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The dynamics of the dissociative chemisorption of H2 on clean, hydrogen covered and
nitrogen covered Mo(100), and of N2 on clean and nitrogen covered Mo(100), has been
studied under UHV conditions using a supersonic molecular beam. H2 and N2
dissociative adsorption on the clean Mo(100) surface are found to proceed via both a
direct and classical accommodated indirect channel. Additionally a dynamic channel is
identified specific to the H2/Mo(100) adsorption system. The dynamic channel allows
dissociative adsorption to take place at incident energies greater than can be accounted
for in terms of a fully accommodated molecular precursor, the channel extending to
incident energies of around 70meV, and has very little, or no, surface temperature
dependence (dSo/dTs<-1.4xlO"4 K"1). Two possible mechanisms are suggested to
account for the dynamic channel, both consistent with the experimental observations.
One mechanism is that of "dynamic steering", where incident molecules' are very
strongly steered into particularly favourable dissociation geometries on particular
surface sites. The other suggested mechanism is that of a "dynamic precursor", where,
rather than trapping taking place via accommodation of the molecules' incident energy
to the surface (as is the case for a typical accommodated precursor), steering forces
instead allow the transfer of energy from momentum normal to the surface to other
molecular degrees of freedom.

The creation of an Mo(100)-c(2x2)N surface causes a considerable increase in the
barrier to direct dissociative adsorption encountered by the H2 molecule, the minimum
barrier being shifted to >70meV. This change is also accompanied by the loss of the
dynamic channel, although a concurrent increase in the contribution of the fully

. accommodated precursor channel is thought to somewhat mask this loss.

No evidence of a dynamic channel is found when examining the dynamics of
dissociative adsorption of N2 on the Mo(100) surface, all data pertaining to the system
being accounted for within the confines of a combination of direct and classical
accommodated indirect channels. The apparent lack of a dynamic channel is explained
by a combination of the larger mass of the N2 molecule with respect to the lighter H2
(the steering forces having a greater impact on lighter molecules), and their differing
electronic structures (this difference defining the depth of the dynamic well into which
the molecule might trap).

A relatively large amount of research has, in the past, been directed at comparing the
surface structure and adsorption kinetics of hydrogen adsorption upon Mo(100) and
W(100). This thesis adds to this a comparison of the adsorption dynamics. In addition a
comparison is drawn between N2 adsorption on Mo(100) and W(100) with the
molybdenum surface seen to mirror the tungsten surface in many ways.
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Chapter I: Introduction

I.I The history of gas - solid boundary surface science

Surface science has a long history, with the discovery of the platinum-surface-

catalysed reaction of H2 and O2 being made as early as 1823 (by Dobereiner).

However, investigations into atomic and molecular adsorption at the gas - solid

boundary only really began early in the 20th century when in 1915 Langmuir began to

study atomic and molecular adsorption.

By the late 1950's economical ultrahigh vacuum (UHV) systems had become available

(largely thanks to the huge interest in space sciences at the time), and the study of clean

well defined single crystal surfaces became possible. This in turn led to the

development of a wide range of surface analysis techniques including, among others,

LEED, XPS, TPD and K&W (all of which have been used extensively to obtain the

data upon which this thesis is based) allowing surface properties to be examined on an

atomic level. There followed a growth in surface chemistry research which has

continued through to the present time. Using various surface analysis techniques,

processes such as adsorption, desorption, catalysis and bonding, which were previously

only investigated as macroscopic surface phenomena, could be re-examined on a

molecular level (as opposed to merely observing the kinetics of the overall reaction).

For example, ammonia synthesis catalysis is of huge industrial importance, with ~ 1 %

of the total global energy consumption used for ammonia production [1], but before the

development of UHV the process could only be observed in terms of the changes in

product and reactant concentrations. The advent of UHV and various surface analysis

techniques allowed the detailed analysis of the mechanisms by which a particular

catalytic reaction might proceed.



1.2 Heterogeneous Catalysis

A heterogeneous catalyst tends to be in the form of a metal surface which facilitates a

reaction but remains unchanged by it. Molecules adsorb on to the catalytic surface,

undergo bond breaking/forming and molecular rearrangements, and finally, desorb

from the surface as products. The adsorption of the reactant on a catalyst acts to reduce

the potential energy barrier to product formation.

Even if a reaction may result in the lowering of the overall potential energy of the

system, there is often a large potential energy barrier to be overcome in order for gas

phase reactants to form products, with the molecules experiencing a strong repulsive

interaction as they approach each other. To get the reactants close enough to react, the

barrier must be overcome by providing the reactants with energy, usually in the form

of increased temperature. A catalyst provides a route to dissociation with a much lower

barrier or sometimes with no barrier at all.

The following diagram (figure 1) shows examples of the ID potential energy surface

(PES) experienced by a gas molecule as it approaches a catalyst surface.
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Figure 1: One dimensional potential

energy surfaces showing the potential

that might be experienced by an

adsorbate (in this example hydrogen) as it

approaches two different metal surfaces,

with they-axis describing the potential

energy of the system and the x-axis the

position of the hydrogen with respect to

the surface. The two plots show the

potential of the atomic species (M+H)

and molecular species (M+H2) as they

approach the metal surface, with a) being

an example of activated dissociation, and

b) non-activated dissociation. Figures a)

and b) are also examples of when sorption

(the adsorbate molecule penetrating into

the bulk) is unfavourable and favourable

(respectively). [2]

\

1.3 Adsorption

1.3.1 Physisorption

It can be seen that as the molecule approaches the surface it first encounters a shallow

molecular well where weak physical forces between the metal surface and the gas

molecule act to reduce the potential energy of the system. This is known as

physisorption and is due to Van der Waals type forces, where the polarisation of

molecules into dipoles causes an attraction between molecule and surface, either via

the free rotation of a molecular dipole (Debye forces) or an induced dipole formed via

a shift in electron cloud distribution (London forces). When the molecule - surface

distance becomes small the molecules will experience a repulsive force which will



begin to dominate the attractive forces. These repulsive interactions arise largely as a

consequence of the Pauli Exclusion Principle.

In the case of physisorption adsorbate-absorbate interactions tend to be comparable in

strength to absorbate-substrate interactions and the Van der Waals distance usually

determines the densest overlayer packing. Because of this, low temperature

physisorption of a gas like N2 can be useful in determining the total surface area of a

solid.

1.3.2 Chemisorption (molecular and dissociative)

As the molecule approaches the surface it may also begin to encounter chemical forces

between itself and the surface that may result in the formation of chemical bonds. This

process is labelled chemisorption.

As noted in figure. 1, a barrier to chemisorption may or may not exist. Where a barrier

does exist (figure.la) the chemisorption is described as activated, whereas where it

does not (figure, lb) it is described as non-activated. Figure. 1 also illustrates how, after

chemisorbing, the adatom may go one step further and penetrate into the metal's bulk

atomic lattice. Below the metal surface a reactant atom might encounter a series of

potential peaks and wells as it moves through the bulk lattice. If the peaks are relatively

low the reactant atom may be able to move into the bulk. This process is known as

absorption.

The depth of an adsorption potential well is related to bond strength and the relative

shallowness of the physisorption well illustrates the weakness of the physisorption

bond between molecule and surface. A chemisorption bond between metal and reactant

atom will be much stronger and the potential energy well therefore considerably

deeper. In the simplistic ID PES of depicted in figure. 1 only chemisorption between

the gas atom and surface has been illustrated. When the molecule splits to form this

bond between the individual atom and metal substrate, dissociative chemisorption is

said to take place. However it is also possible for a molecule to form a chemical bond



with a surface (molecular chemisorption) and this case can be illustrated more clearly

usinga2DPES.

