeated at a temperature of 100 K, 

distinctly different results were acquired, as can be seen in figures 4.10 to 4.14. As 

before the addition of H2O resulted in the oxidation of the thorium; however the two 

experiments deviated between 50 and 75 Langmuir exposure. Unlike the experiment 

run at ambient temperature, where the thorium oxide signal seen in the Th(4f) region 

continued to increase, the move from 50 to 75 Langmuirs at 100 K resulted in the 

disappearance of the Th(4f) signal in its entirety (see figure 4.10). This can be 

attributed to the formation of a layer o f solid H20  on the surface of the thorium that 

attenuated the signal from the thorium to the point where it could no longer be seen.
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Figure 4.10: Th(4f) spectra for clean thorium exposed to increasing quantities of H20

at 100 K

The differences between the two temperatures was also clearly visible in the O(ls) 

region (see figure 4.11). The results remained the same up until the increase from 30 

to 40 Langmuirs exposure. After 40 Langmuirs exposure at 100 K a third distinct 

component became visible. This new component which made up 30 % of the total 

signal, and was centred at 534.9 eV, can be attributed to physisorbed H20  on the 

surface of the sample. The three component spectrum seen after 40 Langmuirs 

matched up very well to the results seen by Nomes and Meisenheimer [9] in their own 

studies, after they exposed their thorium sample to 40 Langmuirs.

Further exposure to H20  caused the newly formed third component at 534.9 eV to 

dramatically increase in intensity. Figure 4.12 shows the results acquired upon 

continuation of the dosing up to 50, and then 75 Langmuirs. The component resulting 

from the physisorbed H20  increased both in size, and binding energy, as the exposure 

was increased. At 40 Langmuirs it was centred at 534.9 eV, at 50 it had increased to

535.3 eV, and finally at 75 Langmuirs it had shifted to 535.6 eV. The shift in energy
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is possibly due to increases in the strength of the hydrogen bonding, due to the 

expanding depth of the layer of solid H2O.

0
t  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1— T 1 1 1 r

540 530
Binding Energy (eV)

Figure 4.11: 0 ( ls )  spectra for clean thorium exposed to increasing quantities of H2O

at 100 K

H20  adsorp tion  a t 100 K
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The increases seen in the O(ls) region upon increasing exposure up to 75 Langmuirs 

coincided with the disappearance of the Th(4f) signal mentioned previously, as the 

layer of solid H2O became the dominant factor and source of all detected 

photoelectrons, thus blocking off the signal in the thorium region. The growing layer 

of physisorbed ice predictably also led to the attenuation of the signals due to OH' and 

O2' species, which were completely lacking in the 75 Langmuir spectra.

Figure 4 .13 shows the coverage versus exposure graph acquired when the H2O 

exposure experiment was repeated at a temperature of 100 K. As with the results 

acquired at 298 K (see figure 4.7), the relationship between the two variables again 

deviated from the “standard” form. The rate of coverage increase remained relatively 

stable until 30 Langmuirs exposure, where it proceeded to accelerate rapidly up until 

50 Langmuirs exposure, upon which it then proceeded to decrease again. Upon
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reaching 75 Langmuirs exposure the coverage values appeared to be beginning to 

saturate; however it cannot be concluded for certain whether the surface species 

would have reached equilibrium without additional results being acquired.

H20  adsorp tion  a t 100 K Th Metal

75

20

540 534.9 cV 530
Binding Energy (eV)

Figure 4.12: 0{ls) spectra for clean thorium exposed to increasing quantities of H20

at 100 K.

The sudden increase in the rate of growth of the adsorbate on the surface, upon the 

exposure rising above 30 Langmuirs, coincided with the appearance of a signal from 

physisorbed H20 , and an increase in the OH' signal, in the O(ls) spectra. It is 

possible that the probability of incoming H20  molecules physisorbing onto the 

surface was enhanced through the presence of oxide, and more importantly hydroxide 

species, on the surface. So as the proportion of the hydroxide signal in the O(ls) 

spectra increased and became more prominent upon the exposure rising above 30 

langmuirs, a dramatic increase in the physisorption of H20  molecules also occurred, 

leading to the observed sudden increase in the rate at which the adsorbate grew on the 

surface.
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16The total surface coverage after exposure to 75 Langmuirs of H2O was 3.0 x 10 

atoms per cm2, more than double the value calculated for the reaction at 298 K. This 

can be attributed to the fact that at 100 K the incoming H2O was capable of 

physisorbing to form layers of solid water. It is because of this that the adsorbate 

grew beyond the thickness observed at 298 K, which was limited by the diffusion 

capabilities of the surface species.
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Figure 4.13: Adsorption of water on thorium at 100 K: calculated surface 

concentration of oxygen species plotted against exposure to H2O

Figure 4.14 shows the corresponding He(I) UPS spectra acquired during the H2O 

exposure experiments at cryogenic temperature. As in figure 4.8, exposure to H2O 

resulted in a number of different peaks becoming visible in the region. Up to 60 

Langmuirs exposure, the results were relatively similar to those seen at ambient 

temperature. The 1 b2 molecular orbital peak at 11.1 eV was present; however the 

large peak at approximately 7.0 eV could not be as easily resolved into the separate 

components that correspond to the lbi and 3ai molecular orbitals. This may be due to 

the thick layers of physisorbed H2O which were shown to be forming by 60 

Langmuirs exposure in figures 4.10 and 4.12. The spectra acquired at 80 and 100 

Langmuirs exposure showed the effects of the growing layer of ice on the surface.
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Hydrogen bonding, when in the solid state of ice, severely affects the 3ai molecular 

orbital, causing it to appear significantly broadened and dominate the spectra, leading 

to the results seen [35].

H20  adsorp tion  a t 100 K Th Metal
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20

1 0 0
Binding Energy (eV)

Figure 4.14: He(I) spectra for clean thorium exposed to increasing quantities of H20

at 100 K

4.3.3 Experimental results -  IPES

Inverse photoemission experiments examining the exposure of thorium to water were 

carried out separately from the forward photoemission experiments; however, the 

same two temperatures were investigated, and similar comparisons were made against 

the thorium and oxygen system.

The IPE spectra of thorium after exposure to H20  at 298 K can be seen in figure 4.15. 

This system was the first to demonstrate the instability that can be caused by the low 

energy electron beam incident upon the surface. The left side of figure 4.15 features 

the raw data taken over a period of 80 minutes displayed in chronological order. 

After the first 4 minute scan a single broad peak was visible centred at 5.0 eV. This in
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itself was composed of two separate components located at 4.1 and 5.7 eV that 

contributed 47 % and 53 % of the total peak respectively.
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Figure 4.15: IPE spectra for thorium exposed to 500 L of H2O at 298 K. The left 

features the raw data taken over a period of 80 minutes chronologically ordered. The 

right features the background subtracted data taken between 0-4 minutes and 76-80 

minutes, with lines to highlight the shift in position

During the course of the next 76 minutes the sample was scanned 19 more times, 

detailing the gradual effect of the electron beam on the sample. By the end of the 80 

minute experiment the observed broad peak had shifted 1.0 eV up in energy, so that it 

was centred at 6.0 eV. The two separate components had not only shifted upwards in 

energy, to 5.1 and 6.6 eV, but also shifted their relative contributions to a 50 % to 

50 % split. In addition to the shift in energy, the intensity of the acquired signals also 

increased significantly over the course of the experiment. While a small part of this 

may be caused by the inherently variable nature of the low energy electron gun, the 

main cause will again be the instability of the surface under the electron beam. It is
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possible the low energy electrons stimulated desorption of the more loosely held 

hydroxyl species from the surface, or led to their rearrangement into the oxide. This 

could lead to a noticeable change in intensity of the spectra, as the bonds formed with 

the differing species would result both in different unoccupied orbitals being present, 

and in different intensities o f those orbitals.

The right side of figure 4.15 features the background subtracted results of the 

experiment. Two separate interpretations of the final acquired 4 minutes spectrum 

can be seen indicated as (a) and (b). The difference in interpretation is due to a 

noticeable tail of increasing signal towards the higher energy range. This feature adds 

a new level o f subjectiveness in the application of the background signal removal step 

(see section 3.2.3.) Figure 4.15 (a) follows an attempt to account for, and fit to, the 

tail o f increasing signal. While this appears to provide a better fit towards the higher 

energy of the spectrum, it also results in an unwanted positive signal at 0 eV, which 

would lead to the sample having a non existent or negligible band gap. After being 

oxidised by the presence o f H2O, a large portion of the sample was shown to be 

thorium dioxide by XPS, which being an insulator, does have a band gap, making the 

interpretation in figure 4.15 (a) wholly unlikely.

The alternative interpretation detailed in figure 4.15 (b) makes no attempt to account 

for the tail o f increasing energy, treating it as part of an additional unoccupied state, 

the majority o f which is located outside o f the range of energies scanned. By 

acknowledging the existence o f the additional unoccupied states, the removal o f the 

background no longer results in an unwanted positive signal at 0 eV, which is more in 

keeping with the insulating properties of the sample.

IPES measurements o f H2O adsorption were repeated at 100 K, with the results split 

into two parts owing to the two distinct phases of surface coverage. The initial 

coverage of the surface up until 40 Langmuirs is shown in figure 4.16; while the 

secondary ice dominated coverage of the surface above 40 Langmuirs is shown in 

figure 4.17. For the first phase there was a significant difference between the 298 K 

experiment (500 Langmuirs) and the 100 K experiment (40 Langmuirs). 40 

Langmuirs was chosen as the three different components in the O(ls) region were 

most visible after this exposure. Any greater exposure would lead to the quick
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formation of multiple layers of ice on the surface. As there is no danger of ice 

formation at 298 K regardless of exposure, the 500 Langmuirs used is acceptable for 

comparison against the 40 Langmuirs used at 100 K.

Background subtracted 
Normalised data

C

298 K

100 K

80 2 4 6 10
Energy Above Fermi Level (eV)

Figure 4.16: IPE spectra for thorium exposed to 500 L of H2O at 298 K and 40 L at

100 K

To aid with comparison, figure 4.16 features the final spectrum taken at 298 K as well 

as that taken at 100 K. In contrast to the experiment carried out at 298 K, at 100 K the 

surface species were entirely stable under the electron beam, with no noticeable 

changes observed throughout the entire experiment. The extremely broad nature 

(~9 eV wide) of the single signal, centred at 4.5 eV, can be attributed to the presence 

of three distinct and largely similar sized signals in the O(ls) region as was shown in 

figure 4.11. Of particular note is the definite presence of a signal all the way down to 

the Fermi level itself, which when combined with the small signal present at the 

Fermi edge in the matching UPS spectra of figure 4.14, seems to suggest a negligible 

band-gap, and that the thorium is in a form that is still a conductor, or semi-conductor 

at the very least. The various thorium hydrides are known to display metallic 

conduction and semi conduction properties [27,36], so it is possible that a sufficient
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quantity of the hydride has formed upon the surface, thus leading to the appearance of 

the small or negligible band-gap at this temperature.

The second part of the results for the exposure of thorium to H2O at 100 K can be 

seen in figure 4.17. As was discussed earlier while considering the XPS results of the 

experiment, upon increasing the exposure above 40 Langmuirs a significant layer of 

solid H2O rapidly formed upon the surface. To maximise the size of this layer for the 

IPES experiment the thorium was exposed to 500 Langmuirs of H2O.
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Figure 4.17: Chronologically ordered IPE spectra for thorium exposed to 500 L of 

H2O at 100 K, taken over a period of 112 minutes

The acquired spectra in figure 4.17 provide another example of the unstable nature the 

surface can sometimes have whilst under bombardment from the low energy electron 

gun. Initially no signal was seen at all which indicated that there were no DOS within 

the first 10 eV above the Fermi level. This was due both to the thick layer of ice that 

prevented incoming electrons from reaching the thorium, and also to the fact that the 

3s unoccupied orbitals of the oxygen atoms themselves were either not within the 

energy range studied, or the photoionisation cross-section towards them was
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extremely low or negligible [21,22]. Therefore for a signal to be seen the layer of ice 

has to be thin enough to allow the low energy electrons to reach the proximity of the 

thorium, and trigger emission of photons from the 6 d and 7s orbitals which the 

detector is known to be sensitive to. The surface had to undergo 32 minutes exposure 

towards the low energy electron beam before a signal first appeared. This indicates 

that the low energy electron beam is sufficiently powerful to stimulate desorption of 

the frozen layer o f solid water. Over the course of the next 80 minutes the detected 

signal gradually increased in intensity and shifted upwards in energy. Beginning at 

approximately 4.0 eV the single peak had shifted to 6.4 eV by the end of the 120 

minute experiment, and appeared to still be moving towards higher energy. It is 

worth noting that 6.4 eV is higher than the maximum value of 6.0 eV seen when the 

experiment was carried out at 298 K.

As with the forward photoemission techniques, the oxidation of thorium with oxygen 

is useful for direct comparison with the water and thorium reaction. The IPE spectra 

of thorium after exposure to 500 Langmuirs o f O2, at both ambient and cryogenic 

temperatures, can be seen in figure 4.18. At both temperatures the resulting signal 

after exposure was a composite o f two separate peaks, which were most likely due to 

a convolution of the 5f, 6 d, and 7s states. The temperature had a distinct effect upon 

both the positions of, and relative sizes of, the two peaks. In the experiment carried 

out at 298 K, the acquired spectrum featured two broad peaks centred at 4.8 and 

6 . 6  eV, with the ratio between them being 3:2 in favour of the lower energy signal. A 

direct comparison with the study carried out at 1 0 0  K however is complicated by both 

the difference in intensity, and the additional effect of the electron gun itself, which 

again has shown the surface species to be only weakly bound.

Figure 4.19 shows the spectra acquired at 100 K every 20 minutes over a total period 

of 80 minutes. The damaging nature o f the electron gun can be observed in the 

observation that the acquired signal subtly altered as time went on. While the two 

broad peaks began centred at 4.4 and 6.2 eV, after 100 minutes they had shifted to 4.2 

and 6.1 eV respectively. Additionally the ratio between the two signals had also 

shifted, from 1:1 after 20 minutes, to 3:2 after 100 minutes (the 3:2 ratio matching 

that seen at 298 K).
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Figure 4.18: 1PE spectra for thorium exposed to O2 at 298 K and 100 K. The left

spectra are before normalisation while the right ones after normalisation
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When comparing the results of the exposure to oxygen against the exposure to water, 

the First notable difference was their stabilities under the low energy electron beam. 

The surface during the oxygen experiment was stable at 298 K. but unstable at 100 K, 

while the surface during the water experiment was unstable at 298 K but stable, up to 

40 Langmuirs, at 100 K. The second big difference was that while exposure to either 

reagent resulted in the formation of one broad peak, in the spectra from the oxygen 

experiment the peak was the only signal that was visible. This was in contrast to the 

results of the water experiment where there was a prominent tail of increasing energy 

leading from the high energy side of the single peak, suggesting the presence of 

additional unoccupied states centred outside the range of the scanned region. A third 

difference between the two experiments was the form that the single broad peak took. 

In the oxygen exposure experiments the peak could clearly be seen to be made up of 

two distinct components, with the greatest intensity on the higher energy side, which 

when peak fitted showed that the lower energy component made up 60 % of the total
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signal. This was in contrast to the results of the 298 K water exposure experiment 

where, although the peak was also made up of two distinct components, the greatest 

intensity was on the lower energy side, and when peak fitted showed that both peaks 

provided approximately 50 % of the total signal. The water exposure experiment 

carried out at 100 K stood out from all the others in that the detected signal was 

symmetric in shape and could be fitted with a single broad peak shape.
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Figure 4.19: Chronologically ordered IPE spectra for thorium exposed to 500 L of O2 

at 100 K, taken over a period of 80 minutes

4.3.4 Additional discussion

At both 298 K and 100 K the exposure of clean thorium to H2O led to the formation 

of multiple oxygen species. The binding energies for the Th(4f) and O(ls) regions 

indicated the presence of hydroxide and oxide species, with an additional component 

due to physisorbed H2O at 100 K. Additional evidence for the formation of the oxide 

species was provided by the presence of shake-up satellites at 343 and 352 eV in the 

Th(4f) region, that are known to indicate the formation of bulk TI1O2 [28]. The shake- 

up satellites were only visible at 298 K, as at 100 K proportionally less oxide was
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formed, especially at exposures greater than 50 Langmuirs. The three component 

0 ( ls )  spectrum after 40 Langmuirs exposure at 100 K emulated and agreed with that 

seen in the literature [9], The signal from the physisorbed H2O at 100 K increased in 

size and dominated the 0 ( ls )  region after 50 Langmuirs exposure, resulting in the 

complete attenuation of the signal in the Th(4f) region.

The reactivity of the surface towards H2O was shown to be considerably lower than 

towards O2, with up to 2 0  times greater exposure needed to generate similar 

intensities o f oxide signals in the 0 ( ls )  region. The coverage against exposure graphs 

showed that the rate o f adsorbate growth on the surface of thorium, due to exposure to 

H2O, varied dramatically as the total exposure increased. At both 298 and 100 K the 

coverage versus exposure graphs revealed three distinct phases of adsorption. 

Initially the coverage increased at a linear and constant rate before dramatically 

increasing after 50 Langmuirs at 298 K, and 30 Langmuirs at 100 K. The rate then 

decreased just as suddenly after 75 Langmuirs at 298 K, and 50 Langmuirs at 100 K. 

The unusual adsorption profile at 298 K was possibly due to a slow adjusting 

equilibrium between the adsorption and desorption of molecules on the surface, which 

was influenced by the increased duration o f the H2O exposures used above 50 

Langmuirs. The extended duration under which the surface was exposed to H2O may 

have driven the equilibrium further to the side of adsorption, thus facilitating an 

increase in dissociation, and therefore a significant increase in surface coverage. The 

unusual adsorption profile at 100 K was possibly due to an enhancing of the 

probability of incoming H2O molecules physisorbing onto the surface, caused by the 

growing presence of hydroxide species on the surface, which became more prominent 

after 30 Langmuirs exposure. The increased probability led to the sudden and 

pronounced growth of multilayers o f physisorbed H2O on the surface.

The total surface coverage upon saturation at 298 K was calculated to be the 

equivalent of almost 13 layers, which was supported by depth calculations of the total 

layer thickness, that showed it be 25 A thick. The total surface coverage after 75 

Langmuirs at 100 K, calculated via the Carley-Roberts equation [29], equated to 30 

layers, which was greater than the probing depth of XPS, meaning the total thickness 

was greater than 50 A, but was too thick to calculate accurately using the methods 

described in chapter 3.

- 119-



Chapter 4 -  The interaction of thorium with water and ammonia

The low energy electron gun employed in the IPES experiments had a definite 

destructive effect upon the surface species at 298 K, and also upon large exposures 

carried out at 100 K. The single signals shifted upwards in energy away from the 

Fermi level as the experiments continued. Even with the loosely bound physisorbed 

H2O present on the surface after 40 Langmuirs at 100 K, the general lack of energy in 

the system at that temperature was sufficient to cause the lack of susceptibility to the 

electron gun. After exposure to 500 Langmuirs at 100 K no signal was detected in the 

acquired IPE spectra until the surface had been under the effect of the low energy 

electron gun for 32 minutes. After 32 minutes a signal emerged that increased 

linearly in both intensity and energy above the Fermi level as the experiment 

continued.

The signals seen in the He(I) UPS and IPES results, acquired at 100 K, around the 

Fermi level show the conductive metallic nature of the surface up until 40 Langmuirs 

exposure, which was due to a combination o f unreacted metallic thorium and thorium 

hydride. The hydrides o f thorium, formed in this case due to the presence of 

hydrogen in H2O, have been shown previously to display conductive and semi- 

conductive properties [27,36].

The relative stabilities of the 298 and 100 K surfaces towards the electron beam are 

the reverse of those seen for the O2 on thorium system, where the surface was stable at 

298 K and unstable at 100 K. Exposure to H2O resulted in single peaks in the IPE 

spectra with additional tails o f increasing energy that indicated additional intensity 

centred outside the range o f the scan. This was in contrast to the single peak with no 

background intensity seen for the O2 on thorium system at both 298 and 100 K.

4.4 Adsorption of ammonia (NH3) on clean thorium

4.4.I Introduction -  the thorium and ammonia system

The reaction of ammonia with thorium has not been investigated before at any 

temperature, but it is suspected that it will lead to the formation of ThN. ThN, unlike 

the analogous and promising nuclear fuel UN [37], has proven highly unstable in air, 

even more so than pure thorium metal, which has hampered research into its
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electronic structure [18]. Efforts made in the past to stabilise the ThN, to allow 

investigation of its electronic properties, by forming it through a process of reactive 

sputtering in a nitrogen environment, have proven somewhat successful [18]. 

Following on from this it is hoped that the exposure of clean thorium metal to 

ammonia will also result in a more stable example o f ThN being formed, allowing a 

more complete investigation o f its electronic structure, particularly that of the 

unoccupied orbitals.

4.4.2 Experimental results -  XPS and UPS

The effect o f gradual exposure o f clean thorium metal to increasing quantities of 

background dosed NH3 (up to 500 Langmuirs) at 298 K can be seen in figures 4.20 to 

4.23. Additional exposure above 500 Langmuirs produced negligible differences in 

the photoemission spectra. The reaction o f NH3 with the thorium surface resulted in 

the satellite component of the Th(4f) spectra decreasing in intensity and shifting in 

binding energy by 0.5 eV, down to 335.1 eV for the 4 f7/2 signal (see figure 4.20). 

This is possibly due to a nitride species bound to the surface through the 6 d electrons. 

The bonding to the thorium would alter the energy of the 6 d electrons, and the energy 

of the unoccupied orbitals (6 d and 5f), which would in turn lead to a change in the 

energy of the shake-up satellites they generate in combination with the 4f electrons 

[16,17]. The changes observed in the satellite peak are in complete contrast to the 

main peak which did not alter in binding energy or intensity, which agrees with 

previous work carried out [17,18]. The decrease in intensity of the satellite combined 

with the shift in its binding energy towards the main peak resulted in the total 4 f5/2 and 

4 f7/2 signals gradually taking the appearance o f single asymmetric peaks. These 

observations agree with those seen when producing pure ThN via sputter deposition 

of a thorium surface in a partial pressure o f nitrogen [18].

It can be seen in figure 4.21 that exposure o f thorium to NH3 resulted in the 

appearance of two distinct components in the N(ls) photoemission region. The 

position of the more intense peak at 396.6 eV most likely corresponds to nitrogen in 

the form of a nitride. This assignment is based both on the work of Gouder et al [18], 

and on the relative nitride positions o f a number of other metal elements such as 

aluminium, chromium and titanium. The comparison with chromium and titanium is
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particularly valid as it was explained previously in section 1.1 that the early actinide 

elements have many properties in common with the transition metals. The second 

peak at 398.8 eV corresponds to nitrogen in the form of NH2 chemically bound to the 

surface [38]. It is worth noting that unlike the results seen upon exposure to H2O, 

where there were noticeable differences in the spectra over the entire 100 Langmuir 

range studied, the spectra produced upon exposure to NH3 remained largely identical 

over the range of 10-500 Langmuirs.

NH3 adsorp tion  a t 298 K T h M e t a l  335.6 e V , ™ ( 4f)
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Figure 4.20: Th(4f) spectra for clean thorium exposed to increasing quantities of NH3

at 298 K

Figure 4.22 shows a plot of the surface coverage of nitrogen species calculated using 

the Carley-Roberts equation against the exposure to NH3. It can be seen that the plot 

follows a version of the so called “standard” relationship, where the rate of coverage 

increase begins high and decreases as the total exposure increases. As with the 

calculations carried out upon exposure to H2O, the calculations for exposure to NH3 

also showed evidence for multilayer coverage. Based on the theoretical value for the 

number of active sites on the surface, 1 x 1015 sites per cm2, after 500 Langmuirs the 

coverage was approaching the equivalent of 3.5 layers.
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Figure 4.21: N (ls) spectra for clean thorium exposed to increasing quantities of NH3

at 298 K

This could be explained by the ability of the NH2 species shown to be on the surface 

to hydrogen bond to additional NH3 molecules; however if this was the case an 

additional signal corresponding to those same molecules would be expected in the 

N(ls) XPS results. The actual explanation for the multilayer coverage is that the 

mechanism for nitride formation is similar to that of oxide formation, in that diffusion 

through the surface layers is possible. Upon formation of the first layer, additional 

ammonia molecules adsorb to the surface nitride whereby they dissociate to form 

NH2. The adsorbed species then diffuse through the surface layer to reach the 

thorium/nitride interface, whereby they react to form additional nitride, thus 

increasing the coverage beyond that of a single layer.

The coverage against exposure graph of figure 4.22 also highlighted how little the 

acquired spectra varied over the entire range of exposures studied. After 10 

Langmuirs the coverage was already 3.2 x 1015 atoms per cm2, which was 

considerably higher than the 1.2 x 1015 atoms per cm2 seen upon exposure to 10
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Langmuirs of H2O. This fact combined with the relative stability of the spectra upon 

increasing exposures suggested that clean thorium is considerably more reactive 

towards NH3 than H2O. While this may be true, the calculated coverages once 

saturation had been reached showed that exposure to H2O led to three times greater 

total coverage of the surface than exposure to NH3.
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Figure 4.22: Adsorption of ammonia on thorium at 298 K: calculated surface 

concentration of nitrogen species plotted against exposure to NH3

Figure 4.23 shows the corresponding He(I) UPS spectra acquired during the NH3 

exposure experiments. The addition of NH3 into the system resulted in the 

appearance of a number of peaks which related to the nitrogen containing species 

adsorbed onto the surface. Comparisons of the peak positions against reference 

values acquired for gaseous NH3 were used to help assign the observed signals 

[33,39-41]. The peak at approximately 4.5 eV corresponds to the 3ai molecular 

orbital (overall non-bonding [39], H-H bonding character [40]) of gaseous NH3, while 

the peak at 10.3 eV relates to the le degenerate molecular orbitals (overall bonding 

[39], strongly N-H bonding [40]) [33,34,41]. The peak at 7.6 eV was probably due to 

residual oxygen contamination upon the surface, as there was a signal visible at that 

same energy before the surface had been exposed to any NH3, and a small signal was

r
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seen in the O(ls) spectra that was taken before the experiment to check the cleanliness 

of the surface. Figure 4.24, taken and adapted from “The Organic Chemist's Book of 

Orbitals” by W. L. Jorgensen and L. Salem [39], provides a visual representation of 

the various orbitals of gaseous ammonia just described.
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Figure 4.23: He(I) spectra for clean thorium exposed to increasing quantities of NH3

at 298 K

The continuing presence of intensity at the Fermi edge, indicating a metallic nature to 

the surface, suggested the presence of metallic thorium. This agrees with the work 

carried out by Gouder et al [18], where they showed that thorium remains metallic, 

with a distinct intensity at the Fermi level, when in the form of ThN. Their results, 

like our own, disagree with those carried out by Norton et al [17], who concluded that 

ThN was non-metal lie. The formation of a nitride can lead to the loss of a signal at 

the Fermi level, and any metallic nature, but only when TI13N4 is formed [18]. The 

continuing presence of both the intensity at the Fermi level, and the prominent 

satellite in the Th(4f) region, indicate that the formation of Th3N4 through exposure of 

thorium to ammonia at 298 K is not possible.
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Figure 4.24: Visual representations of the orbitals of gaseous ammonia -  taken and 

adapted from “The Organic Chemist’s Book Of Orbitals” by W. L. Jorgensen and

L. Salem [39]

As with the H2O studies, distinctly different results were acquired when the NH3 

exposure experiments were repeated at 100 K, as can be seen in figures 4.25 to 4.28. 

As before, the addition of NH3 resulted in the formation of different nitrogen 

containing species on the surface; however the number of different species, and the 

relative ratios between them, was markedly different at this lower temperature.

The Th(4f) results featured in figure 4.25 showed that as the NH3 exposure was 

increased, the effect on the thorium signals was almost negligible. This coincides 

with the observance of a significantly smaller nitride peak in the N (ls) region than at 

298 K (see figure 4.26). As there was less nitride being formed at this lower 

temperature, the screening process of the 4f electrons by the 6d electrons, which is

2A, E=-t .1014 0 ^ 4A, £■
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responsible for the large thorium satellite, was far less disrupted than at ambient 

temperature.
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Figure 4.25: Th(4f) spectra for clean thorium exposed to increasing quantities o f  NH 3

at 1 0 0  K

The greatest differences stem ming from the different temperatures were seen in the 

N (ls )  region (see figure 4.26). As opposed to the two species seen in the 298 K 

experiment, immediately upon exposure at 1 0 0  K three different signals, 

corresponding to three different species, were observable in the N (ls) region. The 

two lowest binding energy peaks, at 396.7 and 398.9 eV, were located at 

approximately the same energies as those observed during the ambient temperature 

experiment. Again they were due to the formation o f nitride and NH 2  species 

respectively. While they may have been positioned at the same energy, the relative 

intensity o f  the two signals was markedly different at this lower temperature. At 

ambient temperature the ratio between the signals at 396.5 and 398.8 eV was 

approximately 3:2 respectively. The results taken from the exposure carried out at 

100 K show the ratio to be approximately 5:6, as there was proportionally more NH 2  

on the surface than at 298 K. This was most likely due to the energy required to fully
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split the NH3 to form the nitride. At the colder temperature there was likely less 

energy available, and thus less of a driving force to split the adsorbed NH2 into its 

component atoms, which resulted in the observed swing in abundance between the 

two nitrogen species.

The third component in the N(ls) spectra, that was only present in the results acquired 

at 100 K, was located at 401.2 eV binding energy. This signal was attributed to 

physisorbed molecular NH3 on the surface of the thorium [42], which could only 

occur at low temperature due to the weak nature of the adsorption.

After completion of the experiment the cooling setup was removed and the surface 

was allowed to return to 298 K. Upon reaching 298 K further scans of the surface 

resulted in spectra that matched up perfectly with those that were taken during the 

298 K exposure experiment. The positions of the peaks in the Th(4f) and N(ls) 

regions matched up, including the relative ratio between the nitride and NH2 signals 

(3:2).
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Figure 4.26: N(ls) spectra for clean thorium exposed to increasing quantities of NH3

at 100 K
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Figure 4.27 shows the coverage versus exposure graph acquired when the NH3 

exposure experiment was repeated at a temperature of 100 K. As in the case of the 

experiment undertaken at ambient temperature, the results acquired at this colder 

temperature also showed the same ‘‘standard” relationship between the two variables. 

When compared to the experiment at 298 K, the results featured in figure 4.27 were 

notable for showing both a considerably slower uptake of nitrogen containing species, 

and a total coverage value after 500 Langmuirs that matched that of the other 

experiment.

NH3 exposure at 100 K
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Figure 4.27: Adsorption of ammonia on thorium at 100 K: calculated surface 

concentration of nitrogen species plotted against exposure to NH3

The profile of the coverage versus exposure graph appeared to go against the 

expectation that the colder temperature should lead to an increase in sticking, and 

correspondingly an increase in total coverage and rate of coverage; however this was 

a fallacy. The colder temperature would only lead to an increased sticking probability 

for NH3 molecular adsorption, which was seen in the N(ls) spectra, and not for NH3 

dissociative adsorption. The reduced temperature could potentially lead to there being 

a decrease in both the dissociation of NH3 molecules upon the surface, and in the 

diffusion towards the thorium/nitride boundary, due to the lack of available energy.
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This could explain the apparent reduction in the proportion of nitride seen in the N(ls) 

spectra taken at 1 0 0  K, and could also explain the relatively slow rate at which the 

coverage increased when compared to the experiment at 298 K.

It is worth noting that while the total calculated coverage after exposure to 500 

Langmuirs of NH3 was the same for both the experiments, the surface at 100 K did 

not appear to be saturated, unlike that at 298 K. Figure 4.27 indicated that the total 

coverage was still increasing after 500 Langmuirs, and that while the colder 

temperature reduced the rate at which the layers of nitride, NH2, and NH3 formed, the 

increased sticking probability for molecular adsorption led to an increase in the 

saturation value.

Figure 4.28 shows the corresponding He(I) UPS spectra acquired during the cryogenic 

NH3 experiments. As in figure 4.23, exposure to NH3 resulted in a number of 

different peaks becoming visible in the region. The same two peaks seen at 298 K 

that corresponded to the 3a 1 and le  molecular orbitals of gaseous NH3 were visible, 

albeit shifted in energy, at 5.1 and 10.4 eV respectively. The reason behind the shifts 

in energy is possibly connected to the intense signal visible at 7.5 eV. This signal is 

most likely due to residual oxygen contamination upon the surface, as with the 

experiment undertaken at 298 K, there was a small signal seen in the O(ls) spectra 

that was taken before the exposure to check the cleanliness of the surface. The signal 

at 7.5 eV appeared noticeably more intense in the spectra acquired at 100 K than those 

acquired at 298 K; however this may be due to what appears to be a relative decrease 

in intensity o f the peak at 5.1 eV. An increase in the signal at 7.5 eV would actually 

be expected, as it has already been noted that the extent of oxygen contamination 

upon the thorium surface increases during the 30 minutes needed to cool down the 

sample to 1 0 0  K.

The decrease in intensity and increase in binding energy of the peak due to the 3ai 

molecular orbital, combined with the slight alterations in the positions and 

appearances of the other peaks when compared to the 298 K experiments, is likely due 

to a combination of factors. The oxygen contamination upon the surface noted above, 

in combination with the presence of physisorbed NH3, and the change in proportion of 

the nitride and NH2 components, could lead to the resulting spectra. As evidence that
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the differing nitrogen containing species played a large part in the spectra taken, upon 

returning the surface to 298 K it was discovered, as with the XPS above, that further 

UV photoemission spectra taken of the surface at this temperature matched up 

perfectly with those acquired during the exposure at 298 K experiments.

NH3 adsorption at 100 K Th Metal
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Figure 4.28: He(I) spectra for clean thorium exposed to increasing quantities of NH3

at 100 K

4.4.3 Experimental results -  IPES

Inverse photoemission experiments involving the exposure of thorium to ammonia 

were carried out separately from the forward photoemission experiments; however, 

the same two temperatures were investigated, and all other variables were kept the 

same.

The IPE spectra of thorium after exposure to NH3, at 298 K can be seen in figure 4.29. 

The thorium/NH3 system also demonstrated the damaging nature of the low energy 

electron gun towards the ‘fragile’ species on the surface. The detected signal was 

centred at approximately 5.0 eV during the first hour, but this had shifted upwards in
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energy to 5.7 eV by the end of the tenth hour. Of particular note was the additional 

effect the shift in energy had on the relative position of the Fermi level. During the 

first hour the gap to the Fermi level was 0.85 eV; however after 10 hours this had 

increased to 1.7 eV. While there is unfortunately no matching UPS data from after 

the 10 hour exposure to the electron gun, the shift in energy observed in the IPE 

spectra suggests an increase in the total band-gap. As ThN has been proven by both 

Gouder et al [ 18], and by the UPS results in section 4.4.2, to be metallic in nature, this 

increase in band-gap could suggest less nitride being present on the surface after 10 

hours. This however seems unlikely as the incoming electron beam would more 

likely interact with the NH2 species which are loosely bound to the surface. An 

alternative explanation could be related to the formation of the alternative nitride of 

thorium, Th3N4, which is non-metallic [18].
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Figure 4.29: IPE spectra for thorium exposed to 500 L NH3 at 298 K

Support for the idea of Th3N4 being formed on the surface can be seen in figure 4.30, 

which features N(ls) XPS data taken both before and after the 10 hour IPES 

experiment. It can clearly be seen that after the IPES experiment the peak due to 

nitride had shifted down in energy from 396.5 to 395.9 eV, which agrees very well
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with the literature value for Th3N4 which is 395.8 eV [18]. Additionally the atomic 

ratio between thorium and nitrogen in the surface region had shifted from 3:1 to 2:1 

respectively, which was partly due to the increased ratio between the two elements in 

the alternative nitride formed, and partly due to an apparent increase in the total 

coverage of the surface by nitrogen species.

All the spectra acquired during the 10 hour period of the experiment showed a single 

broad peak. Again, as with the H2O experiments, the signal was from the 6d and 7s 

orbitals that were shifted upwards in energy away from the Fermi level due to 

interactions with the adsorbed molecules on the surface. The broad nature of the 

observed signals was attributed to the presence of multiple distinct species upon the 

surface (NH2, nitride(s), possible hydride), which were revealed by the previous XPS 

results. It is worth noting that a change in the width of the signals was another effect 

the low energy electron gun had upon the surface. The width decreased from 8.2 to

7.1 eV.
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Figure 4.30: N(ls) spectra for a) clean thorium, b) clean thorium after exposure to 

500 L of NH3, and c) clean thorium exposed to 500 L of NH3 and then bombarded 

with low energy electrons for 10 hours
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IPES measurements of NH3 adsorption were repeated at 100 K, with the results shown 

in figure 4.31. As with the experiment carried out at 298 K the low energy electron 

gun had a pronounced effect upon the surface of the thorium. The detected signal was 

centred at approximately 4.5 eV during the first 40 minutes, but this had shifted to 

approximately 5.2 eV by the end of the experiment. In contrast to the experiment at 

298 K, where the signal was only just becoming stable after 10 hours under the 

electron beam, at 100 K the signal had stabilised after less than one hour. However, 

like the 298 K experiment, the low energy electron gun also had the effect of 

increasing the energy gap to the Fermi level, in this case from approximately 1.0 to

1.6 eV. It is probable that the reason for this increase is the same as that seen at 

298 K, the formation of Th3N4.
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Figure 4.31: IPE spectra for thorium exposed to 500 L NH3 at 100 K

4.4.4 Additional discussion

At both 298 K and 100 K the exposure of clean thorium to NH3 led to the formation 

of multiple nitrogen species. The binding energies for the Th(4f) and N(ls) regions 

indicated the presence of NH2 and nitride in the form of ThN, with an additional
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component due to physisorbed NH3 at 100 K. The proportion of nitride in the N(ls) 

region was lower at 100 K due to the reduced energy available to split the incoming 

NH3. Upon increasing the temperature to 298 K, the surface previously reacted at 

100 K transformed so that any further XPS and UPS data acquired matched perfectly 

with that acquired from the sample reacted directly at 298 K.

The coverage against exposure graphs showed the expected multilayer coverage, and 

a “standard” relationship between the two variables for the experiments, at both 298 

and 100 K. The total surface coverage upon saturation at 298 K was calculated to be 

equivalent to 3.5 layers, with the majority of that already adsorbed after just 10 

Langmuirs. At 100 K the surface was also covered by 3.5 layers after 500 Langmuirs; 

however the coverage increased more gradually, and the surface did not reach 

saturation. This was due to a reduction in the dissociation and diffusion of nitrogen 

species on the surface resulting from the reduction in energy of the system at 1 0 0  K.

The signals seen in the He(I) UPS and IPES results around the Fermi level confirmed 

the metallic nature of ThN previously reported [18]. The low energy electron gun 

employed in the IPES experiments had a definite destructive effect upon the surface at 

both 298 and 100 K. Over time this led to the signals shifting upwards in energy 

away from Fermi level. The shift away from the Fermi level, combined with a shift 

downwards in energy of the nitride peak in the N (ls) region, indicated the presence of 

non-metallic TI13N4, the formation of which was catalysed by the incident low energy 

electrons.

4.5 Miscellaneous adsorption experiments on clean thorium using water, 
ammonia, and oxygen

4.5.I Sequential adsorption o f  ammonia and oxygen on clean thorium

The sequential adsorption of NH3 and O2 at a clean thorium surface was carried out in 

an effort to understand the oxidation processes occurring. As was mentioned above, 

exposure to O2 has been shown many times to quickly oxidise the clean surface of 

thorium metal, and it was shown in section 4.4 that NH3 is readily adsorbed onto the 

surface in the form of nitride and NH2. If added sequentially the expectation would
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be that the O2  would oxidise and remove some or all o f  the nitrogen containing 

species from the surface.

The results o f  exposure o f  clean thorium to 500 Langmuirs o f  NH 3  followed by 

increasing exposures o f  O 2  can be seen in figures 4.32 to 4.34. The N (ls) region 

featured in figure 4.32 firstly showed that NH 3  adsorbs, as previously noted, to form a 

large nitride peak at 396.5 eV, and a smaller peak at 398.8 eV that corresponds to 

NH 2 . The exposures tow ards O 2  carried out after this were seen to have the distinct 

effect o f  decreasing the signals seen in the region. After exposure to 200 Langmuirs 

o f  O 2 the area beneath the two signals had decreased by almost 25 % due to oxidation. 

The loss increased to 50 %  upon exposure to 1000 Langmuirs. Unusually the 

exposure o f  the sample tow ards further quantities o f  O 2  had negligible effect upon the 

signals seen in the N (ls )  region, indicating a difficulty associated with further 

oxidation.
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Figure 4.32: N (ls) spectra for the sequential adsorption o f NH 3 and O 2  onto clean

thorium at 298 K
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The corresponding O (ls) spectra are seen in figure 4.33. The exposure towards 

oxygen led to the appearance of an intense signal at 530.5 eV corresponding to an 

oxide, and a smaller shoulder at 532.6 eV. The energy of the smaller peak was 

extremely close to that of molecularly adsorbed NO (532.7 eV), suggesting the 

possible formation of oxygen-nitrogen species that remain upon the surface [11]. 

Unfortunately due to the poor signal to noise ratio it was not possible to accurately 

confirm the presence of a signal at 399.5 eV in the N(ls) region, which would 

correspond to, and support, the presence of molecularly adsorbed NO on the surface.