The 2D PES below takes into account not just the surface to reactant separation, but

also the separation distance of the reactant atoms. It shows more clearly how the

translational and vibrational energies of the incoming molecule may affect the

probability that the molecule will stick to the surface.

•g

CO

-o
CO

Reactants

early harrier

co
•is

2
CO
Q .

B

p ro

physisorption well

late barrier

chemisorption

adsorbate - adsorbate separation adsorbate - adsorbate separation

Figure 2: Two dimensional potential energy surface showing the path of a diatomic

adsorbate dissociating on two different metal surfaces as a function of adsorbate-

surface separation (y-axis) and the separation of the two atoms that make up the

diatomic reactant molecule (x-axis). a) Represents a metal surface where there is an

early barrier to dissociation, b) Represents a late barrier to dissociation. The position

of the centre of this barrier is usually referred to as the "saddle point", and its

position is labelled here with a star. Diagram taken from [3].

Figure.2 is labelled with a "saddle point", at which the transition from molecular state

to atomically adsorbed state occurs. The position of this saddle point gives an

indication of the relative importance of the translational and vibrational energy of the

incoming molecule. An early saddle point, occurring at an adsorbate-surface separation

value considerably higher than the dissociation well, would require a larger

translational energy contribution in order to overcome this initial barrier. A late saddle

point, where the molecular bond is being stretched considerably with regards to the

molecules equilibrium interatomic separatiori, would result in the vibrational energy of



the molecule coupling well with the barrier and aiding dissociation. In fact too much

translational energy here might result in the molecule leaving the entrance channel

potential energy well before it has had the opportunity to dissociate and stick. In order

to stick an incoming molecule often must lose some of it kinetic energy to the surface

either by excitation of surface phonons, the creation of electron-hole pairs, or possibly

the transfer of normal momentum to another molecular degree of freedom.

The energy losses due to the excitation of phonons have been described theoretically

using the "hard cube model" [4]. The model is based on the following four

assumptions:

a) The interaction of a gas atom with a surface atom is represented by an

impulsive force of repulsion, meaning that both the incident gas particle and

the surface atom may be considered as rigid elastic particles.

b) The gas-surface intermolecular potential is uniform in the plane of the

surface (i.e. the surface is perfectly smooth), hence the interaction does not

change the tangential velocity of the gas particle, thus there are no forces

acting parallel to the surface.

c) The surface atoms are represented by independent particles (cubes)

confined by square-well potentials (i.e. rigid boxes). A gas particle interacts

with a single surface atom by entering the "box", colliding with the surface

particle, and then departing. Although it would be more realistic to consider

the surface atoms as harmonic oscillators.

d) A temperature-dependent velocity distribution is assigned to the surface

atoms. A one-dimensional Maxwellian distribution is chosen for the

component of velocity of the cubes in the direction normal to the surface.

This may not be an appropriate distribution for surface atoms but it does

satisfy certain equilibrium conditions.

The theory has been developed to give the trapping probability (Q as a function of the

incident energy (Ej), angle of incidence (9), and surface temperature (Ts) for a given

well depth (U), surface atom mass (M) and molecular mass (m) [5,6].
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Where:-

erf = the error function

vWeii = the velocity of the molecule after being accelerated by a well of depth U

u + \ mj u-\ \lT \
= 2 v v + V v« ( £ < cos ̂ +^ (L2)

= the cube velocity above which the molecule cannot trap

With Meff being the effective surface mass, and |j. the relative mass I ju =

The trapping probability can be seen to fall off rapidly with decreasing relative mass of

the molecule with respect to that of the surface atom and with the increasing of the

molecules incident energy, however the surface temperature dependence may be either

positive or negative depending on the incident energy.

See appendix A for the full derivation and description of the hard cube model.



1.4 The Precursor State
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SEPARATION OF ADSORBATE ATOMS

Figure 3: A simplistic representation of the 2D PES of a diatomic molecule adsorbing

on a surface via a precursor state

Figure.3 indicates a situation where 2 saddle points are present and molecular

chemisorption may occur. The molecule can approach the surface via the physisorption

potential well and from here access the molecular chemisorption well (where a

chemical bond is formed between molecule and surface, e.g. NO on Ni(100) [7], from

which it might desorb and vacate the surface or, alternatively, go on to dissociate.

Molecularly adsorbed states which the adsorbate occupies before dissociation are

known as precursor states. The existence of a precursor state was first proposed by

Kisliuk in 1957 [8], who suggested a mobile precursor state that may visit several

surface sites.



When the molecule cannot immediately dissociate but is first trapped in a physisorbed

or chemisorbed precursor state, before proceeding to eventually dissociate, the process

is known as indirect dissociation. Conversely, if a molecule is able to immediately

access the dissociation well without the need for a precursor, direct dissociation is said

to occur.

1.5 Dissociative Adsorption

1.5.1 Direct Dissociation

Direct dissociative adsorption may occur when, either the process is non-activated, or

when, in the activated case, the incident kinetic energy of the molecule is higher than

the PE barrier to dissociation.

Direct dissociation is often characterised by an increase in the initial dissociative

sticking probability (So) of the incident molecule with increasing incident energy (Ej).

This is because an increase in the E; allows access to non optimised trajectories (there

will be a range of barriers to dissociation present for different impact sites and

molecular orientations).

Direct dissociation requires the incident molecule to impact around a vacant surface

site for direct dissociation to be successful. Originally it was assumed [9] that, at least

in the case of a simple diatomic molecule, 2 adjacent vacant sites would be required.

If this assumption were correct it would result in the sticking having a coverage

dependence of:- '

S = a(l-0)2 (1.4)

Where S is the sticking probability of an incoming gas molecule and 9 is the fraction of

adsorbate sites occupied with respect to the saturation coverage (therefore 1-9 being

the proportion of vacant sites).

9



Although this model does account reasonably well for some systems under conditions

where direct dissociation is dominant (e.g. hydrogen on Pt(533) at high incident

energies [10]), deviations may occur due to adsorbate induced surface reconstructions

occurring as the coverage (6) changes (e.g. oxygen on W(100) [11]), interactions

between adsorbates (e.g. CO and NO on Pt(lOO) [12]), or even the ability of one of the

adsorbate atoms to migrate (e.g. H2 on Ni(100) [13]). hi this later case, the coverage

dependence is very different. With only one vacant site being required for dissociation

(since the other adsorbate atom may migrate to find a vacant site for itself) the

coverage dependence of the sticking would instead be proportional to number of free

sites, rather than the square of this value (as the Langmuir model proposes).

Soc(l-0) (1.5)

When undergoing direct dissociation the molecule has a very short time of residence at

the surface, and will not have the opportunity to reach thermal equilibrium.

Consequently there is no dependence of initial sticking (So) on surface temperature (Ts)

(although an exception to this may occur when dissociation happens via quantum

mechanical tunnelling through the activation barrier [14]).

1.5.2 Indirect Dissociation

Indirect dissociation involves, as previously mentioned, the trapping of the adsorbate

molecule into a precursor state before the molecule sticks dissociatively.