1000
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— i 1-------1-------1-------1------ 1------- 1-------1-------1—  i 1-------1-------1------ 1-------1-------1------ 1------ 1-------1------ 1-------1------ 1-------1-------1-------1-------1------- [-------r
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0 2 adsorp tion  a t 298 K

-L 02
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Figure 4.33: O(ls) spectra for the sequential adsorption of NH3 and 0 2 onto clean

thorium at 298 K

The difference in the intensity of the O(ls) signals after 200 and 1000 Langmuirs was 

negligible even though the nitrogen signal decreased by 33 % upon the same increase 

in exposure. Further studies showed that after just 10 Langmuirs exposure there were 

negligible increases in the O (ls) signals, which actually agreed with previous work 

examining the high reactivity of thorium towards pure 0 2 [10,11]. The results appear 

to suggest that incident oxygen molecules first bond to and occupy available spaces 

upon the surface, maximising the total quantity of oxygen species upon the surface at
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this time. After this point any additional O2 exposure leads to the very slow oxidation 

and desorption of the nitrogen species through both displacement upon the surface, 

and the formation of oxygen-nitrogen molecules such as NO.

The trends visible in the Th(4f) region for the experiment (see figure 4.34) matched 

those already noted for the O(ls) region. The exposure towards NH3 produced the 

same resulting shift in energy of the satellite peaks already noted in section 4.4. The 

intense oxide signal visible upon exposure to O2 underwent negligible change upon 

increasing from 200 to 1000 Langmuirs. This supports the suggestion that the surface 

was saturated with O2 before the slow process of oxidising and desorbing the nitrogen 

species took place.

0 2 adsorption at 298 K NH3 on Th Metal Th(4f)
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Figure 4.34: Th(4f) spectra for the sequential adsorption of NH3 and O2 onto clean

thorium at 298 K

An additional IPES experiment examining the sequential adsorption of 1000 

Langmuirs of NH3 and 1000 Langmuirs of O2 was also carried out, with the results 

visible in figure 4.35. As with the IPES results acquired after exposure to only NH3 

(see section 4.4.3), the surface upon sequential exposure to NH3 and O2 was also
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unstable under the low energy electron beam used. The signal moved very gradually 

upwards in energy during the first 140 minutes before a sudden increase occurred 

between 140 and 160 minutes. After this the acquired signals remained stable for the 

remainder of the experiment. The distinct and sudden change is highlighted in the 

results shown in figure 4.35 through the splitting of the spectra taken before and after 

it occurred. During the first phase of the results the signal, with a maximum intensity 

at 5.0 eV. appeared to be made up of three distinct components corresponding to the 

two seen after pure O2 adsorption (figure 4.18) and the one seen after pure NH3 

adsorption (figure 4.29). This agreed with the XPS results that showed the presence 

of both species on the surface even after the 1000 Langmuir O2 exposure. After the 

transition the signal was still composed of 3 distinct components; however the energy 

of maximum intensity had shifted upwards to 6.0 eV. Additionally a tail of increasing 

intensity emerged, indicating the existence of additional unoccupied states centred 

outside of the energy range probed.
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Figure 4.35: 1PE spectra for the sequential adsorption of 1000 L NH3 and 1000 L O2

onto clean thorium at 298 K
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The results acquired from the sequential exposure of thorium to NH3 and O2 suggests 

both that the nitrogen species were difficult to oxidise and remove, and also that their 

presence had little effect upon the appearance of the Th(4f) region when compared to 

oxygen containing species.

4.5.2 Sequential adsorption o f oxygen and ammonia on clean thorium

It was shown above that saturation of the thorium surface with nitride and NH2 

species does not prohibit the reaction with background dosed oxygen. The incoming 

oxygen molecules not only oxidised the nitrogen species present, but also adsorbed 

directly onto the surface. The reverse reaction, where oxygen then ammonia were 

sequentially adsorbed onto the thorium surface, was also looked at.

Preliminary results showed that, unlike in the reverse reaction covered in section

4.5.1, exposure to NH3 had no effect on a thorium surface already saturated through 

exposure to O2. This was likely due to the fact that Th-O bonds are stronger and more 

stable than Th-N bonds, which would lead to the conclusion that oxygen is more 

reactive than ammonia towards clean thorium. To investigate the observed 

passivation of the thorium surface towards ammonia, the effect a range of different 

oxygen exposure quantities (0.1, 1, 10, and 100 L) had upon the adsorption of 

ammonia (500 L) was studied.

Figure 4.36 shows the N (ls) spectra acquired after the sequential adsorption of 

varying quantities of oxygen followed by 500 Langmuirs of ammonia. After 0.1 or 1 

Langmuir exposure of O2 the surface could be seen to still be reactive towards 

incoming NH3 molecules, with the distinctive peaks at 396.5 and 398.8 eV, which 

corresponded to nitride and NH2 respectively, confirming this. After 10 Langmuirs 

exposure to O2 the same two signals in the N(Is) region were missing; however a very 

small broad peak located at 399.1 eV was visible. This same small signal was also 

visible in the spectrum acquired after the sequential adsorption of 100 L of O2 and 

500 L of NH3. The results suggest that while the thorium surface is passivated 

towards the vast majority o f reactions with NH3 molecules, after being exposed to 10 

or more Langmuirs o f oxygen, a very small quantity of nitrogen containing species 

can still be formed upon the surface.
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Figure 4.36: N(ls) spectra for the sequential adsorption of 0 2 (varying quantities) and 

NH3 (500 L) onto clean thorium at 298 K

The nitrogen species formed are possibly mixed nitrogen-oxygen species bound to the 

thorium, as opposed to being nitride or NHX species. Evidence for this can be seen in 

the O(ls) spectra featured in figure 4.37. As with the spectra in figure 4.36, the 

spectra acquired in the O(ls) XPS region were also of the sequential adsorption of 

varying quantities of oxygen followed by 500 Langmuirs of ammonia. Resolution of 

the signals seen in the 10 and 100 L oxygen exposure spectra revealed a possible 

signal at approximately 532.7 eV. As was noted in section 4.5.1, the binding energy

532.7 eV corresponds to molecularly adsorbed NO. This provides support for the 

idea that a thorium surface largely composed of the oxide, when exposed to NH3, will 

form small quantities of nitrogen-oxygen containing species.
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NH3 adsorption at 298 K 0 2 on Th Metal
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Figure 4.37: 0 ( ls )  spectra for the sequential adsorption of O2 (varying quantities) and 

NH3 (500 L) onto clean thorium at 298 K

4.5.3 Additional adsorption o f  oxygen on clean thorium: 1PES studies

Besides the basic adsorption of oxygen on clean thorium IPES experiments, already 

carried out in section 4.3.3, a number of additional IPES experiments involving 

thorium and oxygen were studied. The first of these involved exposing clean thorium 

to the ambient atmosphere at 298 K and allowing it to oxidise naturally. The resulting 

inverse photoemission spectra of the sample can be seen in figure 4.38 along with one 

spectrum acquired from pure thorium dioxide for comparison. One important thing to 

note about the results was the difficulty encountered when trying to apply a 

background to the spectra. The backgrounds fitted to, and subtracted from, the signals 

were chosen with the implicit aim of avoiding an unrealistic positive signal towards 

the Fermi level.
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Figure 4.38: IPE spectra for thorium after exposure to air at 298 K. The spectrum of 

pure thorium dioxide is present as an aid to comparison

The first thing noted from the spectra was the instability of the naturally oxidised 

surface under the low energy electron beam used in the technique. This was in 

contrast to the results seen for pure ThC>2, which was shown to be stable under the 

electron beam at 298 K. In addition to the instability, the intensity and positions of 

the signals seen with the naturally oxidised thorium also distinguished the sample 

from pure thorium dioxide. After one hour under the electron beam the acquired 

signals, which were made up of three overlapping peaks, were centred at 7.1, 5.7, and

4.7 eV, and were all due to the convolution of the 5f, 6d, and 7s states. This was 

significantly different to the 6.6 and 4.4 eV values seen with pure thorium dioxide. 

After 10 hours under the electron beam the peaks from the naturally oxidised sample 

had shifted even further away from those seen for the pure dioxide, to 7.4, 5.8, and

4.7 eV respectively. The differences seen between the thorium oxidised in air, and the 

thorium oxidised in pure oxygen, could be put down to contaminants present in the 

atmosphere. XPS taken of the air oxidised sample (see figure 4.39) showed the 

presence of large quantities of carbon, of more than one oxidation state, upon the
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surface. This, in addition to the presence of multiple oxidation states of oxygen on 

the surface, suggests that the majority of contaminants on the sample from the air 

were of an organic nature.
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Figure 4.39: C(ls) and O(ls) spectra for clean thorium exposed to the ambient

atmosphere

Following on from the experiment above where the thorium was allowed to oxidise in 

air at atmospheric pressure, the process was repeated in UHV conditions, with the 

clean thorium being left to oxidise in the ‘clean’ environment of the system with 

progress followed by IPES. It is important to note now that it is unknown what effect 

the continual presence of the low energy electron beam used in the technique will 

have had on the species being formed upon the surface.

Figure 4.40 shows the chronologically ordered IPE spectra taken during the 18 hours 

the sample was left to oxidise in the system. During this period the spectra taken 

gradually transformed in appearance from those of clean thorium (already covered in 

section 4.2), to those of a partially oxidised surface. It is important to note that on
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292 284 280 540 536 532 528 524288
Binding Energy (eV) Binding Energy (eV)
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comparison with the results acquired after exposure to pure O2, it was clear that even 

after 18 hours the surface was far from being completely oxidised to ThC>2. A loss of 

signal near the Fermi level signified the gradual loss of thorium metal as time went 

on, with the loss accompanied by growing signals at both 4.0 and 7.0 eV. In addition 

to the loss of signal at the Fermi level and the growing peaks in the middle of the 

region, the overall intensity of the spectra increased dramatically during the 18 hour 

experiment.
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Figure 4.40: Chronologically ordered IPE spectra following the contamination of 

clean thorium at base pressure and 298 K by the UHV system, taken over a period of

18 hours

A comparison against the Bremsstrahlung Isochromat Spectroscopy (BIS) spectrum 

of clean thorium reported in the literature (see figure 4.41) highlighted some 

similarities between the two [43]. It is possible that the BIS spectrum of ‘clean’ 

thorium was in fact of a partially oxidised surface, as thorium has been known to be 

very difficult to clean [9]. If this was in fact the case it would be possible that at some 

fixed level of contamination the sample would match up with the one that produced 

the BIS spectrum, resulting in a matching of the two spectra. As 18 hours exposed to
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the background gases in the UHV system did not oxidise the sample sufficiently to 

match the BIS spectrum, the experiment was repeated but with the addition of small 

exposures o f O2 to accelerate the process. The results of the gradual addition of 0.5 

and 1.0 Langmuir exposures to clean thorium can be seen in figure 4.42.

Th
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Figure 4.41: BIS spectrum for thorium, a), compared to the convoluted 7 = 3 projected 

DOS, b) -  taken and adapted from “High-energy spectroscopic study of the occupied 

and unoccupied 5f and valence states in Th and U metals” by Y. Baer and J.K. Lang

[43]

The acquired spectra, especially the 0.5 Langmuir exposure ones, provided the 

opportunity to see the slow and gradual formation of the signals seen previously in 

figure 4.18. The spectrum that most closely matched the BIS results was seen after 

5 x 0.5 Langmuir exposures. At this point the spectrum featured multiple 

components, but the largest one, centred at 4.2 eV matched up reasonably well with 

the value of 4.51 eV seen in the BIS spectrum. Upon resolution of the signal an 

additional component at 2.9 eV was established, which matched up reasonably well 

with the value of 3.15 eV seen in the BIS spectrum. Thus the results acquired suggest 

that the BIS spectrum was indeed of a partially oxidised surface, and not the clean 

thorium reported [43].
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Figure 4.42: IPE spectra following the ‘artificial’ contamination of clean thorium at 

298 K via exposure to increasing quantities (0.5 or 1.0 L) of oxygen

4.5.4 Calculations o f the thorium work function and thorium dioxide band-gap

An additional ability of the ultraviolet photoemission setup is the ability to measure 

and report values for the work function of metals and the band-gap of semi

conductors and insulators. These are both achieved through the application of a bias 

to the sample, 18 volts in this case, followed by a scan intended to capture the entire 

spectral width. Subtraction of the entire spectral width from the photon energy used 

(21.2 eV) results in the work function of a metal or the band-gap of an insulator, 

depending on what is being scanned.

Figure 4.43 features two UPS spectra that show the entire spectral width of a) thorium 

metal, and b) thorium dioxide. Using the spectral subtraction method described above 

an estimate for the work function of thorium metal of approximately 3.4 eV was 

calculated. The work function of thorium has been calculated many times with
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photoemission, thermionic, and contact potential difference methods being used; 

however there has been some slight variation in the values obtained, as was reported 

by Riviere [44]. He highlighted a variation of ca. 0.3 eV between the highest and 

lowest values resulting from more than ten different calculations. The value of 3.4 eV 

calculated from figure 4.43 is well within the range reported, and thus demonstrates 

the accuracy of the spectral subtraction method for estimating the work function.

a) Th metal b) Th02

mrTTl
4 0 -4 -8 -12 -16 -20 4 0 -4 -8 -12 -16 -20

Binding Energy (eV) Binding Energy (eV)

Figure 4.43: UPS spectra taken over the entire spectral width of a) thorium metal and

b) thorium dioxide at 298 K

Using the spectral subtraction method again, the band-gap of thorium dioxide was 

calculated to be approximately 5.0 eV. There is quite a large degree of variation in 

the calculated band-gap values given in the literature. Values vary from 3.82 eV [45] 

all the way to 6.0 eV [6], so the 5.0 eV band-gap calculated here is certainly 

reasonable. The accuracy of the value acquired using the spectral subtraction method 

can be examined through the use of an alternative method to calculate it, utilising the 

UPS and IPES results. By combining the distance to the Fermi edge of the UPS 

signal (2.0 eV) with the distance to the Fermi edge of the IPES signal (1.75 eV) a
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value for the total band-gap o f 3.75 eV was calculated. One possible reason for the 

large discrepancy between the different calculations is the difficulty in accurately 

determining the edge of the detected signals in the UPS and IPES results. This 

difficulty means the potential error involved in the second calculation of the band-gap 

is likely to be greater that ± 1 eV. An alternative explanation for the wide variation 

between the two calculated values, and the values acquired from the literature, is that 

the sample was not entirely composed of thorium dioxide, and instead only featured a 

thin layer of the oxide on top of mostly clean metal. Previous work on the oxidation 

of thorium with oxygen has shown the presence of a metal signal in the Th(4f) XPS 

region even after exposure to 3000 Langmuirs, suggesting that simple exposure to 

oxygen will not result in complete conversion of the entire sample to ThC>2 [11]. The 

sample not being completely composed of TI1O2 would likely have a knock-on effect 

upon the electronic properties in the valance region, thus leading to variable and 

unreliable calculations of the band-gap.

4.6 Conclusions

XPS, UPS, and IPES have been used to examine the reactions of thorium with water, 

ammonia, and oxygen, at both 298 and 100 K.

The reaction of H2O with a polycrystalline thorium surface at 298 K results in the 

formation of a combined oxide and hydroxide layer. The H2O dissociates upon the 

surface to form OH' species, some of which then diffuse to the thorium/oxide 

interface to react and form the oxide. The reaction appears to be self limiting, and had 

almost reached saturation after 100 Langmuirs exposure, by which time the layer 

formed had reached a depth of 25 A. The extent of oxidation seen upon exposure to 

H2O was 5 % of that seen for the reaction with O2. This was due to a combination of 

the differing reaction probabilities, the oxygen content of the reagents, and the 

blocking of sites due to formation of the hydride.

At 100 K the reaction results in an oxide and hydroxide layer that is subsequently 

quickly covered by one consisting of physisorbed water molecules. In contrast to the 

reaction at 298 K that was observed to have almost reached saturation, the surface 

coverage at the end of the 1 0 0  K experiment was still increasing at a significant rate.
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Additional experimentation would be needed to determine the point of saturation, and 

what exposure this corresponds to.

The unoccupied orbitals of thorium move upwards and away from the Fermi edge 

upon reaction with H2O at 298 and 100 K. The distance to the Fermi edge, when 

combined with the results o f the UPS, confirm the insulating nature of the surface 

formed. At both temperatures the surface species formed after exposure to 500 

Langmuirs o f H2O were unstable under the low energy electron gun of the IPES 

technique. The low energy electrons gradually caused the signals to shift further and 

further away from the Fermi edge. Only the surface formed after exposure to 40 

Langmuirs o f H2O at 100 K was entirely stable when exposed to the electron gun. 

After exposure to 500 Langmuirs o f H2O at 100 K no signal was detected in the IPE 

spectra due to the thick layer o f physisorbed H2O. After a period of 32 minutes the 

low energy electrons had stimulated the desorption o f sufficient water molecules for 

the signal from the ThC>2 below to become visible in the spectra.

The reaction of NH3 with a polycrystalline thorium surface at 298 K results in the 

formation of a combined nitride and NH2 layer. The NH3 dissociates upon the surface 

to form NH2 species, some o f which then diffuse to the thorium/nitride interface to 

react and form nitride. The reaction is self limiting, and after 500 Langmuirs had 

formed 3.5 layers of nitrogen containing species upon the surface. The reaction 

appears to proceed at a far faster rate than that of thorium with H2O, and reached 

saturation after less than 100 Langmuirs exposure.

At 100 K the reaction with NH3 results in the formation of a significant physisorbed 

NH3 component in addition to those of nitride and NH2. The proportion of the 

adsorbed nitrogen present in the form of the nitride was less than that seen at 298 K, 

with the nitride component the smallest seen in the N(ls) spectra. The coverage 

increased at a slower rate than was seen at 298 K, due to a lack of available energy for 

dissociation and diffusion that led to the blocking of active sites. As a result of this, 

after 500 Langmuirs exposure, saturation had not yet been reached.

The unoccupied orbitals o f thorium expand upwards in energy from the Fermi edge 

upon reaction with NH3 at both 298 and 100 K. At both temperatures the surface
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species were unstable under the low energy electron gun of the IPES technique used 

to study them. Initially there was a signal present at the Fermi edge, which when 

combined with the prominent signal at that energy in the occupied valence region, 

shows the metallic conductive nature of the surface formed upon exposure to NH3. 

The addition of the NH2 species on the surface does not interfere significantly with 

the conductive properties o f pure ThN. The low energy electrons gradually caused 

the signals to shift further and further away from the Fermi edge, which when 

combined with a downwards shift in energy in the N (ls) region, showed that non- 

metallic TI13N4 was being formed upon the surface.

The surface formed upon exposure to NH3 at 298 K is highly vulnerable to the effects 

of O2. Exposure to O2 (100 Langmuirs) oxidises the nitride and NH2 species, 

resulting in approximately 50 % of them being removed from the surface. The 

remaining nitrogen species cannot be removed regardless of the magnitude of the 

exposure. The incoming oxygen molecules appear to dissociatively adsorb to the 

surface, and only once the surface becomes saturated does the process of oxidising 

and desorbing the nitrogen species begin take place. The presence of the nitrogen 

species upon the surface does not effect the formation of the oxide; however there is 

evidence that it leads to the formation of molecularly adsorbed NO, as opposed to the 

hydroxide.

The reaction of NH3 with thorium is highly dependent on the cleanliness of the 

surface, especially the presence of any adsorbed oxygen. Sequential adsorption of O2 

and NH3 revealed that 10 Langmuirs of O2 is sufficient to completely inhibit the 

formation of nitride and NH2 on the surface. While the formation of nitride and NH2 

was inhibited, a very small signal did emerge after exposing the oxidised thorium 

surface to NH3, which suggested the presence o f molecularly adsorbed NO.
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5.1 Introduction

This chapter focuses on the interactions between ammonia, water, oxygen and the 

surface of uranium metal.

Uranium, arguably the most important of the actinide elements, has an electronic 

structure o f [R n ^ ^ b d ^ s2. Being the most abundant o f the light actinides that possess 

valence f  electrons, uranium is an especially useful element for investigating their 

effect upon surface reactions. As was explained in section 1.1, both the physical and 

chemical properties o f the light actinides are influenced heavily by the 5f electrons, 

with research into their behaviour being of fundamental interest [1-4]. Through 

comparison of uranium with thorium, which lacks any valence f  electrons, or the 

heavier actinides (or lanthanides), whose f  electrons are localised, researchers have in 

the past attempted to distil the effect that the delocalised electrons have on surface 

bonding [5-16]. However the research is far from complete, as it has been noted that 

there are still many unanswered questions relating to the 5f  valence electrons and the 

actinides in general [16].

Uranium metal will allow us to investigate a system and see the behaviour of the 

delocalised valence f  electrons of a light actinide alongside those of the 6 d and 7s 

orbitals.

5.2 Clean uranium

Before examining the results o f any reactions upon the surface, it is important to 

understand some key points about photoelectron spectroscopy of uranium.

Photoelectron spectroscopy studies o f uranium, as with all other actinide elements, are 

hazardous and difficult to undertake. While the issue of radiation was more 

significant than when looking at thorium [17], the acquired spectra were more easily 

analysed as the distinctive satellite commented on in section 4.2 was not seen with 

uranium. The lack of the satellite was due to the presence of only one 6 d electron, as 

opposed to the two that thorium possesses, which are required to screen the 4f hole 

and generate the distinct loss features of the satellites [10,18,19]. The lack of
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additional 6 d electrons was accompanied by the presence of three 5 f  electrons that 

also distinguish uranium from thorium, as thorium possesses none.

As with the other actinide elements, uranium has an open f  shell with two 

degenerative states. The effect o f spin-orbit coupling (see section 2.3.3.4 d) results in 

the splitting o f the degenerate states into two peaks. The two peaks, shown in figure

5.1, correspond to and fyn final states with the ratio between the peak areas being 

3:4. The signals seen with uranium were considerably more asymmetric than those 

seen for thorium, because o f the increased density o f states (DOS) at the Fermi level 

brought about by the three 5f electrons that the element has [10,20].

As was explained in section 2.3.2.1, the binding energies observed by XPS are 

characteristic for each element. In the case o f uranium the two primary signals in the 

U(4f) region, the f$n and f7/2, have known values for the pure metal. Figure 5.1 shows 

the U(4f) spectra o f clean uranium at both “ambient” (298 K), and “cryogenic” 

(100 K) temperatures. For all the cryogenic experiments carried out the sample was 

cooled down via a continuous flow o f liquid nitrogen through internal pipes running 

the length o f the sample probe. The peak positions of 388.2 and 377.4 eV 

corresponded to U 4f5/2 and U 4f7/2 respectively, and are typical o f the values for 

uranium metal seen in the literature [13,18,21-23]. As can be seen in the figure, there 

were no significant differences between the spectra acquired at the two different 

temperatures, which was to be expected as the uranium is in the a (orthorhombic) 

alio trope at both temperatures. The transition to the /? (tetragonal) allotrope only 

occurs upon heating to approximately 933 K. As the process o f cooling down the 

sample to cryogenic temperatures takes upwards o f 30 minutes, it could be expected 

that any residual water or other molecules in the vacuum would contaminate the clean 

surface. Therefore the fact that the U(4f), C (ls), and 0 ( ls )  spectra (see figures 5.1 

and 5 .2 ) appear largely the same at both temperatures is a strong indicator of the clean 

condition of the vacuum system.
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»
298 K

100 K
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Figure 5.1: U(4f) spectra for clean uranium acquired at 298 K and at 100 K

Binding Energy (eV) Binding Energy (eV)

Figure 5.2: C(ls) and 0(1 s) spectra for clean uranium acquired at 298 K and at 100 K

Green = 298 K C(1s)
Red = 100 K

Green = 298 K 0(1 s)
Red = 100 K
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The ultra-violet photoelectron spectra of uranium, at both ambient and cryogenic 

temperature, can be seen in figure 5.3. The spectra were both acquired after the 

surface had been sputtered, removing most o f the contaminants, to create a clean 

surface. The strong signal seen at the Fermi edge was primarily due to itinerant 

uranium 5f states, while the smaller shoulder at 2.3 eV was due to 6d states [24]. 

More recent angle-resolved studies have suggested that 5f character may also be 

present away from the Fermi edge, mixed in with the 6d states at 2.3 eV [24,25]. It is 

worth noting now that the 5f emission is largely suppressed in UV photoemission 

spectra acquired using He(I) radiation due to a negligible photoionisation cross- 

section at that energy, so in reality the intensity seen at the Fermi edge would be many 

times greater, as the majority of the signal is due to the 5f electrons [26].

Green = 298 K 
Red = 100 K

m

12 8 4 0
Binding Energy (eV)

Figure 5.3: He(I) spectra for uranium after sputtering, acquired at both 298 K and at

1 0 0  K

At binding energies higher than 4.0 eV, when the signal from the valence states has 

largely disappeared, two new signals, centred at 5.0 and 8.5 eV appeared. The signal 

located at 5.0 eV could be attributed to either the 7s states [25], or to residual 

contamination upon the surface, either in the form of bulk oxide, or adsorbed O2 and

- 159-



Chapter 5 - The interaction o f uranium with water and ammonia

H2O based species. The fact that the signal was more prominent in the spectra taken 

at 1 0 0  K. indicated that the residual oxygen species explanation was more likely, as 

the additional time taken to cool down the sample would possibly result in an increase 

in the contamination seen. While this would seem to go against the suggestion made 

upon examination o f the XPS results, that the vacuum system appeared very clean, the 

increased surface sensitivity o f UPS renders it a far more accurate and reliable 

measure o f the quality o f the vacuum. The final peak, located at 8.5 eV, potentially 

corresponds to that o f a shifted oxygen species, which again could be due to 

contamination from the vacuum chamber, or from oxide located in the bulk [21,27].

The inverse photoelectron (IPE) spectra o f clean uranium, at both ambient and 

cryogenic temperatures, can be seen in figure 5.4. The background has already been 

fitted and subtracted utilising the methodology detailed in section 3.2.3. To 

compensate for the extremely weak signals detected, the experiments were repeated 

multiple times, with the results summed to produce the spectra seen. The relative lack 

o f intensity, compared to that seen for thorium (see section 4.2), appeared to 

contradict the calculated expectation that there would be a high DOS just above the 

Fermi level [9,10]. However this was a fallacy, as it was previously noted in section

4.2 that owing to the energy o f the detected photons being 9.5 eV, only the 6 d and 7s 

states would be detected, as the photoionisation cross-section towards the 5f orbitals 

is essentially non-existent at this energy [28,29]. This therefore suggests that the vast 

majority o f the DOS in the region just above the Fermi level are 5f, as opposed to 6 d 

or 7s, which when combined with the fact that the 5f states were visible in the thorium 

spectra due to hybridisation, but not for uranium, explains the observed lack of 

intensity [16].

At 298 K the acquired spectrum consisted of a single broad peak which began at the 

Fermi edge and stretched to approximately 6  eV, which was attributed to 6 d and 7s 

states. The spectrum taken at 100 K, also shown in figure 5.4, which featured the 

highest intensity at approximately 2 eV instead of the Fermi edge, suggested that the 

single signal seen at 298 K was actually formed o f multiple superimposed signals. If 

the spectrum acquired at 298 K did indeed feature multiple separate signals, then the 

one centred at 0 eV decreased in intensity upon repeating the scan at 100 K. This 

decrease in intensity o f the lowest energy signal may be down to the cooling process

- 16 0 -



Chapter 5 - The interaction o f  uranium with water and ammonia

used. As was mentioned above, a flow of liquid nitrogen through the probe on the 

system was used for the cold temperature experiments, with a period of at least 30 

minutes needed for the sample to reach its lowest temperature. The UPS results above 

provided evidence for an increase in the surface contamination upon cooling the 

sample, so it is feasible that the time-reversed version of that technique would also 

show similar signs, such as the observed drop in intensity by the Fermi level.

Normalised data
Background subtracted Background subtracted

0 2 4 6 8  10 0 2 4 6 8  10
Energy Above Fermi Level (eV) Energy Above Fermi Level (eV)

Figure 5.4: Inverse photoemission (IPE) spectra for clean uranium metal at a) 298 K 

and b) 100 K. The data is presented both before and after normalisation to aid

comparison

An additional difference between the spectra acquired at the two different 

temperatures was that of the total intensity. The total intensity of the signal seen at 

the colder temperature was considerably less than that seen at the higher temperature, 

as could be seen in the non-normalised results. While variation in intensity can 

sometimes be down to the actual electronic environment of the sample, in this
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particular example however, where the environment stayed largely the same, that 

clearly cannot be the case, and there was another cause for what is observed.

As was explained in section 4.2, the experimental setup used to carry out the inverse 

photoemission studies was extremely sensitive to even very minor changes in the 

positioning o f the sample, electron gun, or detector, because of the extremely small 

signals being detected. This combined with the highly variable output of the electron 

gun resulted in a situation where spectra, particularly those taken on different days, 

varied significantly with their intensities.

5 3  Adsorption of water (H2O) on clean uranium

5.3.1 Introduction - the uranium and water system

The reaction o f water with the radioactive actinide elements is o f particular interest as 

water is one o f the most likely contaminants that could come into contact with them 

whilst in storage. The risk o f general corrosion, and the more important specific risk 

that the radioactive emission could exacerbate the problem of dissociative adsorption 

upon the surface, and lead to the release o f considerable quantities o f O2 and H2, has 

led to a considerable quantity o f research being undertaken, especially on uranium 

[6,8,23,30-36]. While much research has been undertaken in the past, a considerable 

quantity is still being done, as many variables and areas have not been thoroughly 

explored. In particular, the electronic properties o f the unoccupied orbitals have not 

yet been thoroughly examined. As the unoccupied orbitals dictate and control the 

reactive properties of the sample, they are one o f the features that will be investigated 

in this work.

In addition to the corrosion reasons noted above, and the more general investigation 

o f the 5 f electrons, it is also o f interest to study the reaction of water upon the surface 

of uranium as the results can be compared against those from uranium exposed to 

oxygen, providing an insight into the oxidation process.
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5.3.2 Experimental results -  XPS and UPS

The effects o f gradual exposure of clean uranium metal to increasing quantities of 

background dosed H2O at approximately 298 K can be seen in figures 5.5 to 5.8. In 

the U(4f) region (see figure 5.5) the H2O oxidised the surface resulting in the 

appearance of a uranium oxide peak at approximately 380.9 eV. This energy value 

agreed with that reported by Winer et al [23] for the oxidation of uranium with water, 

but disagreed with that reported by Nomes and Meisenheimer [8]. Additionally the 

value agreed with the work carried out by Tull on both the water and uranium, and 

oxygen and uranium systems [21], and that reported by Fuggle et al [18] and 

McLean et al [11] for the in situ oxidation of uranium with oxygen. The binding 

energy of 380.9 eV corresponded to an oxide with a stoichiometry below that of the 

standard dioxide; UO2-X [37]. The sub-stoichiometric characterisation provided an 

explanation for the disagreement between the oxide value observed in this work, and 

some of the values reported for UO2 in the literature [22].

H20  adsorption at 298 K U Metal

500
2
c

ZD

f?2

200

100

50

20

360375 370 365390 385
Binding Energy' (eV)

380395400410 405

Figure 5.5: U(4f) spectra for clean uranium exposed to increasing quantities of H20  at

298 K
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When compared to the multitude o f studies examining the oxidation of uranium with 

oxygen, there was a pronounced difference in the magnitude of exposure to water 

vapour necessary to generate similar looking oxide peaks in the U(4f) region. To 

generate the same intensity oxide signal the exposure of water needed to be 

considerably greater than that needed with pure oxygen. The difference ranged from 

needing approximately 2 0  times the quantity o f oxygen [8 ], to needing 1 0 0  times the 

quantity o f oxygen [21]. While this would seem to indicate that oxygen is 

considerably more reactive towards uranium than water is, a review by Winer et al 

[23] has shown otherwise, and explained why the previous false observations have 

been made.

Winer et al noted that there have been a number o f reports indicating not only that 

water has a similar reactivity as oxygen (when taking into account oxygen content of 

reagents), but also that the presence o f any oxygen, either in the gas phase or adsorbed 

to the surface, severely retards the reaction between water and uranium [23,32,33,38]. 

The suggestion was then made that reports o f water being less reactive can be blamed 

upon an inability to maintain a completely oxygen free surface sufficiently long 

enough for the reaction with water to take place. The presence of a faint signal in the 

0 ( ls )  region (see figure 5.6) before the experiments were carried out lends credence 

to this explanation being applicable to the work carried out here. The inability to 

remove the entirety o f the oxygen contamination from the sample used in this study 

can be put down to the lack o f annealing, which has previously been shown to be key 

to producing a clean uranium surface [39,40]. While argon ion sputtering can be used 

to remove the vast majority o f surface oxide, subsequent annealing is needed to 

promote diffusion of the metal through the remaining oxide to the surface [40]. The 

diffusion creates an essentially clean metal surface, ready for future reaction.

Multiple theories have been put forward for the method in which the presence of 

oxygen (in the system and on the surface) retards the reaction of water with the 

uranium surface. The two main categories of mechanism put forward are that of 

impeded transport and preferential chemisorption. Allen et al [32], one of those in 

favour o f the impeded transport mechanism, suggested that the effect of the oxygen 

was not apparent until it had formed a thick (> 3 nm) oxide layer, as then the oxygen 

could control the transport o f newly formed OH' through the oxide layer, by impeding
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the diffusion o f the OH interstitials. They postulated that this was done through the 

formation o f defect complexes that would diffuse more slowly through the oxide, and 

would act as a barrier to the OH*. Winer et al [23] simplified the idea by suggesting 

that O2 and O', which are also transported via an interstitial mechanism, would cause 

a ‘Traffic jam ” as they migrate more slowly than the OH* ions, which would thus have 

to wait for the slower oxygen ions to migrate out o f the way before being able to 

proceed on towards the uranium metal.

The alternative idea o f preferential chemisorption, which was put forward by 

Colmenares [38], suggests that the oxygen is preferentially chemisorbed to the 

surface, and in turn blocks adsorption sites normally available to water molecules. 

This blocking action would thus interfere with the dissociation of the water 

molecules, and thus impact upon the formation o f OH* in the oxide layer. Supporting 

evidence that oxygen can prevent the dissociation of water at the surface [41], and 

potentially reduce the adsorption o f the water vapour in the first place [42] has also 

been published in the literature.

The preferential chemisorption explanation fits the results acquired in this study better 

than the impeded transport mechanism, as the quantity o f oxide detected on the 

surface before reaction was considerably less than a monolayer, so the requirement of 

a thick oxide layer having been formed, for the transport to be impeded, would not 

have been met [23].

An additional feature visible in figure 5.5 after exposure to water was that of a shake- 

up satellite centred at 6.7 eV higher binding energy than the 4 f5/2 oxide peak. The 

satellite from the peak was also present; however it was partly obscured as it fell 

upon the low energy side o f the 4 fs/2 uranium metal signal. It has been suggested that 

the satellites can be attributed to the shake-up o f an electron from the 0 (2 p) valence 

band into the unoccupied U(5f) level that accompanies the photoionisation process 

[43-46]. As the occupation and character o f the 5f-electron level depends strongly on 

the O/U ratio o f the formed uranium compound, it can be expected that as the satellite 

is the result o f a shake-up into that level, its position will strongly depend on the 

stoichiometry of the sample [22]. The relative position of the satellite reported was 

approximately characteristic o f stoichiometric UO2.0 [22,38].
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The corresponding O (ls) spectra produced by exposing uranium to increasing 

quantities of H2O can be seen in figure 5.6. At all exposures two distinct components 

were visible upon curve fitting the data. The first signal, located at 530.8 eV after 10 

Langmuirs exposure shifted steadily upwards in energy, reaching 531.3 eV after 1000 

Langmuirs. Both energies corresponded to the formation of an oxide (0 2~); however 

the value of 531.3 eV corresponded specifically to the formation of an oxide upon 

exposure to H2O [21,23]. The shifts in the binding energy observed upon changing 

the adsorbate were attributed to changes in the surface dipole caused by the O2 and 

H2O molecules, which changed the work function of the surface. It is thought that the 

binding energies are generally 0.5 eV higher in energy for water than for pure oxygen 

because of the presence of hydrogen on the surface [21]. The second less intense 

peak located at 532.8 eV, which after 1000 Langmuirs contributed 30 % of the final 

signal, has been characterised as being due to surface bound hydroxide (OH ) as 

opposed to strongly chemisorbed or interstitial O" [21,23].
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Figure 5.6: O (ls) spectra for clean uranium exposed to increasing quantities of H20  at

298 K
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The relative rate o f  signal increase in the O (ls )  region upon exposure to H 2 O 

com pared to that seen w ith O 2 , again made it appear as though O 2  is considerably 

m ore reactive than H 2 O  [8,21]. A s explained above this was the result o f  residual 

oxygen present on the surface that severely retarded any reaction between incoming 

H 2 O  m olecules and the uranium  surface.

By plotting the coverage o f  surface oxygen species, calculated from the O (ls )  spectra 

using the C arley-R oberts equation [47] (see section 3.3 for details), against exposure 

to H 2 O, it is possible to note any trends in surface coverage. Figure 5.7 shows the 

coverage versus exposure graph for the reaction o f  H 2 O with uranium. It can be seen 

that the relationship betw een the tw o variables som ew hat follows the “standard” form, 

w here the rate o f  coverage increase begins high and decreases as the total exposure 

gradually approaches a saturation value, where no m ore can be adsorbed on the 

surface. W hile the results o f  Figure 5.7 do follow  this well there is an anom alous 

period betw een 0 and 50 Langm uirs w here the reaction proceeds at a slower rate than 

expected, how ever this can be put dow n to the inherent inaccuracies o f  the area 

m easurem ents, that are highlighted by the Carley-R oberts equation.
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Figure 5.7: A dsorption o f  w ater on uranium  at 298 K: calculated surface concentration 

o f  oxygen species plotted against exposure to H20
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As with the graphs generated for thorium in chapter 4, the calculations carried out 

here also suggest the presence o f multiple layers o f adsorbate. Based on the 

theoretical value for the number o f active sites on the surface, 1 x 1 0 15 sites per cm2, 

after 1000 Langmuirs the coverage was approaching the equivalent o f ten layers. 

Calculation of the thickness o f the adsorbed layer, utilising the equation given in 

section 3.3.1, returned a value o f 24 A, which supports and agrees with the high 

multilayer coverage displayed in the figure.

While the mechanism for the oxidation o f uranium with water is less well understood 

than the associated oxidation o f uranium with oxygen, some key aspects are still 

known [38]. The initial step involves the incoming water molecules chemisorbing 

onto the surface through a metal-oxygen bond. Chemisorption then breaks one of the 

O-H bonds in a dissociation reaction that leaves a strongly bound OH* and a weakly 

held H that is bound to the surface hydroxyl group. The H species then recombine to 

form molecular H2, that most likely escapes into the gas phase, leaving behind an 

oxide. This then continues until a single layer o f the oxide has been formed, which 

when in place, alters the mechanism by which additional water molecules react. 

Without the benefit o f a metal surface to promote dissociation, the water molecules 

hydrogen bond to the oxygen atoms in the oxide layer. Upon this surface a hydrolysis 

reaction with the oxide can create surface OH* species which then diffuse through the 

oxide layer to reach the uranium/oxide interface. The OH* interstitial ions then 

combine with the uranium, releasing hydrogen atoms that combine to form molecular 

H2, while also forming additional oxide [23]. So the observation that multiple layers 

o f oxide formed upon the surface is both explainable and expected.

Figure 5.8 shows the corresponding He(I) UPS spectra acquired during the H20  

exposure experiments. With increasing exposure to H20  a number o f different peaks 

became visible in the region. Comparisons o f the peak positions against reference 

values acquired for gaseous H20  were used to help assign the observed signals [48- 

51]. The peak at approximately 5.6 eV corresponds to the lbj molecular orbital 

(overall non bonding [48]), while the partially hidden smaller peak at approximately 

8.0 eV relates to the 3ai molecular orbital (overall bonding [48], H-H bonding 

character [49,52]). Intense peaks at approximately 5.6 eV have also been reported in 

the valence band o f uranium after exposure to pure oxygen [21,24,27,53], and after
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exposure to water [21]. The final peak at approximately 10.5 eV corresponds to the 

lb2 molecular orbital (overall bonding [48], O-H bonding character, H-H antibonding 

character [49]), of the gaseous molecule [50-52]. Figure 5.9, taken and adapted from 

“The Organic Chemist’s Book of Orbitals” by W. L. Jorgensen and L. Salem [48], 

provides a visual representation of the various orbitals of gaseous water just 

described.
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Figure 5.8: He(I) spectra for clean uranium exposed to increasing quantities of H20  at

298 K

As with the XPS results above, there was a noticeable increase in the intensity of the 

signals recorded in the spectra after 50 Langmuirs exposure. Upon increasing the 

exposure from 50 to 100 Langmuirs of H20  the signal at the Fermi edge largely 

disappeared. This loss of the metallic 6d7s states close to the Fermi edge is 

understandable and agrees with the fact that uranium metal, like most actinides, has a 

high density of states located at the Fermi edge, while uranium dioxide, which is a 

semiconductor, does not [5,6,23,24]. With the loss of intensity at the Fermi edge, the 

lowest energy signal remaining was centred at approximately 2.3 eV. This was 

noticeably higher than the value of ~1 eV reported from the reaction of uranium with
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pure O2, indicating the likelihood that the surface formed upon exposure to H2O is a 

worse semiconductor than pure UO2 [11,23,24]. To investigate this perceived 

difference the uranium sample used in this work was also exposed to pure O2 to 

provide a comparison, with the UPS results shown in figure 5.10, alongside those 

acquired after exposure to H2O.