When a molecule has insufficient energy to access the direct channel it may still

undergo dissociative sticking via first trapping in a molecular precursor state from

which dissociation may go on to take place after molecular vibrations. A molecule in a

precursor state will not necessarily go on to dissociate. A partition will exist between

the molecule dissociating and desorbing [15]. Since the balance of this partition is, to

some extent, determined by the temperature of the surface, the indirect sticking

probability can be strongly surface temperature dependent.

10



The rate of dissociation or desorption of the precursor state can be described by the

following equation:-

E

(1.6)R = ve kTs

Where R is the rate of dissociation or of desorption, E the barrier between the precursor

and the dissociated atomic state (in the case of dissociation), or the barrier between the

precursor and the free molecular state (in the case of desorption). v will depend on the

availability of suitable sites and the mobility of the precursor [16,17].

Combining the two forms (dissociation and desorption) of this equation gives an

expression relating relative sticking probability to the surface temperature. To

determine dissociative sticking probability (S) a further term, C,, must be added to

describe the initial trapping probability of the molecule into the precursor well (this

term may usually be taken to be Ts independent):-

- l

(1.7)

The relationship between sticking probability and surface temperature, as shown by

this equation, is not a simple one. There are a number of limits that can be picked out

from the equation. If the energy barrier to desorption of the molecule is much larger

than the barrier to dissociation, then the term within the square brackets will tend to 1

and S ~ C,. Also, if the barrier to desorption is only slightly greater than the barrier to

dissociation (Edes
>Ediss) then S will still be equal to C, if i)diss>>^des (for example if

there were a large number of available sites for dissociation to occur). However,

providing these limits don't apply the dissociative sticking probability will increase

with surface temperature if EdiSS
>Edes, but fall if Edes

>Ediss •

In order for this partition function to apply the molecule must first, of course, trap into

the precursor state. The initial trapping probability into the precursor state depends

11



upon the incident energy of the adsorbate molecule. However, unlike for direct

dissociation where there is often a large potential energy barrier to overcome, access to

the precursor state tends to be non-activated or the barrier very small. This leads to a

relationship where there is a strong decrease in the sticking probability with increasing

kinetic energy of the molecule. This is because the trapping of a molecule into a

shallow precursor well is heavily dependent on the molecules ability to dissipate its

energy. The greater the kinetic energy of the molecule the more energy it will need to

dissipate through the collision with the surface. Molecules that are unsuccessful in

dissipating sufficient energy will scatter back from the potential barrier, returning to

the gas phase.

1.5.3 Extrinsic and Intrinsic Precursors

Precursor states are labelled as either extrinsic or intrinsic. When a molecule reaches

the precursor state via a collision over an empty surface site it is described as intrinsic.

The extrinsic precursor, on the other hand, will accommodate over a region of the

surface pre-covered with adsorbates. After accommodating into the precursor state, the

extrinsic precursor must find a "hole" to dissociate (by moving to a new surface

geometry or via changing rotational position). This difference in precursor species type

leads to differences in the coverage dependence of the indirect sticking, depending on

which precursor route is dominant.

Since the intrinsic precursor requires a vacant surface site over which to accommodate

its sticking will exhibit similar coverage dependence to that which a direct channel

might. For example, an intrinsic precursor limited by trapping into a single vacant site

might exhibit approximately (1-6) dependence (with possible variations due to

adsorbate-adsorbate interactions or coverage dependent surface restructuring).

The sticking of an extrinsic precursor should show an insensitivity to coverage until the

surface begins to saturate and finding vacant sites for dissociation becomes limiting. In

fact, if a much better mass match for the incoming adsorbate sticking via the extrinsic

channel results in the relative efficiency of the extrinsic precursor over the intrinsic

12



precursor, there may be an initial rise in sticking with increasing coverage as the

increase in adatoms allows greater access of the incoming molecules into the extrinsic

channel. Such an assumption has been made to explain the initial increase in the

sticking probability with coverage for the adsorption of nitrogen on W(100) [18].

The influence of adsorbates on an incoming molecule's probability of dissociation is of

crucial importance to industrial catalysis where synthesis will often occur with a high

coverage of reactants. The effectiveness of a catalyst may be heavily influenced by

which precursor channel the reactant can access most efficiently.

Before leaving the subject of precursors it should be noted that though, in general for

indirect sticking, an increase in E; tends to lead to a decrease in So an exception may

exist for a particular variety of intrinsic precursor. If access to the intrinsic well is

activated it may give rise to a system where So increases with increasing E; and only

the strong Ts dependence will distinguish it from the direct channel (e.g. O2 on Pt(l 11)

[19],N2onFe(ll l)[20]) .

1.6 Theoretical Investigations

Various theoretical investigations into the substrate adsorbate system have been

undertaken and these shall occasionally be referred, to. It is therefore useful at this point

to trace through a brief history of this work and the development of the theory to its

present form.

The most simplistic method of considering an adsorbate substrate interaction is

Pauling's equation where the metal-adsorbate bond energy, E(A-B), is equivalent to

the combination of the metal-metal bond energy, E(B-B), and the adsorbate-adsorbate

bond energy, E(A-A), and the difference in the electronegativity, & of the two:-

,1.7,
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With A representing the excess energy of an A-B bond over the average energy of A-A

and B-B bonds, which can be attributed to the presence of an ionic contribution to the

covalent bonds.

= E(A-B)--{E(A-A)+E(B-B)} . (1.8)

However, such a basic theory neglects many aspects to the substrate-adsorbate

interaction and this is borne out by the inaccuracy of the results achieved using the

equation. This method of analysis tends to show a peak in the bond energy mid-row

along the d-band metals, whereas in reality it has been shown that the energy tends to

decrease from left to right across a row [21].

The Hartree-Fock approximation (also known as self consistent field method) provided

a quantum mechanical approach. The Schrodinger equation for the complicated many

body system of an adsorbate bonding to a substrate is unsolvable, but Hartree-Fock

provided an approximate method for the determination of the ground state

wavefunction and energy.

Hartree utilised the Born-Oppenheimer approximation (that due to the nuclei's size

relative to the electrons, the nuclei may be considered as static) and proposed that an

electron could be considered as moving in the potential of the average electric field of

the other electrons and other nuclei. Fock added to this the principle of antisymmetry

approximations (i.e. the exchange effect - the potential due to the effect described by

the Pauli exclusion principle). However this theory still neglects the electron

correlation effect (due to repulsive interactions between electrons they tend to avoid

each other and therefore their motion is correlated).

The advancement from the Hartree-Fock theory was made by introducing something

called the local density approximation (LDA). This proposed that the embedding

energy of an atom is equivalent to the energy of embedding in a homogeneous electron

gas, with corrections added to account for the inhomogeneous reality.
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Such a model is reminiscent of the Somerfeld free electron model, where valence

electrons are modelled as an 'electron gas' completely detached from their ions and

moving in a constant potential. The jellium model often referred to in the LDA

describes a system where ions of the solid are 'smeared out' into a uniform positive

background for the homogeneous electron gas.

These models completely ignore the structure of the material and the jellium picture

was improved by using pseudopotentials to model the effects of the substrate's ionic

lattice.

Two theoretical approaches to take advantage of the LDA were the effective-medium

theory (EMT) and density functional theory (DFT).

These are the main theories currently in use, utilizing the LDA to replace complex

many body electronic wavefunctions with an effective potential that is a function of the

electron density.

The framework of EMT has been used to extract hydrogen binding properties of

adsorbates on a metal surface with a good degree of accuracy [22]. The efficiency of

the theory in comparison to the previous many body electronic wavefunction models

means EMT calculations can be performed fast enough to allow them to be used to

simulate dynamic processes such as adsorption [23].

DFT was essentially created (or at least put on a sound theoretical footing) in 1964 by

Hohenberg and Kohn [24], and its primary method of implementation uncovered by

Kohn and Sham [25] who provided the framework within which the many-body picture

of interacting electrons in a static external potential was reduced to a problem of non-

interacting electrons in an effective potential (which included the coulombic exchange

and correlation interactions between the electrons as well as the static external

potential).

The basic premise of DFT is that the electron density (the probability of Finding an

electron at a certain point in space) totally specifies a system, i.e. all properties of a

system are expressible in terms of its electron density.
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DFT successfully modelled adsorption systems using slabs, usually of between 5 and

11 metal layers and semi-infinite geometry. An example of the use of this model is the

work done in successfully reproducing the experimentally observed adsorbed states of

N 2 onFe( l l l ) [26] .

An example of how these theoretical calculations might currently be used to assist

experimental investigations is the analysis of the chemical behaviour of alloy surfaces

with mixed metal sites for ammonia synthesis using DFT [27]. Predictions are made as

to which alloys might prove to be good ammonia synthesis catalysts.

In a catalytic reaction an important function of transition metals is to atomise diatomic

molecules (in the case of ammonia synthesis N2 and H2) and then supply the atoms to

other reactants or reaction intermediates. The thermodynamic driving force for the

atomisation is from the strength of bonding of these atoms to the surface. However, if

the surface bonds are too strong, the reaction intermediates block the adsorption of new

reactant molecules because of their long surface residence times. The Bronsted-Evans-

Polanyi relation, that states that for dissociative chemisorption the activation energy

depends linearly on the reaction (adsorption) energy, has been shown to hold for

surface reactions [28], and by the use of DFT calculations such relations have been

firmly established for a number of systems [29]. Because of this a balance must be

struck since should the adsorbate-surface bond be too weak, the necessary

bond-scission process may be absent. This is demonstrated by the volcano-like shape

of the plot produced when calculating activities of various transition metals for the

dissociative chemisorption of reactant molecules [30]. The shape is due to the steadily

decreasing heat of adsorption associated with a transition metal from left to right across

a row. Figure.4 shows how DFT calculations have been used to predict an alloy that

might prove to be a better ammonia synthesis catalyst than the promoted iron catalyst

currently in use.
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Figure 4: An example of a volcano plot, showing turnover frequencies for ammonia

synthesis as a function of adsorption energy of nitrogen using a micro kinetic model

and the linear relation existing between the potential energy and the activation energy

for N2 dissociation [27].

1.7 Aims/Applications of the Thesis

The aim of this thesis is to study the adsorption of H2 and N2 upon the molybdenum

(100) surface. It is hoped that by analysing changes in the dissociative adsorption

probability with varying incident energy of the molecules, surface temperature of the

molybdenum sample and pre-coverage of the surface with either hydrogen or nitrogen,

it will be possible to draw conclusions regarding the specifics of the reaction

mechanism, for example, whether, under a particular set of conditions, the route to the

dissociative adsorption of the molecule is direct or indirect and, if direct whether

activated or non-activated, or if indirect whether accommodated or dynamic. Careful

analysis of such data should also give some indication of the potential barriers

encountered during the process.
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Although the study of the dynamics of the adsorption of H2 and N2 on Mo(100) is an

area yet to be examined within the currently published literature, and therefore of

considerable interest in itself in terms of providing new data regarding the dynamical

behaviour of two commonly encountered species of molecule, there are two particular

areas to which the results gleaned within this study are likely to be of particular

interest.

The first of these is in terms of a comparison of the N2/H2 on Mo(100) adsorption

systems with the equivalent W(100) systems. The kinetics and surface structures

resulting from N2 and H2 adsorption have already been the subject of numerous studies

comparing the two [31-36], and have shown the two systems to be largely similar,

making any differences easy to isolate from other factors and therefore of considerable

interest to study. Also a large body of data has been produced examining the

adsorption dynamics of the tungsten system [15, 37-41], making a dynamic study of

the equivalent molybdenum systems for N2 and H2 the missing piece of the puzzle in

terms of providing a full comparison of the interaction of these diatomic molecules

with the two surfaces.

The second is in the advancement of ammonia synthesis catalysis. The iron-based

ammonia synthesis catalyst was discovered by testing over 2500 different catalysts in

6500 experiments, however, recently a rational catalyst development strategy was

suggested which would avoid the need for this type of trial and error experimentation.

A volcano type relation between the NH3 synthesis activity of different catalysts and

their nitrogen adsorption energy has been shown to exist, as has been described above,

with the dependence of the catalytic activity on the nitrogen adsorption energy shown

to be a consequence of a linear (Bronstead-Evans-Polanyi) relationship between the

activation energy for the rate-limiting step, which is the N2 dissociation, and the

stability of absorbed N on the surface [28]. The volcano shape implies there to be an

optimum nitrogen adsorption energy due to the two mutually opposing ways in which a

high activity might be achieved (either with a small dissociation barrier to N2

dissociation, or with low coverage of adsorbed atomic nitrogen during ammonia

synthesis), and the rational approach was to attempt to construct a surface with the

desired intermediate nitrogen interaction energy by combining two metals, one with

too high an adsorption energy and one with too low an adsorption energy.
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Norskov et al. used DFT slab calculations to study the chemical behaviour of alloy

surfaces with mixed metal sites in terms of their ammonia synthesis catalytic activity

[27]. In particular it was shown using DFT calculations that a CoMo alloy would have

a higher activity than iron (see figure 4).

This was confirmed experimentally by C.J.H. Jacobsen [42], who observed the

addition of a small amount of Cs to CoMoN to result in a catalyst with higher activity

than that of the commercial multi promoted iron catalyst (see figure 5). FeMo and

NiMo alloys were also shown to be ammonia synthesis catalysts with a high activity

[42].
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Iron Catalyst

3 H2 : 1 N2 50 bar 400 °C

1 2 3 4 5 6 7 8 9 10
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Figure 5: The catalytic activities of Cs promoted CoMo and a commercial

multi-promoted Fe catalyst. Taken from [42]

Studying the dynamics of N2 and H2 (the constituents of NH3) dissociative adsorption

on the Mo(100) surface should provide a good base for the study of these potential

ammonia synthesis catalysts.
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Chapter II: Instrumentation and Equipment

II.1UHV System Set Up

The experiments reported in this thesis were carried out using an ultra-high vacuum

(UHV) chamber. The base operating pressure for this chamber was typically between

4xlO"nmbar and lxl0~10mbar (as measured via an ion gauge).

The main chamber pumping is via two turbo-molecular pumps (Leybold water cooled

1000 Is'1, Leybold water cooled 151 Is"1) backed by a diffusion pump (Edwards E04

water cooled 600 Is"1), which is in turn pumped by a rotary pump (Edwards E2M18

5 Is"1). A titanium sublimation pump (TSP) was also used in short bursts to improve the

pumping of oxygen from the chamber. The TSP works by evaporating a thin layer of

reactive titanium that will react with the oxygen in the chamber before sticking to the

chamber walls, hence trapping the oxygen.

The main chamber was equipped with the facilities to perform low energy electron

diffraction (LEED from Omicron), X-Ray Photoelectron Spectroscopy (XPS from

Vacuum Generators), ion bombardment, and also included a gas doser (set up to dose

both nitrogen and oxygen) and a quadrupole mass spectrometer (QMS from Vacuum

Generators, QXK300).