Increasing energy

Figure 5.9: Visual representations o f the orbitals of gaseous water -  taken and adapted 

from “The Organic Chemist's Book O f Orbitals" by W. L. Jorgensen and L. Salem

[48]

IB, E=-0.4294 n
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The UV photoemission spectra acquired after exposure to pure O2 matched those seen 

in the literature for pure UO2 [54]. The spectra largely matched the one acquired 

upon exposure to H2O except for the fact they were shifted by 1.3 eV towards the 

Fermi edge, and also lacked the signal associated with the 11>2 molecular orbital of 

water. The largest signal at 4.3 eV was due to the 0(2p) level of uranium oxide. The 

position of the lowest energy signal after exposure to O2 was centred at 1.4 eV, rather 

than the 2.3 eV value seen after exposure to H20 . A value of approximately 1.4 eV 

was expected as the bonding in UO2 is mostly ionic in nature, with the f-electrons 

fully localised, and as such a signal at that energy in the valence band has been 

reported previously [55]. While the 5f electrons often behave in a delocalised manner 

(see section 1.1), in U 02 they are localised, which is likely because of the oxidation
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state o f the uranium. It is possible that the high oxidation state (+4) results in less 

shielding and an increase in the effectiveness of the core, which in turn leads to the 

contraction and localisation of the 5f electrons [26].

The smaller gap between the Fermi edge and the lowest energy signal, when 

compared to the results acquired upon exposure of uranium to H2O, also reinforces 

the idea that the surface formed upon exposure to pure O2 is a smaller band-gap semi

conductor than that formed upon exposure to H2O [11,23,24].
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Figure 5.10: He(I) spectra for clean uranium exposed to O2 (500 and 2000 L) or H2O

(2000 L) at 298 K

When the water exposure experiments were repeated at a temperature of 100 K, 

distinctly different results were acquired, as can be seen in figures 5.11 to 5.15. As 

before, the addition of H20  resulted in the oxidation of the uranium; however the 

apparent rate at which it occurred differed dramatically. Quite unexpectedly the 

signal corresponding to uranium oxide in the U(4f) region (see figure 5.11) appeared 

and increased in intensity at a considerably slower rate than seen at 298 K. This 

appeared to contradict the expectation that the colder temperature should lead to an
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increase in sticking, and thus surface coverage; however this was a fallacy. The 

colder temperature only leads to an increased sticking probability for H2O molecular 

adsorption, which is seen in the 0 ( ls )  spectra, and not for H20  dissociative 

adsorption. It is actually possible for the reduced temperature to lead to a decrease in 

the dissociation of the H20  molecules, due to the unavailability of energy needed to 

break the bonds.
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Figure 5.11: U(4f) spectra for clean uranium exposed to increasing quantities of H20

at 100 K

After 500 Langmuirs exposure the spectra for the two adsorption temperatures 

diverged from each other even further as the signal in the U(4f) region at 100 K 

disappeared entirely. This can be attributed to the formation of a layer of solid H20  

on the surface that attenuated the signal from the uranium to the point where it could 

no longer be seen. The formation of the solid H20  may also provide the explanation 

for the apparent lack o f oxidation that occurred between 0 and 500 Langmuirs 

exposure. If the majority of the incoming H20  molecules were hydrogen bonding to 

each other, and to the OH' and O2' species on the surface, as opposed to the surface 

itself, the results acquired from the U(4f) region would appear to indicate a relatively
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clean surface that did not accurately reflect the effect of the exposure upon the 

surface.

Ev idence of the real effect of the exposure to H2O at 100 K can be seen in the O(ls) 

region shown in figure 5.12. After just 20 Langmuirs exposure the results deviated 

from those seen at 298 K, as three distinct components were visible, as opposed to 

two. This third signal which, after 200 Langmuirs, contributed 37 % of the total 

signal, and was located at 534.6 eV, was attributed to physisorbed H2O molecules on 

the surface of the sample.
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Figure 5.12: 0(1 s) spectra for clean uranium exposed to increasing quantities of H20

at 100 K

The signals from the three components grew separately and at different rates from 

each other. The oxide signal was the first to dominate, appearing at 531.2 eV, 

followed by the OH* signal, which had matched the intensity of the oxide by 40 

langmuirs exposure, at 532.5 eV. Finally the signal due to the physisorbed H20 , 

which began 534.4 eV, increased, approximately equalling the intensity of the other 

two signals after 200 Langmuirs exposure. After 200 Langmuirs exposure the three
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signals were all o f comparable intensity, and matched up with the spectrum reported 

by Nomes and Meisenheimer [8 ] for the exposure of 80 K. uranium to 36 Langmuirs 

of H2O. The disparity between the exposures needed to generate the results may be 

down to the presence o f a greater quantity o f oxygen contamination on the surface of 

the sample, which has been shown previously to reduce the reactivity of uranium 

towards H2O [23,32,38].

Further exposure to H2O, over and above 200 Langmuirs, caused the physisorbed H2O 

component at 534.6 eV to dramatically increase in intensity. Figure 5.13 shows the 

results acquired upon continuation o f the dosing up to 300, 400, and finally 500 

Langmuirs o f H2O. The component resulting from the physisorbed H2O increased 

both in intensity, and binding energy, as the exposure was increased. After 200 

Langmuirs it was centred at 534.6 eV, after 300 it had increased to 535.3 eV, and 

finally after 500 Langmuirs it had shifted to 535.5 eV. The shift in energy was 

possibly due to increases in the strength o f the hydrogen bonding, due to the 

expanding depth of the layer o f solid H2O, which would increase the dipole and 

change the work function o f the surface. In similar fashion to the large exposure 

difference between the results reported here and those of Nomes and Meisenheimer 

[8 ] mentioned above, the 0 ( ls )  XPS results acquired by Tull [21] also appear to 

disagree with those reported here on the grounds o f exposure quantity. Tull reported 

seeing a single peak in the 0 (  1 s) region, due to physisorbed H2O, after exposing the 

surface to 30 Langmuirs o f H2O at 80 K. The disparity between the exposure 

magnitudes needed to generate the single physisorbed H2O peak may be due to either 

the colder temperature o f 80 K used, which would lead to a greater probability of 

molecular adsorption, or the fact that the surface used by Tull was not sufficiently 

clean. It could be seen in the results reported by Tull that a large signal was present in 

the 0(1 s) region of the ‘clean’ uranium before the exposure to H20  was carried out 

[21]. The signal visible in the clean spectrum, composed of two different components 

at energies that corresponded to the oxide and the hydroxide, was large enough in 

intensity to suggest significant contamination of the surface before the experiment, 

leading any conclusions based on specific Langmuir exposures to be unreliable [21].

The extremely large increase seen in the O (ls) region upon increasing the exposure 

from 400 to 500 Langmuirs coincided with the disappearance of the U(4f) signal
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mentioned previously, as the layer of solid H2O became the dominant factor and 

source of all detected photoelectrons, thus attenuating the signal in the uranium 

region. The growing layer o f physisorbed ice predictably also led to the attenuation of 

the signals due to OH and O2* species, which were completely lacking in the 500 

Langmuir spectra.
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Figure 5.13: 0 (Is ) spectra for clean uranium exposed to increasing quantities of H2O

at 100 K

Figure 5.14 shows the coverage versus exposure graph acquired when the H2O 

exposure experiment was repeated at a temperature of 100 K. Unlike the results 

acquired at 298 K, the results o f the 100 K. experiments did not follow the “standard" 

form. Instead the coverage versus exposure graph was composed of three distinct 

phases, with the first stretching from 0 to 60 Langmuirs. Up until 60 Langmuirs the 

coverage increased linearly with respect to the exposure. The second phase, between 

60 and 200 Langmuirs, featured negligible increases in the calculated coverage, as the 

system appeared essentially stable. The final phase, from 200 to 500 Langmuirs, 

featured a dramatic increase in the coverage from 9.3 x 1015 to 3.2 x 1016 atoms per 

cm2. Upon reaching 500 Langmuirs exposure the coverage values appeared to be
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beginning to saturate; however it cannot be concluded for certain whether the surface 

species would have reached equilibrium without additional results being acquired.

The sudden increase in the surface coverage upon the exposure rising above 200 

Langmuirs coincided with the dramatic increase in the physisorbed H2O peak in the 

0 ( ls )  region, suggesting that from 200 Langmuirs onward ice was exclusively formed 

on the surface. Only after the total coverage had reached 3.2 x 1016 atoms per cm2 

was the ice thick enough for the signal from the uranium to be attenuated entirely so 

that no evidence o f it was seen in the U(4f) region.
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Figure 5.14: Adsorption of water on uranium at 100 K: calculated surface 

concentration o f oxygen species plotted against exposure to H2O

The average coverage value calculated for the period of negligible change from 60 to 

200 Langmuirs, o f 9 x 1015 atoms per cm2, approximately matched that seen upon 

saturation of the surface at 298 K. Saturation was reached at 298 K due to the 

inability o f further OH' species to be formed upon the surface and diffuse to the 

uranium/oxide interface. Based on the understanding of the reaction mechanism, this 

was because after 500 Langmuirs exposure the surface consisted of entirely OH' 

species, and not the oxide that was necessary for the binding and hydrolysing of
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incoming water molecules [23]. It is conceivable that the surface at 100 K also 

formed a surface of purely OH' species, which was only completed after exposure to a 

total o f 200 Langmuirs o f water. It is possible that it was only after the surface had 

been completely saturated with OH' that any additional water molecules began to 

hydrogen bond to them, and led to the formation of multiple layers of solid H2O. This 

would explain the sudden and dramatic increase in coverage seen from 200 

Langmuirs exposure onwards.

Figure 5.15 shows the corresponding He(I) UPS spectra acquired during the H2O 

exposure experiments at cryogenic temperature. As in figure 5.8, exposure to H2O 

resulted in a number of different peaks becoming visible in the region. Up to 80 

Langmuirs exposure, the results were relatively similar to those seen at ambient 

temperature. The lb2 molecular orbital peak at 10.4 eV was present; however the 

intense peak at approximately 6.7 eV could not be as easily resolved into the separate 

components that corresponded to the lb] and 3ai molecular orbitals.

The spectra acquired after >100 Langmuirs exposure showed the effects of the 

growing layer o f ice upon the surface. Hydrogen bonding, when in the solid state of 

ice, severely affects the 3ai molecular orbital, causing it to appear significantly 

broadened and dominate the spectra, leading to the results seen [56]. Additionally the 

spectrum acquired after 100 Langmuirs exposure also matched up well with that 

reported by Manner et aI [34] for the exposure o f uranium to 2.0 Langmuirs of D2O at 

85 K. The large disparity between the exposures can be put down partly to the colder 

temperature, partly to the use o f D2O, and partly to the fact the surface used by 

Manner et al may have contained less residual oxygen which, as noted before, slows 

the reaction with H2O [23,32,33,38].

In contrast to the results acquired at 298 K, where there was a small residual signal 

near the Fermi edge even after exposure to 1000 Langmuirs, at 100 K the signal had 

been completely lost after 200 Langmuirs. This was to be expected as the layers of 

ice would behave like an insulator and inhibit the semiconductor nature of UO2, thus 

leading to the loss of signal near the Fermi edge.

- 177-



Chapter 5 - The interaction o f  uranium with water and ammonia

It is worth noting that the UPS results shown in figure 5.15 appeared to suggest the 

formation of substantial quantities o f physisorbed H2O upon the surface after just 100 

Langmuirs, as opposed to the 300 Langmuir exposure needed to generate similar 

evidence in the XPS results. This may be due either to the increased surface 

sensitivity o f the UPS technique, which would highlight proportionally more of the 

physisorbed H2O on the surface, or be due to differences in the relative cleanliness of 

the sample before each o f the experiments. If the surface used for the XPS 

experiment was contaminated with a greater quantity of residual oxygen species, 

which were noted above to interfere with the reaction of H2O upon uranium, then the 

formation o f the thick layers o f physisorbed H2O would have occurred after a greater 

exposure value, as in the results reported.
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Figure 5.15: He(I) spectra for clean uranium exposed to increasing quantities of H20

at 100 K

5.3.3 Experimental results IPES

Inverse photoemission experiments examining the exposure of uranium to water were 

carried out separately from the forward photoemission experiments; however, the
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same two temperatures were investigated, and similar comparisons were made against 

the uranium and oxygen system.

The IPE spectra o f uranium after exposure to H2O at 298 K can be seen in figure 5.16. 

The uranium surface was stable under the low energy electron beam for the entire 18 

hours the experiment was carried out over, which was in contrast to some of the IPES 

experiments reported previously (see chapter 4). The single broad signal detected was 

made up of two distinct components at 3.1 and 4.8 eV that contributed 18.9 % and 

81.1 % of the intensity respectively. The signal detected will have been due to the 6d 

and 7s states, not only because the 5f states are largely not detected at the photon 

energy used, but also because in UO2 the entire 5f band is moved below the Fermi 

level into the realm o f the forward photoemission techniques [10]. The relatively 

small distance from the detected signal to the Fermi edge (1.4 eV) is indicative of the 

magnitude o f the band-gap, which will be relatively small due to the semiconductor 

nature o f pure UO2 [5,6,23,24].

IPES measurements o f H2O adsorption were repeated at 100 K, with the results split 

into two parts owing to the two distinct phases o f surface coverage. The initial 

coverage o f the surface up until 150 Langmuirs, when the three oxygen species were 

visible in the 0(1 s) XPS results, is featured as part o f figure 5.16, to aid comparison 

with the results o f the 298 K experiment. The second phase, taken after 500 

Langmuirs exposure, where the surface was dominated by ice can be seen in figure

5.17. For the first phase there was a significant difference between the 298 K 

experiment (500 Langmuirs) and the 100 K experiment (150 Langmuirs). 150 

Langmuirs was chosen as the three different components in the 0 ( ls )  region were 

most visible after this exposure. Any greater exposure would lead to the quick 

formation of multiple layers o f ice on the surface. As there was no danger of ice 

formation at 298 K. regardless o f  exposure, the 500 Langmuirs used is acceptable for 

comparison against the 150 Langmuirs used at 100 K.

As with the experiment carried out at 298 K, after 150 Langmuirs at 100 K the surface 

also remained completely stable under the low energy electron beam utilised in the 

technique. The spectra featured two distinct signals, with the first being a broad peak, 

centred at 6.1 eV, that was superimposed onto the steadily rising background that
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made up the second distinct signal. As with the results of the 298 K experiment, both 

detected signals were due to the 6d and 7s states, with particular emphasis on the 6d 

states. In contrast to the spectra acquired at 298 K, where the signal began 1.4 eV 

above the Fermi edge, the signal at 100 K was further away from the edge, at 3.2 eV. 

This was due to the physisorbed H2O component upon on the surface, which after 150 

langmuirs was approximately equal in intensity to that of the hydroxide and oxide 

signals, which partially insulated the surface, increasing the band-gap of what would 

normally be a semiconductor.
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Figure 5.16: I PE spectra for uranium exposed to 500 L of H2O at 298 K and 150 L at

100 K

The second part of the results for uranium exposed to H20  at 100 K are seen in figure

5.17. As was discussed earlier while considering the XPS results of the experiment, 

upon increasing the exposure above approximately 200 Langmuirs a significant layer 

of solid H20  rapidly formed upon the surface. To maximise the depth of this layer for 

the IPES experiment the uranium was exposed to 500 Langmuirs of H20.
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The acquired spectra in figure 5.17 provided the first example o f a uranium surface 

that was unstable whilst under bombardment from the low energy electron gun. The 

signals recorded gradually shifted upwards in energy away from the Fermi edge as 

time progressed. The low energy limit o f the signal was approximately 2 eV during 

the first scan, but had increased to 4 eV by the seventh and final scan, while the 

approximate centre point o f the slopes (highlighted in the figure) increased from 5 to

6.2 eV.

The presence of the detected signal from the very first scan was unexpected, as 

previous experiments carried out suggested that nothing would be visible initially (see 

section 4.3.3). It was expected that the layer o f solid physisorbed H2O would be thick 

enough to completely attenuate the signal from the uranium orbitals beneath, which 

would leave a “blank” spectrum, as the photoionisation cross-section towards the 3 s 

orbitals o f the oxygen in the ice was shown previously to be negligible (See page 

115). The fact that the signal was visible even in the first scan would seem to suggest 

that the layer o f ice upon the surface was not sufficiently thick enough, even though 

based upon the XPS results reported earlier in this work it should have been. One 

possible explanation for there being less adsorbed oxygen based species than expected 

was that there may have been a greater proportion of oxygen contamination upon the 

surface, before the exposure was carried out, when compared to the XPS experiments 

detailed above. This would in turn have a negative effect upon the reactivity of 

incoming H2O molecules upon the uranium surface, and thus lead to a lower coverage 

for the same exposure [23,32,33,38].

An alternative explanation for the signal being visible from the very first scan relates 

to how the experiment was undertaken. The surface was exposed to 150 Langmuirs 

of H2O, and scanned for a total o f 80 minutes, to produce the spectra seen in figure 

5.16. After this an additional exposure o f 350 Langmuirs of H2O was carried out, and 

the surface was scanned for an additional 28 minutes. While no changes were visible 

in the spectra during the 80 minutes the sample was initially scanned for, after 

exposure to 150 Langmuirs, it is still possible that some form of rearrangement 

occurred due to the incident low energy electron beam. The proposed rearrangement 

could have then either limited the adsorption of further H20 , or altered the chemical
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form in which it took upon the surface, thus leading to the observance of a signal in 

the acquired 1PE spectra right from the very first scan.
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Figure 5.17: Chronologically ordered IPE spectra for uranium exposed to 500 L of

H2O at 100 K, taken over a period of 28 minutes

As with the forward photoemission techniques, the oxidation of uranium with oxygen 

was useful for direct comparison with the water and uranium reaction. The IPE 

spectra of uranium after exposure to 500 Langmuirs of O2, at both ambient and 

cryogenic temperatures, can be seen in figure 5.18. It is worth noting that the 

spectrum acquired at 298 K largely matched the IPES results reported by Roussel et al 

[57] for pure UO2 0-

At both temperatures the resulting signal after exposure was a composite of two 

separate peaks, which were due to the 6d and 7s states, as the 5f states would all be 

below the Fermi level [10]. The temperature had a distinct effect upon both the 

positions of, and relative intensities of, the two peaks. In the experiment carried out at 

298 K, the acquired spectrum featured two broad peaks centred at 3.9 and 5.7 eV, 

which made up 23 % and 77 % of the total signal respectively. The signal at 3.9 eV
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has been attributed to the 6d‘ states [57], while the signal at 5.7 eV has been attributed 

to the 5f^ final state [58], which disagrees with the suggestion that the 5f states would 

all be below the Fermi level [10]. The distance between the Fermi edge and the 

energy o f the lowest detected signal was approximately 1.75 eV, which is indicative 

o f the magnitude o f the band-gap, which would be relatively small due to the 

semiconductor nature o f pure UO2 [5,6,23,24].

Background subtracted
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Figure 5.18: IPE spectra for uranium exposed to 500 L O2 at 298 K and 100 K

A direct comparison with the results o f the experiment carried out at 100 K was 

complicated however by the fact that the surface was not stable under the electron 

beam, suggesting the surface species were only weakly bound. Figure 5.19 shows the 

spectra acquired at 100 K every 20 minutes over a total period of 60 minutes. While 

the effects o f  the electron gun were not as pronounced as in some o f the other results 

reported in this work, it can still be seen that there was a subtle broadening of the peak 

as time went on, combined with a loss o f intensity of the peak when compared to the 

steadily increasing background signal. The background subtracted spectrum shown in 

figure 5.18 was o f the first 0 to 20 minutes scan period, and was made up of two
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distinct broad peaks centred at 4.7 and 5.5 eV, which made up 16 % and 84 % of the 

total signal respectively.
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Figure 5.19: Chronologically ordered IPE spectra for uranium exposed to 500 L of O2 

at 100 K, taken over a period of 60 minutes

When comparing the results of the exposure to oxygen against the exposure to water 

the first notable similarity was that both surfaces resulting from exposure at 298 K 

were entirely stable under the low energy electron gun. This was in contrast however 

to the results acquired at 100 K, where the surface after exposure to oxygen was 

unstable, while the surface after exposure to water (150 Langmuirs) was stable. 

While it is true that after 500 Langmuirs of H2O the surface was unstable under the 

electron beam, this is not however comparable to the O2 exposure results, as the total 

coverage was many times greater due to the presence of physisorbed species, in 

addition to those chemisorbed, which were only formed through exposure to H20  and 

not O2.