The chamber was also equipped with a differentially pumped (via the main chambers

backing rotary pump) xyz6 rotatable manipulator upon which samples could be

mounted. The manipulator (and therefore also the sample) could be cooled via a liquid

nitrogen reservoir.
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Figure 1: UHV chamber diagram

To aid the pumping of water from the chamber it is possible to heat the chamber to up

to 140°C. A baking period of between 14 and 24 hours, followed by a further day's

pumping, produces a chamber pressure of around 1 xlO"lombar.

Most experiments were performed using a supersonic molecular beam and this

required two further vacuum chambers, each individually pumped. The 1st and 2n

chambers (as labelled in figure. 1) were each pumped by a 6" oil diffusion pump

(Edwards E06 1000 Is"1) and backed by, in the case of the 1st chamber, an Edwards

E2M40 rotary pump (12.5 Is"1), and, in the case of the 2nd chamber, a smaller Edwards

E2M18 (5 Is"1) rotary. The base operating pressures of these two chambers were

<1 x 10"7mbar for the 1st chamber (measured using a penning gauge), and 2 x 10"8mbar

for the 2nd chamber (measured using an ion gauge).
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II.2 The Supersonic Molecular Beam

The concept of the effusive molecular beam was developed by Stern and Gerlach in

1919 [1]. Their design produced a beam of molecules with a large energy distribution

and this was improved upon by the supersonic molecular beam designed in 1951 by

Kantrowitz and Grey [2] which was able to produce a much narrower energy

distribution.

A supersonic molecular beam is formed when gas at a relatively high pressure, behind

a nozzle, Pn, expands into a region of low pressure, Pist. In this case a gas mixture of

usually between 0.5 and 2 bar (as measured by a barometer) is put into the gas line

behind a 30um quartz nozzle and expanded into the 1st chamber (Pist). This nozzle can

be resistively heated via a tungsten filament (0.38mm diameter) coiled around it with a

thin layer of carbon film between the nozzle and the filament protecting the quartz

tube. The nozzle temperature (Tn) is monitored by three K-type thermo couples

(Ni/Cr—Ni/Al), one located inside the nozzle, and two between the carbon film and the

quartz, one at the exit of the nozzle and another approximately one centimetre back

along the nozzle. The temperature of each of these thermocouples was recorded as a

function of the current passed through the filament so as to provide calibrated back ups

from which the temperature could be accurately determined should the primary

thermocouple fail. The thermocouple within the nozzle was taken to be the most

accurate temperature measure of the gas mixture. The position of the nozzle is

adjustable and may be tilted on the x and y axis (the axis perpendicular to the beam, x

horizontally and z vertically) by ±2.5° and moved along this axis by ±12.5 mm. A

dust filter was positioned directly behind the nozzle to prevent blockages.

The shape of the nozzle will to some extent determine the motion of the gas molecules.

The shape is designed to create a nozzle jet avoiding motion perpendicular to the beam

axis as opposed to a free jet which would occur if the "nozzle" was merely a hole in a

flat wall.

A free jet would cause there to be a larger beam divergence though even this problem

can be minimised by keeping Pn relatively high. Pn>;>Pi st allows the gas to be
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considered to be expanding isentropically, with negligible heat conduction or viscous

(internal resistance to flow) effects. The gas density will decrease along the beam axis

and will, at some point, change from continuum flow (high density flow with very

short molecular mean free paths) to free molecular flow (where the mean free paths are

long and virtually no molecular collisions will occur).

As the area of the nozzle decreases the pressure difference accelerates the gas towards

the sample. As this expansion occurs the temperature of the gas drops drastically. The

distribution of molecular speeds of the gas molecules is approximately Maxwellian,

with the distribution being described by equation ILL

mvf

Where P(vj) gives the distribution of molecular speeds, Vj the speed of the molecule, T

the temperature of the gas, and m the mass of the gas molecule. As the temperature of

the gas drops the distribution of speeds becomes narrower. This narrow energy

distribution allows for the accurate examination of the interaction between the sample

and molecules of a specific energy.
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Figure 2: supersonic molecular beam generation. Taken from [3]

Figure 2 illustrates the expansion taking place. The area labelled the "zone of silence"

is characterised by molecules moving at supersonic speeds. Within this zone the

expansion is isentropic, i.e. the molecular flow is independent of the boundary

conditions.

Moving away from the nozzle exit the velocity of the molecules continues to increase

until the expansion reaches a boundary where the pressure becomes comparable to the

background pressure of the chamber and overexpansion occurs.

At this boundary the beam becomes compressed by a series of Shockwaves (very thin

non-isentropic regions of large density, pressure, temperature and velocity gradients).

The Shockwaves act to rapidly slow down the molecules and reduce the Mach number

to subsonic values (M<1)
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speed of molecule
y J — (II.2)
speed of sound

The point at which the molecules are decelerated to the speed of sound (M=l) is

known as the Mach disk. The position of the disk relative to the nozzle exit(j^M) is

described by a function containing the ratio of the nozzle pressure (Pn), background

pressure (Pist), and nozzle diameter (d)

(n.3)

In order for the supersonic beam to reach the sample without passing the Mach disk a

skimmer must be incorporated into the design to extract the centre of the beam. The

nozzle may be moved back and forth along the axis of the beam (z-axis) and this

allows the positioning of the skimmer within the zone of silence at ~100d from the

nozzle exit. The skimmer is made from stainless steel, has a 300um opening, and is

conically shaped with walls angled to deflect scattered molecules away from the beam

axis avoiding the creation of Shockwaves in front of the skimmer.

This deflection of molecules causes the background pressure in the 1st chamber to rise.

Typically initiating the beam was seen to cause a rise in pressure from <1 x 10'7 to

~1 xlO^mbar. Those molecules extracted by the skimmer pass into the 2nd chamber and

may then pass through a collimating aperture and into the main chamber. In order to

align with this aperture the skimmer's position may be moved along the x and y axis,

however, once aligned there should be no need to further alter the skimmer position.

This aperture is variable and consists of a steel plate which may be moved up or down

to reveal and align apertures with diameters of 0.5, 1.3 and 3mm. The sample is located

a further 16.2cm from the aperture, within the main chamber and these varying

aperture sizes result in beam diameters at the crystal surface of 1.25, 3.25 and 7.5mm,

respectively. /

The 2nd chamber is another high vacuum region with base pressure, P2nd ~ 1 x 10"8mbar,

with high mean free path lengths ensuring that molecules moving along the central
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beam axis can progress without disruption. When the nozzle and skimmer are aligned

the pressure rises as molecules not passing through the aperture are deflected back into

the 2" chamber. However, the pressure still remains low, typically rising to only

lxlO"7mbaf.

The element of the beam that makes it into the main chamber consists of 2 components

whose respective contributions to the main chamber pressure are labelled as Peffusive and

Pbeam- Peffusive accounts for the diffuse element of the beam that contributes to the

increase in the pressure of the main chamber but is not directly incident upon the

sample surface. Pbeam describes the element of the beam colliding directly with the

sample.

A mica flag within the main chamber, close to the aperture, may be moved to either

allow the beam to be incident upon the sample, or to block the path of the beam. The

mica flag has a very low adsorption cross section ensuring that almost all molecules

incident upon it are reflected and contribute to the pressure within the main chamber.