A notable difference between the results acquired at 298 K was that while exposure to 

either reagent resulted in the formation of one broad peak, in the spectra from the
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water experiment the peak was the only signal visible. This was in contrast to the 

results o f the oxygen experiment, where there was a prominent tail of increasing 

energy on the high energy side o f the peak, suggesting the presence of additional 

unoccupied states centred outside the range o f the scanned region. A second notable 

difference between the results acquired at 298 K was the form that the broad peaks 

took. Both were made up o f two distinct components; however, the relative intensity 

and positions o f these varied. For the water experiment they were at 3.1 and 4.8 eV 

and contributed 18.9 %  and 81.1 % respectively, while for the oxygen experiment 

they were at 3.9 and 5.7 eV and contributed 23 % and 77 % of the total signal 

respectively.

The final significant difference between the results acquired at 298 K was the gap to 

the Fermi edge o f the lowest detected signals. In the H2O exposure experiment it was

1.4 eV, while for the O2 exposure experiment it was marginally larger, at 1.75 eV. 

This would appear at first sight to suggest that the band gap in pure UO2, formed by 

exposure to O2, was greater than that of the uranium surface formed upon exposure to 

H2O. However, upon taking the UPS results reported in figure 5.10 into account, it 

was seen that the band gap was in fact larger for the surface formed through exposure 

to H2O (3.25 eV for H2O exposure against 2.56 eV for O2 exposure).

5.3.4 Additional discussion

At both 298 K and 100 K the exposure of clean uranium to H2O led to the formation 

of multiple oxygen species. The binding energies for the U(4f) and 0 ( ls )  regions 

indicated the presence o f hydroxide and oxide species, with an additional component 

due to physisorbed H2O at 100 K. Additional evidence for the formation of the oxide 

species was provided by the presence o f shake-up satellites at 384.1 and 394.9 eV in 

the U(4f) region that are known to indicate the formation o f uranium oxide, 

specifically the UO2 0  stoichiometry [22,38]. The three component O(ls) spectrum 

after 200 Langmuirs exposure at 100 K emulated that seen in the literature after 36 

Langmuirs at 80 K. [8 ]. The signal from the physisorbed H2O at 100 K increased in 

size and dominated the O (ls) region after 300 Langmuirs exposure, resulting in the 

complete attenuation o f the signal in the U(4f) region.
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The reactivity o f the surface towards H2O was shown to be considerably lower than 

towards O2, with up to 1 0 0  times greater exposure needed to generate similar 

intensities of oxide signals in the U(4f) region. The low reactivity towards H2O was 

explained to be due to the presence of residual oxygen upon the surface, which 

blocked adsorption sites.

The coverage against exposure graphs showed the expected multilayer coverage at 

both temperatures, and a “standard” relationship between the two variables for the 

experiment at 298 K, but not at 100 K. At 100 K a sudden and rapid increase in 

surface coverage was observed between 200 and 500 Langmuirs exposure that was 

shown to be due to the formation o f purely physisorbed water upon the surface. The 

total surface coverage upon saturation at 298 K was calculated to be the equivalent of 

1 0  layers, which was supported by depth calculations of the total layer thickness, that 

showed it be 24 A thick. The total surface coverage after 500 Langmuirs at 100 K, 

calculated via the Carley-Roberts equation [47], equated to 32 layers, which was 

greater than the probing depth o f XPS, meaning the total thickness was greater than 

50 A, but was too thick to calculate accurately using the methods described in chapter 

3.

The 5f, 6 d, and 7s unoccupied orbitals shifted upwards in energy away from the Fermi 

edge upon reaction with H2O. The unoccupied orbitals at 298 K were located at a 

lower energy that those seen after 150 Langmuirs at 100 K due to the presence of 

considerable physisorbed H2O at the colder temperature. The unoccupied orbitals at 

298 K were located at a lower energy than those seen upon reaction with pure O2, due 

to the formation o f hydroxide groups when exposed to H2O. The surface after 500 

Langmuirs at 298 K, and 150 Langmuirs at 100 K, proved to be entirely stable under 

low energy electron gun utilised in the IPES technique. The surface after 500 

Langmuirs exposure at 100 K, when a thick layer of physisorbed H2O had been 

formed, proved to be unstable under the beam, with the signal shifting upwards in 

energy as time went on.

The signals seen in the He(I) UPS and IPES results, acquired at 298 K, around the 

Fermi level exposed the relatively small band-gap of the sample after exposure to H20  

that is characteristic o f the semi-conductor nature of UO2.
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5.4 Adsorption of ammonia (NH3) on clean uranium

5.4.1 Introduction - the uranium and ammonia system

UN is an important compound being considered for use as one of the fuel types for the 

future advanced nuclear reactors [26,59,60]. A number o f different reaction 

mechanisms used to form it have been investigated, many o f which involve the use of 

ammonia as the source of the nitrogen [59,60]. While the reactions themselves have 

been studied, very little work has been done on the direct reaction between clean 

uranium and ammonia, and what species the reaction forms. It is not yet fully known 

what affect the presence of additional NHX species, expected to form upon reaction 

with ammonia, could have on the overall stability and electronic properties o f the UN 

surface. Additionally, as with all the work undertaken throughout this study, the 

unusual technique o f IPES offers the chance to investigate the rarely looked at, yet 

vitally important, unoccupied orbitals.

5.4.2 Experimental results -  XPS and UPS

The effect o f gradual exposure of clean uranium metal to increasing quantities of 

background dosed NH3 (up to 1000 Langmuirs) at 298 K can be seen in figures 5.20 

to 5.24. Additional exposure above 1000 Langmuirs produced negligible differences 

in the photoemission spectra. In the U(4f) region (see figure 5.20) the reaction of NH3 

with the surface was seen to have resulted in only subtle changes to the uranium metal 

peaks. The positions of the and Aina peaks had shifted 0.2 eV upwards in energy, 

which agreed with the spectra o f pure UN published in the literature [10,26]. 

Additionally the maximum intensity of the peaks decreased upon reaction with the 

incoming NH3 molecules, while the FWHM increased (from 2.0 to 2.6 eV for the 4 f7/2 

peak).

The peaks recorded after exposure to NH3 retained the asymmetric nature of the clean 

uranium spectrum. The asymmetric nature for clean uranium was explained, both 

generally in section 3.2.2, and more specifically in section 5.2, to be caused by the 

high density o f states situated at the Fermi edge. This suggested that a significant 

proportion of those density of states remained at the Fermi edge upon formation of
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UN. This observation agreed with the results published by Black et al [26], and based 

upon their work, also provided evidence that UN was formed as opposed to U2N3, 

which would have generated symmetric peaks in the U(4f) region. The asymmetric 

properties o f the peaks additionally resulted in a visible broadening of the signals; 

however this alone did not explain the significant increase in the FWHM reported 

above, upon formation of UN. A comprehensive examination of the reason for this 

broadening was carried out by Norton et al [10]. By a process of elimination they 

determined it was due to configuration interactions, in particular the possibility of 

mixed valency of the uranium. The chemical shift due to mixed valency would be in 

the order of 1 eV; however due to the already broad nature of the peaks and the 

resolution of the system it would not be possible to resolve the separate components, 

thus resulting in the increased broadness observed in the acquired spectra.

NH3 adsorption at 298 K U Metal
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Figure 5.20: U(4f) spectra for clean uranium exposed to increasing quantities of NFh

at 298 K

In addition to the alterations to the 4 f5/2 and 4f7/2 peaks, exposure to NH3 also resulted 

in the appearance of a peak towards higher binding energy. This photoemission
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signal was from the nitrogen itself, as the U(4f) and N(ls) XPS regions overlapped. 

Close-up spectra of the N (ls) region for the experiment can be seen in figure 5.21.

The signal visible in the N(ls) region was made up of two distinct components, with 

the larger of the two, located at 396.8 eV, due to the formation of the nitride. The 

position of this peak matched up well with that reported in the literature for pure UN 

[10,26,61]. The second peak, located at 398.6 eV, which contributed approximately 

15 % of the total signal, was assigned to nitrogen in the form of NH2 chemically 

bound to the surface [62]. The lack of any signal relating to NH would appear to 

suggest that it was not a stable species upon the surface, and underwent sudden and 

immediate loss of the final hydrogen to form the nitride instead.

It is worth noting that unlike the results seen in the O(ls) region upon exposure to 

H2O, where there were noticeable differences in the spectra over the entire 1000 

Langmuir range studied, the N (ls) spectra produced upon exposure to NH3 remained 

largely identical over the range of 10-1000 Langmuirs.
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Figure 5.21: N(ls) spectra for clean uranium exposed to increasing quantities of NH3

at 298 K
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In addition to the N(ls) region, the N(KLL) Auger signal was monitored, with the 

results shown in figure 5.22. The exposure to NH3 resulted in the immediate 

appearance of a signal at 1102.5 eV equivalent binding energy. After the initial 10 

Langmuir exposure the signal remained stable, in both position and intensity, while 

the surface was exposed to a total of 1000 Langmuirs.
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Figure 5.22: N Auger spectra for clean uranium exposed to increasing quantities of

NH3 at 298 K

Figure 5.23 shows a plot of the surface coverage of nitrogen species calculated using 

the Carley-Roberts equation against the exposure to NH3. It can be seen that the plot, 

like that acquired after exposure to H20  at 298 K, followed a version of the so called 

“standard" relationship, whereby the rate of coverage increase begins high and 

decreases as the total exposure increases. As with the calculations carried out upon 

exposure to H20 , the calculations for exposure to NH3 also showed evidence for 

multilayer coverage. Based on the theoretical value for the number of active sites on 

the surface, 1 x 1015 sites per cm2, after 1000 Langmuirs the coverage was 

approaching the equivalent of 4.4 layers.
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This could be explained by the ability of the NH2 species shown to be on the surface 

to hydrogen bond to additional NH3 molecules; however if this was the case an 

additional signal corresponding to those same molecules would be expected in the 

N (ls) XPS results. The actual explanation for the multilayer coverage is that the 

mechanism for the nitride formation is similar to that of the oxide formation, in that 

diffusion through the surface layers is possible. Upon formation of the first layer, 

additional ammonia molecules chemisorb to the surface nitride whereby they 

dissociate to form NH2. The adsorbed species then diffuse through the surface layer 

to reach the uranium/nitride interface, whereby they react to form additional nitride, 

thus increasing the coverage beyond that of a single layer.

NH3 exposure at 298 K
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Figure 5.23: Adsorption of ammonia on uranium at 298 K: calculated surface 

concentration of nitrogen species plotted against exposure to NH3

The coverage against exposure graph of figure 5.23 also highlighted how little the 

acquired spectra varied over the entire range of exposures studied. After 10 

Langmuirs the coverage was already 3.3 x 1015 atoms per cm2, which was 

considerably higher than the 4.2 x 1014 atoms per cm2 seen upon exposure to 10 

Langmuirs of H2O. This fact combined with the relative stability of the spectra upon 

increasing exposures suggested that clean uranium was initially considerably more
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reactive towards NH3 than H2O. While this may be true, the calculated coverages 

once saturation had been reached showed that exposure to H2 O led to more than 

double the total coverage of the surface than exposure to NH3.

Figure 5.24 shows the corresponding He(I) UPS spectra acquired during the NH 3  

exposure experiments. The addition o f  NH 3  into the system resulted in the 

appearance o f  a num ber o f  peaks which related to the nitrogen containing species 

adsorbed onto the surface. Com parisons o f  the peak positions against reference 

values acquired for gaseous N H 3 were used to help assign the observed signals 

[51,63-65]. The peak at approxim ately 4.4 eV corresponds to the 3ai molecular 

orbital (overall non-bonding [63], H-H bonding character [64]) o f  gaseous NH 3 , while 

the peak at 10.0 eV relates to the le  degenerate molecular orbitals (overall bonding 

[63], strongly N-H bonding [64]) [51,52,65].
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Figure 5.24: He(I) spectra for clean uranium exposed to increasing quantities o f  NH 3

at 298 K

The peak at 7.6 eV was probably due to residual oxygen contamination upon the 

surface, as there was a signal visible near that same energy before the surface had
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been exposed to any NH3, and a small signal was seen in the O (ls) spectra that was 

taken before the experim ent to check the cleanliness o f  the surface. Figure 5.25, taken 

and adapted from “T h e  O rganic Chem ist's Book o f  Orbitals” by W. L. Jorgensen and 

L. Salem [63], provides a visual representation o f  the various orbitals o f  gaseous 

am m onia ju st described.
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Figure 5.25: Visual representations o f  the orbitals o f  gaseous ammonia -  taken and 

adapted from “The O rganic Chem ist's Book O f O rbitals” by W. L. Jorgensen and

L. Salem [63]

An additional key feature in figure 5.24 is visible at the Fermi edge. The continuing 

presence of a large signal at the Fermi edge after exposure to NH 3  was due to the 

delocalised nature of the 5f electrons in classic UX based compounds, such as UN, 

where the U-U spacing is below  3.5 A (which is the Hill limit) [26]. The intensity 

recorded at the Fermi edge also explains the observation that the A isri and peaks 

seen in figure 5.20 rem ained asymm etric in appearance even after exposure to NH 3 .

4>, £= 0.5844 0 %*^
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The observed intensity at the Fermi edge also agreed well with that observed in the 

UPS spectra of pure UN reported in the literature [10,26,61].

As with the H2O studies, distinctly different results were acquired when the NH3 

exposure experiments were repeated at 100 K, as can be seen in figures 5.26 to 5.30. 

Unlike the experiments carried out at 298 K, the exposure to NH3 at 100 K had very 

little effect upon the U(4f) XPS region, as can be seen in figure 5.26. Close 

examination and comparison of the spectra acquired before and after exposure showed 

up only a very minor drop in intensity of the and 4 f7/2 peaks, combined with a 

small increase in the FWHM (2.1 to 2.2 eV). This appeared to suggest that 

considerably less uranium nitride had been formed at 100 K than at 298 K. This 

conclusion was confirmed through examination of the spectra acquired from the N(ls) 

region, which can be seen in figure 5.27.
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Figure 5.26: U(4f) spectra for clean uranium exposed to increasing quantities of NH3

at 100 K

Upon exposure to NH3 only a very minor increase in the N(ls) region was recorded, 

although it was still possible to identify two separate components. Observation of the

- 1 9 4 -



Chapter 5 - The interaction o f  uranium with water and ammonia

actual specific intensities and positions of the signals was hampered by the poor 

signal to noise ratio which, whilst not a problem at 298 K, made any accurate 

quantification difficult at 100 K. The more intense of the components, which was 

estimated to make up 2/3 of the total signal, was centred at approximately 396.9 eV, 

and corresponded to the presence of nitride. The less intense of the two components, 

at approximately 398.7 eV, was due to the presence of NH2 bound to the uranium 

surface, as was the case in the experiment carried out at 298 K.

NH3 adsorption at 100 K N(1s) NH3 adsorption at 100 K N(1s)

as

1000
500
100

1000 L

T
392 402 400 398 396 394396408 404 400

Binding Energy' (eV) Binding Energy' (eV)

Figure 5.27: N (ls) spectra for clean uranium exposed to increasing quantities of NH3 

at 100 K. The spectrum on the right is curve fitted to aid comparison

The observation of there being considerably less nitrogen species adsorbed at the 

surface when the exposure was carried out at 100 K as opposed to 298 K was 

unexpected. The colder temperature would be expected to cause the sticking 

probability for NH3 molecular adsorption to increase, resulting in an overall increase 

in the total number o f nitrogen based species upon the surface. One possible 

explanation for this observation related to the process used to cool down the sample. 

As it took 30 minutes to fully cool down the sample it is possible that residual 0 2 and
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H2O in the vacuum system adsorbed to the surface during this time, thus reducing 

available sites for the incoming NH3 molecules. However examination of the O(ls) 

XPS region (see figure 5.28) revealed only very minor and altogether insignificant 

increases in the detected signal over the course o f the experiment.

A second possible explanation was that it was possible that the colder temperature 

may have had the unforeseen effect o f limiting the dissociation of the incoming NH3 

molecules due to there being a lack o f available energy to break the bonds. However 

if this were true it would be expected that the incoming NH3 molecules would still 

have been adsorbed onto the surface, and thus evidence for them being there would be 

visible in the N (ls) region. The lack o f any signal at 401 eV, which is the energy 

physisorbed molecular NH3 would appear at [6 6 ], suggests that there is an alternative 

explanation for the poor reaction seen at 1 0 0  K.

A third possible explanation for the observed results revolves around the idea of 

electronic hindrance. It is possible that the incoming NH3 molecules were prevented 

from adsorbing at the surface due to a change in the electronic structure brought about 

by the presence of an oxide on the surface. A process known as band bending can 

occur when two surfaces are in contact, as the two Fermi levels of the materials will 

“bend” in an effort to equal one another. The band bending is achieved via the 

process o f exchanging charge carriers, and traditionally occurs at interfaces, such as a 

material/vacuum interface, or a metal/oxide interface. It has also been shown 

previously in the literature that the phenomenon of band bending can have a 

significant effect upon the adsorption o f reactants onto surfaces [67]. Thus it is 

indeed possible that on the uranium surface studied band bending took place due to 

the presence of an oxide on the surface, which in turn led to a decrease in the total 

quantity of NH3 based species adsorbed.

However, as the effect only occurred at low temperature it seemed to suggest that a 

change in the surface species was possibly involved as well. To test this idea the 

surface was cooled down to 1 0 0  K then immediately allowed to naturally warm back 

up to 298 K. A repeat o f the 298 K NH3 exposure experiment then undertaken 

produced identical results to those acquired when the exposure was carried out at
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100 K. This suggests that a permanent rearrangement of the surface and surface 

species occurs upon cooling down the surface to 100 K.

So the poor adsorption of NH3 at 100 K. was likely due to the combination of there 

being residual oxygen on the surface which underwent rearrangement at the cryogenic 

temperature, and the phenomenon of band bending which also occurred due to the 

presence of oxygen on the surface.
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Figure 5.28: 0 ( ls )  spectra for clean uranium exposed to increasing quantities of NH3

at 1 0 0 K

Figure 5.29 shows the exposure versus coverage graph acquired for when the NH3 

exposure experiment was repeated at a temperature of 100 K. As in the case of the 

experiment undertaken at ambient temperature, the results acquired at this colder 

temperature also showed the same approximate ‘"standard” relationship between the 

two variables. It is worth noting now that owing to the poor signal to noise ratio in 

the N(ls) spectra, the accuracy of the area measurements used in the Carley-Roberts 

equation was potentially low, which resulted in there being a significant potential 

error associated with the calculated coverage values. This potential error explains
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why the calculated values did not follow the “standard” relationship quite as strictly as 

those calculated from the results acquired at 298 K.

When compared to the XPS results reported above, the graph shows more clearly just 

how little nitride was actually formed upon the surface when the experiment was 

repeated at 100 K. After 1000 Langmuirs the calculated coverage was just 7.0 x 1014 

atoms per cm" at 100 K, as opposed to 4.4 x 1015 atoms per cm2 at 298 K. That the 

surface reached saturation after less than a monolayer had been formed highlights the 

unusually low coverage observed.
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Figure 5.29: Adsorption of ammonia on uranium at 100 K: calculated surface 

concentration of nitrogen species plotted against exposure to NH3

Figure 5.30 shows the corresponding He(I) UPS spectra acquired during the cryogenic 

temperature NH3 experiments. As UPS is a more surface sensitive technique than 

XPS, the spectra revealed more visually the effect of the exposure upon the uranium 

surface.

As in figure 5.24, exposure to NH3 resulted in a number of different peaks becoming 

visible in the region. The same two peaks seen at 298 K that corresponded to the 3ai
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and le molecular orbitals of gaseous NH3 were visible, albeit considerably less 

intense, and shifted in energy to 4.5 and 10.2 eV respectively. The reason behind the 

two peaks being shifted in energy, and less intense, was possibly connected to the 

large signal, visible at 7.3 eV, which also appeared upon exposure to NH3.

The peak at 7.3 eV was considerably more intense than the corresponding peak at

7.6 eV seen in the spectra acquired at 298 K (see figure 5.24). As this signal was 

thought to originate from residual oxygen upon the surface, the difference in energy 

and intensity may be evidence for the surface rearrangement and band bending, 

proposed above, that contributed to the poor adsorption.

NH3 adsorption at 100 K U Metal

1e

1000c3
500

-e< 100

20

04 -412 816
Binding Energy (eV)

Figure 5.30: He(I) spectra for clean uranium exposed to increasing quantities of NH3

at 100 K

In addition to the primary features noted above, exposure to NH3 also led to a 

noticeable decrease in the intensity seen at the Fermi edge. The decrease was 

comparable to that seen when the exposure was carried out at 298 K, even though 

considerably less nitride and NH2 was adsorbed on the surface. This could be 

considered more evidence for the ideas of surface rearrangement and band bending, as
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these two processes both involve electronic alterations which could alter the observed 

valence spectra.

5.4.3 Experimental results -  IPES

Inverse photoemission experiments examining the exposure of uranium to ammonia 

were carried out separately from the forward photoemission experiments; however, 

the same two temperatures were investigated, and all other variables were kept the 

same.

The IPE spectra o f uranium after exposure to NH3 at 298 K can be seen in figure 5.31. 