The main chamber is maintained at ultra-high vacuum and typically operates at

<1 x 10"10mbar. Introduction of the beam into the chamber causes a rise in pressure

dependent upon the constitution of the beam and the aperture size. Typically the
O ft

pressure is observed to rise to between 4 x 10' and 7x10' mbar.

If the initial enthalpy of the gas is converted into kinetic energy of the gas molecules

during the expansion it may be written that:-

Hx + EK{Hi) = Hn (n.4)

EK=-mv2 (n.5)
2

Taking H to be the enthalpy per unit mass:-
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v2=2{Hn-Hx)

During the expansion the temperature of the gas will drop rapidly along with the

increase in velocity, this allows for rotational and vibrational relaxation to begin taking

place. The extent to which relaxation occurs will depend very much on the molecule in

question. The equation describing rotational relaxation (cooling), dTr/dt, is as follows :-

dTr _(T-Tr)

~dt~ T

With x being the ratio of required collisions (<;) to the collision frequency (u)

T = — (IL9)
v

v = nv<7 (11.10)

o being the effective molecular cross section, n the number of molecules, and v the

uniform molecular velocity.

The number of collisions required for rotational relaxation to occur is specific to the

particular molecule. For hydrogen a large number are required and T ~ 5/3 whereas N2

requires fewer collisions and x ~ 7/5.

Typically a molecule undergoing the expansion will experience between 100 and 1000

collisions. To undergo vibrational relaxation a small diatomic molecule (such as H2 or

N2) has a relaxation period of ~104 collisions, therefore the degree of vibrational

cooling will be small. This is due to the vibrational energy level spacing being large for

small diatomics. If the quantum harmonic oscillator approximation is made, the

quantum vibrational energy level spacings are inversely proportional to the square root

of the reduced mass of the atoms composing the diatomic molecule. Therefore small

diatomics will have larger energy level spacing and heavier diatomics much finer

quantum vibrational energy level spacing.
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The first law of thermodynamics predicts that the internal energy of an isolated system

is constant. The energy might change form but there is no gain or loss. Therefore any

change in the internal energy (U) of the system is due to heat absorbed by (Q) or work

done (W) on the system.

(ll.ll)

_.,., dU SQ SW
With = — + (11.12)

dt dt dt

If a control volume is considered equation 11.12 becomes equation 11.13, the CV

subscript denoting the internal energy of a control volume, and Eo and Ei being the

energy of the system in the initial stagnation state and a later state (respectively).

Therefore moEo is the rate of flow of energy into the control volume and miEi the rate

of energy flow out.

dUr

dt dt dt

With

(11.14)

and

(11.15)

If this system is considered to be steady state (i.e. overall there is conservation of mass

and energy), then — — = 0. Also, this would allow m0 and mi to be replaced simply
dt

by m since the value of mass flowing in will be equal to that flowing out.
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This leaves:-

= m(El-E0)

The total energy (E) will be the sum of the kinetic (EK) and internal (U) energies of the

gas.

= m[(EKl+U1)-(EK0-U0)] (11.17)

The kinetic energies are replaced with —mv2 and the velocity of the gas in the initial

stagnation state is considered to be zero (i.e. Vo=O) with Vi being the speed of the gas

molecules as the expansion is taking place. Furthermore the system is considered to be

adiabatic (i.e. overall no heat gained or lost), resulting in:-

Q = 0 (11.18)

&

W = -(PlVl-P0V0) (11.19)

Combining these values of heat and work with equation II. 17

(11.20)

The term enthalpy has already been mentioned, and here it is defined as

PV • (11.21)

(11.22)

Substituting in equation II. 11 to replace dU

(11.23)
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When a gas expands it must do work on the surrounding atmosphere to push it back as

it takes up a greater volume. The work done by or to a system can be described by the

change in the volume of the system multiplied by the pressure.

dW = -PdV (11.24)

Substituting this into equation 11.23

= dQ-PdV + PdV + VdP (11.25)

VdP (H-26)

In the case of an isobaric system dP = 0, and therefore:-

dH = dQ (11.27)

With

(11.28)
r dT)P dT)P

Cp is the molar specific heat capacity of the gas at constant pressure.

As the gas expands the number of collisions and the temperature of the gas quickly

decreases. The change in temperature from the stagnation state to the state in which it

exists after the expansion is related to the molar enthalpy.

dH = CPdT " * (11.29)

Equation II.6 is rearranged and substituted into the above equation

•-mv* =CPdT (11.30)
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Substantial cooling occurs during the expansion, with the temperature of the stagnation

state (Tn) being substantially greater than that of the gas after the expansion (Ti), i.e.

T n »Ti . Therefore,

= Tl-Tn (11.31)

can be approximated to

(11.32)

Substituting into equation 11.30 and rearranging

—CpTn . (11.33)
m

In the case of an ideal gas

CP =[-£-)* (11.34)

With

- f (IL35)

The assumption is made that the gas mixture can be considered as a monoatomic ideal

gas provided that the seed gas is monoatomic and ideal and that the reactant gas only

makes up a very small percentage of the total gas mixture.

Complicated calculations using the heat capacities of the gases can be ignored since in

the case of a monoatomic ideal gas,

CP=-R (H.36)
2
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If the gas mixture used is an ideal gas seeded with only a very small fraction of the

reactant gas it may be assumed that the expansion will exhibit ideal behaviour.

Therefore the terminal velocity of the molecules in the expanding gas may be

expressed as

5RT
v = J (11.37)

It may be necessary to consider a mixture of i ideally behaving gases with mole

fractions x, and masses mj. In the case of a seed gas where only a small fraction (<4%)

of the total gas is made up of the reactant gas, particularly when the reactant gas

molecule is a small diatomic such as H2 or N2, it may be assumed that this also behaves

as an ideal gas within the mixture.

• v =

To obtain the velocity of an individual gas particle rather than the molar value it is

necessary to divide by NA. Noting that %/„ = kB, the following equation is produced,
/ N A

describing the velocity of a gas particle within the molecular beam:-

v = j5kBT^ (11.39)
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II.3 Calculating EH Of Reactant Particles In The Beam

Typically the velocity, and hence the kinetic energy, Ej (the i subscript denoting kinetic

energy when incident upon the sample surface), of the particles produced from a

supersonic molecular beam are calculated using time of flight (TOF) measurements

[4,5].

The facilities required for TOF measurements were not available. However, TOF

measurements have previously been carried out using this UHV system [5], with the

results found to be in reasonable agreement with estimations using the following

theoretical calculations. In cases where a large difference in mass exists between seed

and reactant particles a correction may however be required for the drift of the TOF

value from the calculated Ej value. These corrections are shown in appendix B.

The kinetic energy of the reactant gas molecules will depend on the following:

a) the seed gas

b) the reactant gas

c) the amount of reactant gas in the seed gas

d) the nozzle temperature

The continuum flow of gas behind the nozzle allows for the use of a technique called

seeding where a heavy inert seeding gas decelerates lighter reactant gas molecules or

vice-versa. The gas mixture is altered via flow controllers positioned at the beginning

of the beam line. Figure 3 is a diagram illustrating the flow controller set up.
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The beam line can be pumped via an Edwards E2M18 rotary pump (5 Is"1) to allow a

quick changeover between gases without contamination.

The kinetic energy of the seed gas particles in the beam line is

~ m(seed)^\n)(seed) (11.40)

Kinetic theory also allows for the expression of the kinetic energy of the gas in terms

of its temperature.