The uranium surface was stable under the low energy electron beam for the entire 12 

hour duration the experiment was carried out over, which again is in contrast to some 

o f the IPES experiments reported previously (see chapter 4). A key feature of the IPE 

spectra seen after exposure to NH3 was the relative weakness of the signals when 

compared to the results acquired after exposure to either H2O or O2 (see section 

5.3.3). A possible explanation for this observation is based upon the fact that in UO2 

the 5f band is moved below the Fermi level into the realm of the forward 

photoemission techniques [10]. As this does not occur upon exposure to NH3, it is 

possible that a very large proportion o f the unoccupied DOS are 5f states, which are 

still located above the Fermi level. If this were true they would not be very visible in 

the acquired spectra, as at the photon energy used (9.5 eV) the photoionisation cross- 

section towards the 5f orbitals is essentially non-existent [28,29]. Thus the resulting 

spectra, composed o f the signals o f only 6 d and 7s unoccupied states, would thus 

appear to be lacking in intensity, like those acquired during the experiment.

The exposure to NH3 resulted in there being four distinct signals in the spectra. The 

largest and broadest signal, that dominated the spectrum, was centred at 

approximately 5.4 eV. The other definitive signals were all visible as shoulders of the 

largest peak, at 0.8, 1.7, and 9.1 eV. As stated above, all four signals were largely due 

to the 6 d and 7s unoccupied states.

The final key feature o f the spectra to note is that the signal was present all the way to 

the Fermi edge. This combined with the similar presence of a signal all the way to the
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Fermi edge in the UPS spectra (see figure 5.24) confirms and supports the DFT 

calculations earned out for UN, that suggest it to be a metallic based conductor [68].

|—i—n —| i—i i—| i i i j i i—i | r-i r—| i

0 2 4 6 8 10
Energy Above Fermi Level (eV)

■ |  i i i |  i i  i |  i i i | i i r  |

0 2 4 6 8 10
Energy Above Fermi Level (eV)

Background subtracted
Red = 298 K
Green = 100 K

Background subtracted 
Normalised data

Figure 5.31: IPE spectra for uranium exposed to 500 L of NH3 at 298 K and 100 K. 

The left spectra are before normalisation while the right ones after normalisation

IPES measurements of NH3 adsorption were repeated at 100 K, with the results shown 

in figure 5.31, along with those acquired at 298 K, for ease of comparison. As with 

the experiment carried out at 298 K, the low energy electron beam had no effect upon 

the surface, suggesting the surface species were strongly bound. Even though the 

XPS results showed that exposure to NFI3 at 100 K had had very little effect upon the 

surface the IPES technique, like the UPS technique, is more surface sensitive, and 

thus evidence of the exposure was clearly seen in the acquired spectra.

The first thing noted was the relative lack of intensity of the signal acquired at 100 K 

compared to at 298 K. The spectra on the left of figure 5.31 are as recorded, while 

those on the right were subject to normalisation for ease of comparison. The
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difference in intensity was due to two distinct features of the experiment, working in 

tandem. Firstly there was the actual nature of the experimental setup itself, which has 

previously been noted to often lead to a wide variation in the intensity of the signals 

acquired. The setup has demonstrated itself to be extremely sensitive to even small 

changes in the positioning o f the sample, electron gun, or detector, which can be 

explained by the extremely small signals being detected (the detected signal is 

routinely below 20 counts per second). Additionally, the electron gun is extremely 

variable in its output, the results of which are easily seen with the picoammeter 

attached to record the sample current. The maximum sample current seen for a 

specific filament current varied, along with the relationship between electron energy 

and detected sample current. While the effect of the electron gun upon the actual 

shape of the spectra acquired was nullified by means of the modification method 

explained in section 2.4.3, this does not account or compensate for general changes in 

total intensity. These reasons are why the experimental setup can have such a large 

effect upon the intensity o f the signals acquired with the technique.

The second o f the features that led to the difference in the intensities at the two 

temperatures (and the principle cause) was that o f the actual experimental method 

used. Owing to the difficulty in maintaining the sample at 100 K for long periods of 

time the experiment at the colder temperature was conducted for a shorter period of 3 

hours, with each separate scan recorded separately. This was in contrast to the 

experiment at 298 K that was conducted over 12 hours, where groups of five scans 

were recorded together, with the signals summed together to help compensate for 

anomalous spikes in the signal which have occasionally been observed. This in turn 

resulted in the final processed data from the experiment at 298 K, observable in the 

spectra o f figure 5.31, appearing approximately five times more intense than that 

acquired at 1 0 0  K.

The poor signal to noise ratio o f the results acquired at 100 K meant it was difficult to 

accurately define the total number, and position of, the various components visible in 

the spectrum. The same two peaks at 0.8 and 1.7 eV that were visible in the results of 

the experiment at 298 K were also present at 100 K, as was the highest energy peak at

9.1 eV. The peak that dominated the spectrum acquired at 298 K, which was located 

at 5.4 eV, appeared considerably less intense in the results of the 100 K experiment,
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and was centred at the lower energy of approximately 4.1 eV. The reason for the 

difference in this particular signal between the two temperatures is likely connected to 

the reason given for the poor adsorption o f NH3 species at 100 K. The surface 

rearrangement o f the residual oxide components and the associated band bending 

would almost certainly have an effect upon the unoccupied DOS.

It is worth noting that as with the results acquired at 298 K, a signal was visible all the 

way down to the Fermi edge at 100 K, indicating the surface of the sample was still in 

a metallic conductive form. This indicates that the surface rearrangement and band 

bending, while powerful effects, did not interfere with the metallic nature of the 

surface.

5.4.4 Additional discussion

At both 298 K and 100 K the exposure of clean uranium to NH3 led to the formation 

of multiple nitrogen species. The binding energies for the U(4f) and N(ls) regions 

indicated the presence o f NH2 and nitride, in the form of UN, at both temperatures. 

The lack o f any signal relating to NH suggested that it was not a stable species upon 

the surface, and underwent sudden and immediate loss o f the final hydrogen to form 

the nitride. The proportion of nitride in the N (ls) region was lower at 100 K due to 

the reduced energy available to split the incoming NH3.

The coverage against exposure graphs showed the expected multilayer coverage at 

298 K, and a “standard” relationship between the two variables for the experiments at 

both 298 and 100 K. Exposure to NH3 at 100 K led to a total coverage of only 16 % 

of that seen at 298 K. The poor coverage was due to residual oxygen upon the surface 

that underwent rearrangement at 1 0 0  K, combined with the electronic hindrance 

brought about by “band bending”. The total surface coverage upon saturation at 

298 K was calculated to be equivalent to 4.4 layers, with the majority of that already 

adsorbed after just 10 Langmuirs, while at 100 K the total coverage seen equated to 

only 70 % of a single layer.

The surface after 500 Langmuirs at both 298 and 100 K was entirely stable under the 

low energy electron gun utilised in the IPES technique. The 5f, 6 d, and 7s
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unoccupied orbitals expanded upwards in energy from the Fermi edge upon reaction 

with NH3. The observed spectra at both temperatures lacked overall intensity, 

indicative that the 5f orbitals were large contributors, as they were not detected well 

by the technique. A signal remained at the Fermi edge, in both the IPES and He(I) 

results, which confirmed the conclusion that UN, which is a metallic conductor, was 

formed upon the surface at both temperatures.

5.5 Miscellaneous adsorption experiments on clean uranium using ammonia, and 
oxygen

5.5.1 Sequential adsorption o f  ammonia and oxygen on clean uranium

The sequential adsorption of NH3 and O2 at a clean uranium surface was carried out in 

an effort to understand the oxidation processes occurring. As was mentioned above, 

exposure to O2 has been shown many times to quickly oxidise the clean surface of 

uranium metal, and it was shown in section 5.4 that NH3 is readily adsorbed onto the 

surface in the form o f nitride and NH2. If added sequentially the expectation would 

be that the O2 would oxidise and remove some or all of the nitrogen containing 

species from the surface.

The result o f exposure o f clean uranium to 1000 Langmuirs of NH3 followed by 

increasing exposures of O2 can be seen in figures 5.32 to 5.36. The N(ls) region 

featured in figure 5.32 firstly showed that NH3 adsorbed, as previously noted, to form 

a large nitride peak at 396.8 eV, and a less intense peak at 398.6 eV that corresponded 

to NH2. The exposures towards O2 carried out after this were seen to have a distinct 

effect upon the signal in the region; however this was complicated by the proximity of 

the N (ls) region to that o f the U(4f). The primary signal visible after exposure to O2 

was a shake-up satellite o f the 4 fs/2 oxide peak, and not evidence of nitrogen still 

being present upon the surface. Through careful peak fitting of the spectra acquired 

after oxygen exposure a small shoulder at 396.2 eV was revealed, that corresponded 

to residual nitride on the surface. To confirm the apparent residual nitride species on 

the surface after exposure to oxygen, the nitrogen Auger peak was followed as well, 

with the acquired spectra shown in figure 5.33.
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0 2 adsorp tion  a t 298 K NH3 on U Metal N(1s)

m

1000
500
100

Clean

396 392404 400
Binding Energy (eV)

Figure 5.32: N (ls) spectra for the sequential adsorption of NH3 and O2 onto clean

uranium at 298 K

The single peak at 1102.5 eV following exposure to NH3 can clearly be seen in the 

N(KLL) Auger region, replicating the results reported in section 5.4.2. After 

exposure to oxygen the defined peak was no longer visible; however the spectra 

acquired did not match that of the clean uranium. This noticeable difference between 

the spectra appears to support the findings in the N(ls) region, that the oxygen was 

not capable of oxidising and removing all of the nitrogen species adsorbed to the 

surface, and that a small quantity of the nitride remained present.

The corresponding O (ls) region after the reaction can be seen in figure 5.34. The 

exposure towards oxygen led to the appearance of a large signal at 530.8 eV that 

corresponded to an oxide, and a smaller shoulder at 532.6 eV that corresponded to 

surface bound hydroxide, as opposed to strongly chemisorbed or interstitial O' 

[21,23]. The difference in the intensity of the O(ls) signals after 100, 500 and 1000 

Langmuirs was negligible, which agreed with the previous work that has shown the 

high reactivity of uranium towards pure 0 2 [8,21].
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0 2 adsorp tion  a t 298 K
L 0 2

NH3 on U Metal N(KLL)

1000

500
c

£
±3
I

100

- Clean

1116 1112 1108 1100 10921104 1096
Binding Energy (eV)

Figure 5.33: N Auger spectra for the sequential adsorption of NH3 and 0 2 onto clean

uranium at 298 K

The trends visible in the U(4f) region for the experiment (see figure 5.35) matched 

those already noted for the N(ls) and O(ls) region. The exposure to NH3 resulted in 

the same 0.2 eV increase in energy of the 4f peaks, and widening of the signals, 

already detailed in section 5.4.2. The large oxide signal visible upon exposure to 0 2 

underwent negligible change when the exposure was increased from 100 to 1000 

Langmuirs. This supports the idea that very little oxygen was required to saturate the 

surface, and oxidise the maximum possible quantity of the nitride and NH2 species 

previously adsorbed onto the surface.

Figure 5.36 features the UPS results acquired for the same sequential exposure 

experiment, with an additional spectrum from pure U 02 added for ease of 

comparison. As expected the exposure to NH3 led to the same spectrum as those 

observed in figure 5.24, and the exposure to 0 2 oxidised the surface.
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0 2 adsorption  a t 298 K NH3 on U Metal

w
C

1000

500 ^

100

Clean

548 544 540 536 532 528 524
Binding Energy (eV)

Figure 5.34: 0 ( ls )  spectra for the sequential adsorption of NH3 and O2 onto clean

uranium at 298 K

The more surface sensitive technique of UPS confirmed that the surface was saturated 

with O2 after 100 Langmuirs, and that increasing the exposure to 500 Langmuirs had 

no effect. There was a large disparity in the intensity of the spectra acquired after 

sequential exposure to both NH3 and O2, and that of UO2 produced via exposure to 

purely O2. As the experimental method was identical for the acquisition of both 

spectra, and the difference in intensity so large, it is probable that this was a real effect 

caused by the presence of the nitrogen species upon the surface. In addition to the 

variation in intensity, the acquired signals above 9 eV also varied. Upon 

normalisation of the different spectra at the point of greatest intensity it was seen that 

the spectra acquired after the sequential exposure featured a rising intensity profile 

from 9 eV upwards. This was in stark contrast to the spectrum acquired after 

exposure to purely O2 which featured a decreasing intensity profile from 9 eV 

upwards. This distinct contrast again provided evidence of the different surface 

produced through the sequential adsorption of NH3 and O2 when compared to
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adsorption of O2 only, which was due to the continuing presence of nitride upon the 

surface after oxidation.

0 2 adsorption at 298 K NH3 on U Metal
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Figure 5.35: U(4f) spectra for the sequential adsorption of NH3 and O2 onto clean

uranium at 298 K

An additional IPES experiment examining the sequential adsorption of 500 

Langmuirs o f NH3 and 500 Langmuirs of O2 was also carried out, with the results 

shown in figure 5.37. Unlike with the IPES results acquired after exposure to purely 

NH3 or O2 at 298 K, the surface upon sequential exposure to NH3 and O2 was unstable 

under the low energy electron beam used. The signal initially moved subtly, before 

stabilising after a total of 40 minutes under the electron beam. After this the surface 

remained entirely stable for the remainder of the experiment. The spectra acquired 

during the first 40 minutes, and those acquired during the remaining 680 minutes, are 

reported separately in figure 5.37, to emphasise the difference brought about by the 

unstable nature o f the surface. The spectrum acquired over the course of the first 40 

minutes featured one principle signal superimposed on a steadily increasing 

background that was likely due to additional unoccupied states that were centred 

outside the region scanned. The single peak was composed of two distinct
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components situated at approximately 3.8 and 5.6 eV, which contributed 15 % and 

85 % of the total signal respectively. The spectrum detailing the results acquired after 

the period of instability was also composed of one principle signal superimposed onto 

a steadily rising background. While the single peak was again composed of two 

separate components, the positions and contribution of the two was significantly 

different. The two components were determined to be located at approximately 4.8 

and 5.9 eV, and contributed 57 % and 43 % of the total signal respectively. In 

addition to the change in the primary peaks, the intensity of the background also 

increased after the surface stabilised, which was likely due to a decrease in the 

intensity o f the principle signal, which in turn created the illusion of the background 

growing more intense.

0 2 ad so rp tion  a t 298 K NH3 on U Metal He(l)
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Figure 5.36: He(I) spectra for the sequential adsorption of NH3 and 0 2 onto clean

uranium at 298 K

The acquired IPES spectra differed significantly from that acquired when uranium 

was exposed to purely 0 2 (see figure 5.16). While they both contained a single 

principle signal, the position and relative intensities of the components differed. The 

components after exposure to purely 0 2 were at 3.9 and 5.7 eV, contributing 23 % and
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77 % of the total signal respectively. These values are loosely similar to those seen 

when the surface created from sequential exposure was first scanned (3.8 and 5.6 eV). 

However the changes brought about by the low energy electron gun caused the 

components to shift further away from those values (to 4.8 and 5.9 eV), in addition to 

increasing the intensity o f the rising background signal. These two significant ways 

in which the observed spectra differed from that acquired from uranium exposed to 

pure O2 provided evidence for the existence of a different surface environment, 

caused by the presence of residual nitrogen species which were not removed.

The results acquired from the sequential exposure of uranium to NH3 and O2 suggest 

both that the nitrogen species were difficult to oxidise and remove, and also that their 

presence had little effect upon the appearance of the U(4f) region when compared to 

that of the oxygen containing species. Thus while nitrogen species remained upon the 

surface after exposure to O2, they had only a very small effect on the acquired spectra, 

which could be seen most clearly in the N Auger XPS, He(I) UPS, and IPES results.

Background subtracted Background subtracted 
Normalised data

40-720
minutes

0-40
minutes

I 1 1 1 | » » 1 |  1 1 1 | 1 1 1 | 1

0 2 4 6 8  10 0 2 4 6 8  10
Energy Above Fermi Level (eV) Energy Above Fermi Level (eV)

Figure 5.37: IPE spectra for the sequential adsorption of 500 L of NH3 and 500 L of

O2 onto clean uranium at 298 K
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5.5.2 Calculations o f  the uranium work Junction and uranium dioxide band-gap

An additional ability of the ultraviolet photoemission setup is the ability to measure 

and report values for the work function of metals and the band-gap of semi

conductors and insulators. These are both achieved through the application of a bias 

to the sample, 18 volts in this case, followed by a scan intended to capture the entire 

spectral width. Subtraction of the entire spectral width from the photon energy used 

(21.2 eV) results in the work function of a metal or the band-gap of an insulator, 

depending on what is being scanned.

Figure 5.38 features two UPS spectra that show the entire spectral width of

a) uranium metal, and b) uranium dioxide. Using the spectral subtraction method 

described above, an estimate for the work function of uranium metal of approximately

3.6 eV was calculated. The work function o f uranium has been calculated previously 

but the reliability o f many of the measurements was bought into question in a review 

by Riviere in 1961 [69]. His own experiments produced the values of 3.20 eV for a 

vacuum deposited film, and 3.08 eV for a foil. While there may have been some 

difference in the temperature o f the uranium samples used by Riviere, and that used in 

this work, this could not account for the difference as it has been shown that the work 

function o f a polycrystalline foil of a-uranium varies by only 0.02 eV over the range 

o f temperatures at which the allotrope is stable [70]. Since the review of Riviere, the 

photoelectric work function has been comprehensively studied and measured, which 

has resulted in the value of 3.6 eV being accepted and regularly quoted in reference 

textbooks [71]. This value matches that reported here, and thus demonstrates the 

accuracy o f the spectral subtraction method for estimating the work function.

Using the spectral subtraction method again, the band-gap of uranium dioxide was 

calculated to be 5.6 eV. This is considerably different to both theoretically calculated 

values (2.3 eV) [72], and optically measured values (2.1 eV) [73], seen in the 

literature. One possible reason for the discrepancy between the results is that the 

surface may not have been pure UO2 at the time the experiment was carried out, and 

may have contained contaminants that increased the observed band-gap. The 

accuracy o f the value acquired using the spectral subtraction method can be examined 

through the use o f an alternative method to calculate it, utilising the UPS and IPES
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results. By combining the distance to the Fermi edge of the UPS signal (0.81 eV) 

with the distance to the Fermi edge of the IPES signal (1.75 eV) a value for the total 

band-gap of 2.56 eV was calculated. This value agrees far more with those reported 

in the literature, while also suggesting that the UO2 sample used in the spectral 

subtraction calculation above was likely contaminated and not pure UO2.

a) U metal

SB
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P 1-1 I ’ 1 1 P M 
12 -16 -20 48 0 12 -16 -200 -4 -4 84

Binding Energy (eV) Binding Energy (eV)

Figure 5.38: UPS spectra taken over the entire spectral width of a) uranium metal and

b) uranium dioxide at 298 K

5.6 Conclusions

XPS, UPS, and IPES have been used to examine the reactions of uranium with water, 

ammonia, and oxygen, at both 298 and 100 K.

The reaction of H2O with a polycrystalline uranium surface at 298 K results in the 

formation of a combined oxide and hydroxide layer. The H2O dissociates upon the 

surface to form OH' species, some of which then diffuse to the uranium/oxide 

interface to react and form the oxide. The reaction is self limiting, and reached
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saturation after 1000 Langmuirs exposure, by which time the layer formed had 

reached a depth o f 24 A. The reaction with H2O proceeds at a comparable rate to that 

with O2, except when the surface is not completely free of contaminants. In the 

presence o f small partial monolayer quantities of oxygen contamination the reaction 

with H2O is heavily impaired, resulting in exposures of up to 1 0 0  times greater 

magnitude being needed to match the results seen with O2.

At 100 K the reaction with H2O results in an oxide and hydroxide layer that is 

subsequently quickly covered by one consisting of physisorbed water molecules. 

Unlike the reaction at 298 K which reached saturation, the coverage was seen to be 

increasing at 1 0 0  K in an almost linear fashion.

The valence band o f the surface formed by exposure to H2O is significantly different 

to that formed with O2. The bands observed in the UPS spectra are situated at 1.3 eV 

higher energy than when formed through reaction with O2. The variation is indicative 

o f the differing band-gaps observed for the two reagents, as the surface produced 

through exposure to H2O is a larger band-gap semi-conductor.

The unoccupied orbitals o f uranium move upwards and away from the Fermi edge 

upon reaction with H2O at 298 K. The distance to the Fermi edge, when combined 

with the results o f the UPS, shows that exposure to H2O creates a larger band-gap 

semi-conductor than exposure to O2, as the increased band-gap proves. At 100 K the 

unoccupied orbitals move an additional 2 eV away from the Fermi edge, which can be 

explained by the presence of significant quantities of solid water on the surface that 

acts as an insulator, increasing the band-gap.