Using basic kinetic theory a relation between the root mean square velocity of the

particles and the temperature of the gas can be determined

VRMS ~ (11.41)
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A single molecule within the gas will have its speed altered when it collides with other

molecules, but its average translational kinetic energy over time will be:-

-mVmS ( I L 4 2)

Substituting equation 11.41 into equation 11.42,

1 (3RTA
—ml -

2 UJ
(11.43)

The molar mass (M) may be replaced by Avogadro's number (NA) multiplied by the

mass (m). If yN is then replaced by the Boltzmann constant:-
/ * * A

E =—kT (11.44)
K (w)(seed) s* B n *• *

2.

Therefore by measuring the temperature of the gas the average translational kinetic

energy is also being measured.

The internal energy of the molecule depends not on the translational kinetic energy but

also on contributions from the rotational and vibrational kinetic energies of the

molecule

U = EK{trms)+EK{vibr)+EK{rot) - (11.45)

However, in the case of a monoatomic ideal gas there will be no vibrational or

rotational energy contribution.

Therefore

~kBTn (11.46)
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The molar enthalpy of the monoatomic ideal gas (H) differs from the internal energy in

that it does not take into account the work done by the system in expanding into the

surrounding atmosphere. H is therefore larger than U by PV

Using the ideal gas law

PV = kBT (11.47)

V is the molar volume, hence

H = -kBT+kBTn (11.48)
2 B n B n

The enthalpy represents the reserve of energy of the gas molecule which, in the case of

the ideal monoatomic gas forming a supersonic molecular beam, is transferred to the

kinetic energy of the gas.

(11.49)

(11.50)

Producing the same result as derived in equation 11.39

2 = ^ , ( n s

(seed) v '
m(seed)

If a reactant gas is being seeded within a carrier gas, the energy of the reactant gas can

be calculated by assuming the velocity of the reactant gas to be equal to the velocity

calculated for the pure seed gas. This approximation assumes the gas mixture to be

mainly made up of the seed gas with <4% reactant gas present in the mixture.
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Making the assumption that v{reacl) = v(seed),

j m(react)V(seed) (11.53)

The experiments performed have always used He, Ne or Ar (all monoatomic gases that

are assumed to behave as ideal gases) as the seed, therefore substituting the calculated

value for v2
(seed) and using equation 11.53

T - 5 m(react) JcT
I X(seed)m(seed) + X(react)™{react)

This formula is shown, by comparison with TOF measurements [7], to give a

reasonable approximation of the incident energy for H2/He beams, with the values

falling within the predicted error margins attached to the results. The errors associated

with this calculation for a helium seeded beam are taken to be the same as those

calculated previously using TOF measurements on this system. However, when

considering a reactant-seed mixture with a greater mass difference there is seen to be a

significant drift from the value predicted by equation 11.54. For example, in the case of

a 1%H2/Ar beam (with Tn=312K), equation 11.54 predicts Ei(react) to be 3.2meV, a

considerable drift from the TOF calculations which record a value of 13 ±lmeV [8].

II.4 Kinetic energy calculation for small diatomics

The above calculations all assume the gas to be ideal and monoatomic. However the

calculations must be altered slightly when the gas under consideration is not

monoatomic, for example, in the case of a diatomic seed, or of an unseeded beam made

up purely of the reactant gas.

The translational kinetic energy of the gas particle in a specific direction is given by

—kBTn, with a multiple of 3 accounting for the 3 degrees of freedom associated with
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translational motion (in x, y, and z), assuming the molecule has no preferred direction

of travel.

If the gas is not monoatomic, then as well as these 3 translational degrees of freedom

the vibrational and rotational motion of the molecule must also be taken into account.

In the case of small diatomics such as H2 and N2 there are a further vibrational and

rotational degrees of freedom to be taken into consideration when calculating the

internal energy of the gas and hence the velocity of the molecules within the beam.

As the temperature increases the rotational, and eventually the vibrational, motions of

the molecules will become activated, although in the typical temperature range

experienced by the gas within the nozzle it may be that, for small diatomics, only the

rotational degrees of freedom are activated. The below plot of specific heat capacity as

a function of temperature for H2 shows that although the rotational degrees of freedom

are activated well below room temperature the vibrational degrees of freedom tend to

be frozen out until relatively high temperatures are reached.

Figure 4: For H2 at very low

,_ - . - -„ - 7/9 temperatures only translation motion is

, ,] ' . . . '. possible. Rotational and vibrational

1 i..,_: J 5/2 motions begin to contribute as the

Rotation • temperature increases. Although

, __!__] _. - 3/9 rotational motion is already active at

I • i : ' room temperature the temperature must
Translation; • , ,nnnr^i r r

-<• •' r ••' • approach close to lOOOK before the
same can be said for molecular

20 50 100 200 500 1000 2000 5000 10.000
Temperature (K) vibrations (Reproducedfrom [9]).

The late onset of this vibrational motion can be understood in terms of the vibrational

energy level spacing of the molecule. As has been previously mentioned, the quantum

harmonic oscillator approximation relates the energy level spacing to the square root of
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the reduced mass of the atoms composing the diatomic, if, as is the case for N2 and H2,

the atoms are small, then the vibrational energy level spacing will be large and a

substantial energy input will be required in order to reach the 1st vibrational excitation

energy.

According to the equipartition theorem, any input of energy into a closed system of

molecules is evenly divided among the degrees of freedom available to each molecule.

Assuming that the molecules tend to remain in their lowest possible vibrational state,

because the energy level spacings are so large, the incident energy is re-written as,

£,=(3.6)£f l7; (11.55)

This exact value may, in reality, vary slightly depending upon the specific diatomic,

and the temperature of the gas, with the value tending to become larger as the size of

the diatomic and the temperature of the gas is increased.

II.5 The Molybdenum Sample

The sample used in these studies was a molybdenum single crystal. Molybdenum is a

body centred cubic, with a melting point of 2890K. The molybdenum single crystal

used in these studies had its front face cut and polished to within 0.5° of the (100) plane

by Metal Crystals and Oxides (Cambridge). The dimensions of the crystal were at first

10x 10* 1.2 mm and then later changed to a circular crystal with a diameter of 9 mm

and depth of 1 mm. The switch to a crystal of smaller size was made to aid the heating

of the crystal since the power supply used for heating was limited and it was often

difficult to consistently bring the larger crystal to the required temperatures.

Grooves of 0.4 mm were cut into the top and bottom of the crystal and the crystal was

mounted on two 0.38 mm diameter tungsten wires fitted into these grooves and spot-

welded to 2 stainless steel support bars. These stainless steel bars were screwed to an

oxygen free copper support. The bars were electrically insulated from the copper -

support via two thin sheets of mica and ceramic spacers on the screws. The thin mica
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sheets ensured good electrical insulation while still retaining thermal conduction,

allowing the sample to be cooled via the liquid nitrogen reservoir within the

manipulator.

The sample was heated by means of electron bombardment (EB). A 0.25mm diameter

spiral filament of thoriated tungsten positioned directly behind the crystal was heated

resistively causing electrons to be emitted from the wire surface. A large positive

voltage was placed on the crystal accelerating the electrons into the back of the sample.

This electron bombardment allowed large and rapid temperature increases. A sufficient

current must first be passed through the spiral filament to obtain electron emission

from the wire. Once emission is achieved the heat transferred to the sample is

determined by the quantity of electrons emitted and the energy of the electrons that

collide with the sample, the quantity being controlled by the current put through the

filament and the energy of the electrons being controlled by the accelerating voltage

placed on the sample.