The reaction o f NH3 with a polycrystalline uranium surface at 298 K results in the 

formation o f a combined nitride and NH2 layer. The NH3 dissociates upon the surface 

to form NH2 species, some of which then diffuse to the uranium/nitride interface to 

react and form nitride. The reaction is self limiting, and reached saturation after less 

than 500 Langmuirs exposure. The reaction appears to proceed at a far faster rate 

than that o f uranium and H2O, which suggests that the presence of residual oxygen 

contamination does not impair the reaction, and may in fact increase it.
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At 100 K the reaction with NH3 is extremely impaired through a combination of the 

residual oxygen on the surface undergoing rearrangement, and electronic hindrance 

brought about by “band bending”. The total impairment was so serious that the 

coverage was only 16 % of that seen at 298 K.

The unoccupied orbitals o f uranium expand upwards in energy from the Fermi edge 

upon reaction with NH3 at both 298 and 100 K. A signal always remains present at 

the Fermi edge, which when combined with the prominent signal at that energy in the 

occupied valence region, shows the metallic conductive nature of the surface formed 

upon exposure to NH3. The addition of NH2 species on the surface does not interfere 

with the conductive properties o f pure UN.

The surface formed upon exposure to NH3 is highly vulnerable to the effects of O2. 

Exposure to O2 oxidises the nitride and NH2 species, resulting in 89 % of them being 

removed from the surface. The remaining nitrogen species cannot be removed, 

regardless o f the magnitude o f the exposure; however their presence does not effect 

the formation o f oxide and hydroxide species upon the surface. The distance to the 

Fermi edge o f the occupied and unoccupied orbitals shows that the surface formed 

upon sequential exposure to NH3 then O2 is a semi-conductor with a band-gap 

comparable to that produced through exposure to O2 alone.
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Chapter 6 — Conclusion

6.1 Introduction

This chapter will centre on comparisons between the thorium and uranium results 

reported in chapters 4 and 5. The reactions with water and ammonia will be 

discussed, with particular focus on the reactivities of the two metals, and the 

differences due to the presence of valence 5f electrons in uranium. In addition, this 

chapter will also detail the preliminary success of inverse photoemission spectroscopy 

as a technique for the study o f the actinides.

6.2 The reaction with water

The adsorption and dissociation o f water on the surface of the actinides is a subject 

that has attracted much attention in the past; however the majority of this has focused 

upon uranium. While understandable given the technological relevance of the metal, 

and the complicated nature of the reaction, the difference, when compared to the 

quantity o f work examining the reaction with thorium, is still startling. This study has 

allowed the re-examination o f the thorium and water reaction, utilising both forward 

and inverse photoemission techniques, with the aim of investigating the influence of 

the 5f electrons. The effect o f the 5f valence electrons will be deduced by comparison 

with the reaction between water and the surface o f uranium.

The first observation from the two experiments is that the reaction with water occurs 

in a largely similar fashion for both actinide elements. The incoming water 

dissociates and forms an oxide surface, with additional hydroxide species also 

present. Figure 6.1 shows the O (ls) region for both elements after saturation had 

been reached, with the oxide and smaller hydroxide components both clearly visible. 

Both experiments resulted in the formation of multiple layers of oxide, and both were 

diffusion limited, with the calculated thickness of the layer being 25 A for thorium 

and 24 A for uranium at saturation.
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Figure 6.1: 0(1 s) spectra for a) clean uranium after exposure to 1000 Langmuirs of 

H20 , and b) clean thorium after exposure to 100 Langmuirs of H2O

While there were a great number of similarities between the reactions of thorium and 

uranium with water, one key way in which they differed was the rate at which the 

surfaces reached saturation, and how much exposure it required. Saturation of the 

uranium surface required exposure to approximately five times the quantity of water 

needed to saturate the thorium surface (500 as opposed to 100 Langmuirs). In 

addition, the total calculated coverage for the thorium sample was 20 % greater than 

that for the uranium sample ( 1.2 x 1016 atoms per cm2 as opposed to 1.0 x 1016 atoms 

per cm2). This feature of the results went against expectation, as it has been 

previously reported that uranium is more reactive than thorium for the largely 

analogous reaction with oxygen [1,2]. The most likely explanation for the difference 

in reaction rates is one related to residual oxygen on the surface of the metals. As 

explained in chapter 5, the reaction between water and uranium is severely retarded 

by the presence of any oxygen in the system, either adsorbed to the surface, or in the 

gas phase [3-7]. It proved extremely difficult to generate and maintain a clean 

uranium surface, with evidence of trace residual oxygen still present after ion
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sputtering. While small, the oxygen component could potentially have led to the 

decrease in reactivity as it is preferentially adsorbed over water, and would thus block 

dissociation sites. Maintaining the cleanliness of the thorium surface was also 

challenging, with a residual oxygen signal also visible for the element after cleaning. 

Unlike uranium there have been no specific studies linking the presence of oxygen to 

the retardation o f the reaction between water and thorium, although studies on a 

number of other metals have shown a link [8,9]. While it is entirely probable that the 

presence of oxygen also retards the reaction between water and thorium, the effect is 

clearly not as powerful as that seen for uranium.

The valence bands, observed via UV photoemission spectroscopy, also revealed 

differences in the reactions of the two metals. Figure 6.2 shows the He(I) UV 

photoemission spectra acquired after saturation of the surface with H2O. The reaction 

with both metals resulted in the formation of prominent signals at approximately 5.6 

and 8.0 eV, with an additional signal located from 10-12 eV. The positions and 

relative intensities o f the signals at 5.6 and 8.0 eV for both metals largely matched 

those previously reported for the reaction of oxygen [2,10]. Of greatest interest in the 

valence region was the presence of a signal at 2.3 eV that was only visible in the 

uranium spectra. This signal was due to the presence of 5f valence electrons partially 

localised after reaction, and as such was only visible for uranium as thorium has no 5f 

electrons [11]. The signal was positioned at a significantly higher energy than the

1.4 eV value reported for UO2 produced through reaction with oxygen [1 1 ]. The 

difference was either due to the large number of hydroxyl groups present after 

reaction with H2O, or evidence that the surface formed was not precisely 

stoichiometric, and may have been substoichiometric UO2-X. The weak nature of the 

signal itself was due to the use of He(I) as opposed to He(II) as the UV source. The 

5f emission is largely suppressed in UV photoemission spectra acquired using He(I) 

radiation due to a negligible photoionisation cross-section at that energy. He(II) does 

not suffer from the same photoionisation cross-section issue, and as such UV 

photoemission spectra o f UO2 utilising that energy have been reported to feature 

intense sharp peaks at similar energies [11]. It is the presence of this intensity near 

the Fermi edge that leads to UO2 being a semi-conductor, while ThC>2, which lacks it, 

is an insulator.
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Figure 6.2: He(I) spectra for a) clean uranium after exposure to 1000 Langmuirs of 

H2O, and b) clean thorium after exposure to 100 Langmuirs of H2O

When the experiments were repeated at 100 K the results from the two metals largely 

matched once again. The 0 ( 1 s) spectra revealed that the colder temperature led to the 

accumulation of oxide, hydroxide, and physisorbed water on the surfaces. The signal 

from the physisorbed water molecules quickly grew to dwarf those of the oxide and 

hydroxide, as a thick layer of solid ice formed upon the surfaces. The growing layer 

of ice eventually caused the complete attenuation of the signals from the thorium and 

uranium metals, indicating that it was at least 50 A thick (the approximate analysis 

depth of XPS). As with the experiments undertaken at 298 K, at 100 K the rate of the 

thorium reaction was considerably faster than that of the uranium reaction. After 75 

Langmuirs the coverage of the thorium surface was approximately 3.0 x 1016 atoms 

per cm2, while to reach that same coverage of the uranium surface required an 

exposure of more than 450 Langmuirs. The difference between the reaction rates was 

smaller than that seen at 298 K; however it remained unexpected, as uranium should 

be more reactive towards water than thorium. As at 298 K, the difference can again 

be attributed to residual oxygen on the uranium surface blocking dissociation sites.
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The results o f the first IPES based experiments on the reactions of thorium and 

uranium with water also revealed some distinct differences between the two metals. 

Immediately apparent was the relative instability of the thorium surface when 

compared to that of the uranium. The low energy electron gun utilised in the IPES 

technique proved to have a destructive effect upon the thorium surface formed after 

reaction with water at 298 K. The electron beam incident upon the surface caused the 

detected signals to gradually shift upwards in energy away from the Fermi edge. 

After a period of 80 minutes the signals had shifted 1.0 eV to higher energy. This was 

in complete contrast to the stable nature of the uranium surface, where the signals 

remained at the same energy for the entire length of the experiment under the electron 

beam. The differing stabilities observed could potentially suggest that the species 

present on the oxidised thorium surface were not bound as strongly as those on the 

uranium surface.

The peaks detected in the IPE spectra o f thorium and uranium after reaction with 

water also differed, however only subtly. Figure 6.3 shows a comparison between the 

spectra o f the two metals, with the thorium result featured being the first acquired, 

before the low energy electron beam had altered the energy of the detected signal. 

The spectra from both metals featured a single prominent signal that was composed of 

two separate components. In both cases this was due to predominantly 6 d and 7s 

unoccupied states, as the energy of the detected photons was 9.5 eV, and at that 

energy the photoionisation cross-section towards the 5f orbitals is essentially non

existent [12,13]. The signals observed for the two metals were centred at different 

energies, 5.0 eV for thorium and 4.5 eV for uranium. The lower energy for uranium 

may be due to the increased nuclear charge of the element when compared to thorium, 

which would result in the orbitals being held closer, and at lower energy. The 

uranium spectra also featured intensity that was closer to the Fermi edge than the 

thorium spectra. This is indicative of the smaller band-gap known to exist for the 

semi-conducting UO2, when compared to the insulating ThC>2.
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Figure 6.3: Inverse photoemission (IPE) spectra for clean uranium and thorium metal 

after exposure to 500 Langmuirs of H2O. The data is presented both before and after 

normalisation to aid comparison, with vertical lines marking the width of the thorium

signal

In summary, the reactions of water with thorium and with uranium occurred in a 

largely identical manner. Both oxide and hydroxide species were formed on the 

surface of both metals, with additional physisorbed water present at 100 K. The 

difference in reaction rates was due to oxygen contamination on the surface hindering 

dissociation. The most significant difference brought about by uranium possessing 

valence 5f  electrons was the semi-conductor nature of the oxide, compared to the 

insulating oxide of thorium. Evidence for this was seen in the prominent signal near 

the Fermi edge in the UV photoemission spectra of uranium, which was lacking in the 

spectra for thorium.
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63  The reaction with ammonia

The mononitrides of the actinides have been reported to behave in significantly 

different ways depending on the bound metal. ThN is extremely unstable in air, even 

more so than the metal alone, while UN is stable in air and has been shown to be a 

very promising nuclear fuel. While ammonia has been used as a source of nitrogen in 

the formation of UN, the direct reaction between the clean metal and the molecule has 

received very little attention. The analogous reaction between clean thorium and 

ammonia, and whether it could lead to a more stable nitride, has not yet been 

investigated at any temperature. This study has allowed the examination of the 

reactions with ammonia through the use of both forward and inverse photoemission 

techniques, with the aim of investigating the products formed, and the influence of the 

valance 5f electrons.

The first observation from the two experiments is that reaction with ammonia at 

298 K occurs in a largely similar fashion for both actinide elements. The incoming 

ammonia dissociates and forms a nitride surface with additional NH2 species also 

present. Figure 6.4 shows the background subtracted N(ls) region for both elements 

after saturation had been reached, with the nitride and smaller NH2 components both 

clearly visible. The background was removed due to an overlap of the N(ls) and 

U(4f) regions, as the signals from the nitride and NH2 species were both 

superimposed onto the high energy side o f the uranium Aim peak. The proportion of 

the signal due to NH2 species differed significantly for the two actinide elements, with 

it contributing 40 % of the signal in the thorium experiment, and 15 % of the signal in 

the uranium experiment. The difference in proportion was likely connected to the 

observation that the total calculated coverages of the two metals once saturation had 

occurred also differed. The coverage of the uranium was estimated to be 4.4 x 1016 

atoms per cm2, which was considerably greater than the 3.5 x 1016 atoms per cm2 

value calculated for thorium. As the mechanism for the multilayer formation of 

nitride relies upon the NH2 species diffusing down to the metal/nitride boundary, the 

majority o f the NH2 present will be on the actual surface, with nitride forming the 

layers below. The greater coverage calculated for uranium compared to thorium 

would equate to a greater thickness of nitride below the NH2 composed surface layer,
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therefore a smaller proportion of the measured N(ls) signal would be due to NH2

species.

NH3 adsorption
398.8 eV 396.6 eV

OB—

394402 400 398 396
Binding Energy (eV)

Figure 6.4: Background subtracted N(ls) spectra for a) clean uranium after exposure 

to 1000 Langmuirs of NH3, and b) clean thorium after exposure to 500 Langmuirs of

NH3

The valence bands, observed via UV photoemission spectroscopy, also revealed 

differences in the behaviours of the two metals. Figure 6.5 shows the He(I) UV 

photoemission spectra acquired after saturation of the surfaces at 298 K with NH3. 

The reaction with both metals resulted in the formation of prominent signals at 

approximately 4.5, 7.6, and 10.1 eV. The positions and relative intensities of the 

signals seen in the spectra of uranium failed to match those previously reported for 

UN to any significant extent [14-16]. The spectra acquired for thorium also failed to 

agree with those reported for the mononitride compound in the literature [14]. These 

disagreements are potentially evidence of the electronic effects of NH2 species upon 

the surface, or that the formation of the mononitride, through exposure of the clean
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metal to ammonia, has far reaching effects on the electronic structure of the resulting 

material.

One significant difference visible in the UV photoemission spectra of the two 

elements was the intensity of the signal at the Fermi edge. The signal at the Fermi 

edge of the clean metals was preserved in the reaction with ammonia, with the spectra 

o f both the thorium and uranium surfaces after reaction featuring prominent signals at 

the Fermi level. It is this intensity at the Fermi edge that leads both ThN and UN to 

behave as metallic conductors. However the signal recorded for uranium was 

considerably more intense than that recorded for thorium, due both to uranium 

possessing a greater number of valence electrons than thorium, and also the nature of 

those electrons. The continuing presence of a large signal at the uranium Fermi edge 

after reaction with ammonia is evidence that the 5f electrons retained their delocalised 

nature, which has previously been reported to be the case [16].

NH3 adsorption

as

—<

06 312 9
Binding Energy (eV)

Figure 6.5: He(I) spectra for a) clean uranium after exposure to 1000 Langmuirs of 

NH3, and b) clean thorium after exposure to 500 Langmuirs of NH3
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The results featured above demonstrate that both thorium and uranium react in largely 

identical ways when exposed to ammonia at 298 K. However, when the exposure 

experiments were repeated at 1 0 0  K there was a far more pronounced difference 

between the reactions o f the two metals. The calculated surface coverage for the 

reaction of thorium with ammonia at 100 K was 3.5 x 1016 atoms per cm2, the same 

value as that calculated for the experiment at 298 K. What did vary between the two 

temperatures was the species formed upon the surface. When undertaken at 100 K 

physisorbed NH3 was present upon the surface in addition to the nitride and NH2 

already noted to form at 298 K. The reaction of uranium with ammonia at 100 K did 

not lead to a calculated surface coverage comparable to the value of 4.4 x 1016 atoms 

per cm2 seen for the experiment at 298 K. The actual coverage was 7.0 x 1014 atoms 

per cm2 at 1 0 0  K, the equivalent of less than 16 % of the coverage value reported at 

298 K. Additionally, unlike the reaction with thorium, only nitride and NH2 were 

formed, with no evidence for the presence of physisorbed NH3. The explanation 

given in chapter 5 for the poor adsorption and dissociation seen at 100 K was one of 

band bending combined with a rearrangement of the residual oxygen present on the 

surface. Band bending, which involves the Fermi levels of two surfaces in contact 

with each other “bending” in an effort to equal their energies, could feasibly occur 

with uranium and not thorium because o f the presence of delocalised 5f electrons at 

the Fermi edge. There have been no reports of this kind of deactivation of the 

uranium surface at cryogenic temperatures made before, so additional work exploring 

reactions between small molecules and the uranium surface at such temperatures are 

needed to help elucidate the actual cause of the unusual result, and whether the 

valence 5f electrons are responsible.

The results o f the first IPES based experiments on the reactions of thorium and 

uranium with ammonia also revealed distinct differences between the two metals. As 

with the water exposure experiment, immediately apparent was the relative instability 

o f the thorium surface when compared to that of the uranium. As predicted based 

upon the instability of ThN reported in the literature [17], the low energy electron gun 

proved to have a destructive effect upon the thorium surface formed after reaction 

with ammonia at 298 K. The electron beam incident upon the surface caused the 

detected signals to gradually shift upwards in energy away from the Fermi edge. 

After a period of 600 minutes the signals had shifted 0.7 eV to higher energy, and in
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doing so increased their distance from the Fermi level. This was in complete contrast 

to the stable nature of the uranium surface, where the signals remained at the same 

energy for the entire length of the experiment under the electron beam. Analysis of 

the thorium surface after the IPES experiment revealed that exposure to the low 

energy electron beam also led the nitride signal in the N(ls) region to decrease in 

energy by 0.6 eV. The altered value of the nitride indicated that TI13N4 had been 

formed, which being non-metallic in nature, also helped explain the increased distance 

to the Fermi edge in the unoccupied region, observed after exposure to the low energy 

electrons.

In addition to the differing stabilities o f the two surfaces, the peaks detected in the IPE 

spectra o f thorium and uranium after exposure to ammonia also differed in position 

and shape. Figure 6 .6  shows a comparison between the spectra of the two metals, 

with the thorium result featured being the first acquired, before the low energy 

electron beam had altered the energy of the detected signal. The spectra from both 

metals featured a single prominent signal; however in the case of uranium; an 

additional three smaller signals were visible as shoulders. One of the shoulders, 

centred at approximately 0.8 eV, led to there being a greater intensity at the Fermi 

edge when compared to the spectra of thorium. The increased intensity was 

potentially due to the continuing delocalised nature of the 5f electrons, evidence of 

which was observed in the UV photoemission spectra. The lack of intensity of the 

signal, when compared to that seen in the occupied valence region, was due to the 

photoionisation cross-section towards the 5f orbitals being negligible at the energy 

detected [12,13].

In summary, the exposure of uranium and thorium to ammonia at 298 K resulted in 

the formation of nitride and NH2 species upon their surfaces. The over layer formed 

on the uranium surface was 25 % thicker than that formed on thorium, with a greater 

proportion of the total being made up of nitride when compared to the over layer 

formed on the other metal. At 100 K the reaction between the uranium surface and 

ammonia was largely inhibited by a combination of oxide contamination, surface 

rearrangement, and band bending. The corresponding reaction on thorium did not 

encounter the same issue, with the total surface coverage matching that seen at 298 K. 

The most significant difference brought about by uranium possessing valence 5f
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electrons was the more intense signal seen at the Fermi edge when compared to the 

valence region of thorium.
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Figure 6 .6 : Inverse photoemission (IPE) spectra for clean uranium and thorium metal

after exposure to 500 Langmuirs of NH3

6.4 Inverse photoemission as a technique for the study of the actinides

In a review by Moore and van der Laan [18] of the 5f states in actinide metals, it was 

noted that there is a distinct lack of inverse photoemission studies. Only a-thorium 

and a-uranium had been studied at the time of writing, through the use of only high 

energy x-ray inverse photoemission spectroscopy (bremsstrahlung isochromat 

spectroscopy), as opposed to the low energy UV version of the technique. Moore and 

van der Laan [18] emphasised the need for additional inverse photoemission 

spectroscopy data, specifically the “great importance” of studying plutonium with the 

technique.
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The work carried out in this study utilising low energy inverse photoemission 

spectroscopy to investigate the actinides is therefore amongst the first of its kind; 

however it is just the beginning of what still needs to be achieved. The energy 

detected in the current setup (9.5 eV) is not ideal for the investigation of the 5f 

electrons because of the poor photoionisation cross-section. Through modification, 

the accepted energy of the bandpass detector could be altered to between 2 0  and 

30 eV, where the photoionisation cross-section towards the 5f orbitals is considerably 

greater. Comparison of the inverse photoemission spectra acquired using the two 

different energies would enable the specific isolation of the 5f unoccupied orbitals. 

Only when additional photon energies are available for study will low energy inverse 

photoemission spectroscopy fulfil its promise as one of the key techniques for helping 

to truly understand the 5f orbitals of the actinides.

6.5 Final conclusion

The work contained within this thesis helps with the ongoing problem of 

understanding the 5f electrons and their effects on the actinide elements. The 

possibilities hinted at through the early use o f low energy inverse photoemission 

spectroscopy, suggest that it could be a very important and useful technique for the 

study of the 5f  electrons, and as such deserves considerable further study.
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