The voltage that could be placed upon the sample was limited by the power supply unit

to 1000V, therefore the voltage was kept constant and the temperature varied by

increasing the current on the filament. The temperature of the sample was measured

using a W3 type (W3%Rh/W25%Rh) thermocouple. This was calibrated against a K

type (Ni/Cr - Ni/Al) thermocouple for temperatures below 273K (see Appendix C).
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Figure 5: Sample mount configuration
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Chapter III: Experimental Methods And Techniques

III.l Cleaning The Molybdenum Sample

Before carrying out experiments it was necessary to obtain a Mo(100) surface clean of

contaminants. The main contaminants reported to commonly be present on this surface

are oxygen, carbon,, sulphur and nitrogen [1-4]. Nitrogen and sulphur were found to be

easy to remove simply by heating the sample, however the removal of carbon and

oxygen was found to be significantly more complicated. Various techniques for

cleaning this surface have been suggested within the literature [5-9].

Attempts were made to clean the sample by means of ion sputtering, annealing, oxygen

treatments and high temperature flashes.

HI.1.1 Ion Sputtering

An ion gun was used to sputter the sample with argon ions. The particular ion gun used

was a saddle-field ion source type, a cold cathode device. The argon atoms are ionized

by means of electron bombardment and the electrostatic saddle-field configuration

induces these ionizing electrons to describe long oscillatory paths without recourse to a

magnetic field. The source anode was enclosed by the cathode and therefore extraction

electrodes were not required.

During the sputtering process a sample is bombarded with a beam of energetic argon

ions which sputters off the top layers, removing both metal and contaminant atoms.

After sputtering the sample is annealed to restore order to the surface.
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III. 1.2 Annealing and High Temperature flashes

Heating a sample may provide contaminant molecules with enough energy to

overcome the barrier to desorption, allowing them to be removed from the sample

surface. Oxygen was found to be strongly bound to the molybdenum surface and this

required the sample to be heated to >2000K in order for its removal. Because such a

high temperature was required the cleaning was limited to short flashes since

significant evaporation of the metal may begin to occur close to these temperatures

(see appendix D). After cycles of high temperature anneals a metallic coating was

noticed to have formed on ceramic insulation positioned near the crystal. Using a

scanning electron microscope the coating was identified as molybdenum. This

metalisation caused significant problems, shorting the high voltage supply necessary

for the EB heating, and possibly creating a metallic surface behind the crystal upon

which the molecular beam, if not properly aligned with the crystal, could be incident,

and from which "false" results might be produced. This problem of "false" data shall

be examined later in this chapter.
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Figurel: a) Scanning microscope plot taken from the metal coated area of a ceramic

spacer insulating a screw close to the crystal, b) Plot taken from the same ceramic on

an area with little metallisation. The large reduction in the Mo peak on plot b indicates

that the metal coating present on this ceramic is molybdenum. (A I is a constituent

component of the ceramic)

HI. 1.3 Oxygen Treatments

10
keV

The presence of a reactant gas while heating may aid the removal of certain

contaminants. The process is applied by dosing small amounts of gas into a UHV

chamber while maintaining the sample which requires cleaning at elevated

temperatures. The dosed gas molecules react with contaminant molecules on the
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surface. The resultant molecules then desorb from the surface when the sample is

annealed. In the case of molybdenum it is reported that annealing the sample in an

oxygen atmosphere will aid the removal of carbon from the crystal surface [5-9].

Carbon present at the surface reacts with the oxygen and, upon further annealing, is

removed in the form of CO or CO2.

HI. 1.4 The Cleaning Process Used to Obtain The Clean Mod 00)

Surface

The technique found here to be most effective in producing a clean well ordered

Mo(100) surface began by annealing the surface to -1300 K in lxlO"6 mbar of oxygen

in order to remove carbon from the surface. This oxygen treatment could be required to

last for 12 hours or more as more carbon is pulled from the bulk crystal to the surface

during heating. An insufficient oxygen treatment would see carbon migrating to the

surface during future heating cycles, re-contaminating the surface. Initially upon

receiving the crystal, and also when the crystal had been exposed to atmosphere for a

prolonged period (>2 days), the oxygen treatment required a running time of

approximately 12 hours to completely remove the carbon contamination, both that on

the surface and that travelling up to the surface from the bulk. For shorter periods of

exposure to atmosphere a surface that remained clean of carbon could be reproduced

after short oxygen treatments of 1 hour or less, or sometimes without the need for any

oxygen treatment.

Oxygen was then removed from the surface by flashing the crystal to —2073 K for

<1 second. A high level of oxygen contamination (for example directly after an oxygen

treatment) might require 5 or 6 repeat flashes. This technique was found not to require

the use of ion sputtering, and avoids the risk of damage to the surface structure that

sputtering may cause.

The absence of contaminants from the surface was determined by a combination of

x-ray photoelectron spectroscopy (XPS) and low energy electron diffraction (LEED)

measurements. These techniques will be described in detail shortly.
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Once a clean surface was obtained a King and Wells type experiment [10] using a

specific reactant molecule, gas mixture, beam energy and crystal temperature, was

performed and repeated until a model clean surface result was obtained. As work

progressed it was possible to repeat the King and Wells experiment under specific

conditions and, by comparison with the model result, determine whether a clean

surface had been obtained and whether the beam was functioning correctly. The King

and Wells technique will also be described in detail shortly.

III.2 Surface Analysis Techniques

III.2.1 X-Rav Photoelectron Spectroscopy

Photoelectron spectroscopy is a process which involves the excitation of electrons in an

atom at the surface of a sample by means of monoelectronic x-rays, with an energy of

>100eV. It was first developed by the Nobel prize winner K. Siegbahn [11], and is a

technique that allows one to determine the species present at the surface of a sample.

For example it may be used to monitor the quantity of contaminant (such as oxygen)

present in comparison with clean molybdenum metal surface present. The progress of

the cleaning may in this way be monitored using XPS. It is sensitive to surface

contaminants down to levels of just 1% of a monolayer and therefore a good indicator

of a clean surface.
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Figure 2: A reproduction of the dual anode x-ray gun (VG Microtech).
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The x-rays used for this procedure are produced by an x-ray gun. In the gun, filaments

are heated in order to emit electrons. The filament used here is a 1% thoria coated

tungsten ribbon, heated via a 5 A current, producing an emission current of 20mA. The

thoriated tungsten produces an electron emission many times greater than that of pure

tungsten at the same temperature. A difference in potential then attracts the electrons to

the anode. The accelerating voltage placed on the anode was set to 15 kV (with the

filament being at near earth potential). When colliding with the anode the electrons

may knock out a core electron from the anode. An electron from an outer shell then

fills the core hole. In order to drop from a loosely bound outer shell into a more tightly

bound inner shell the electron must lose energy. This energy may be lost by emission

of a photon of radiation.

The energy of the photon is only dependent upon the difference in energy between the

two energy levels. Hence the energy of the x-ray photon is independent of the energy

of the initial incoming electron and only dependent upon the metal used as the anode.

In this case a dual anode is used with an Al coating on one face and Mg on the other.

Alternating between these anodes allows x-rays of different energies to be emitted. The

ability to alternate between two different anodes is important in that it allows the

identification of auger electrons emitted from the Mo sample.

The emission from the target anode consists of narrow emission lines associated with

the filling of core holes created by the incident electron beam. The principal line

emitted for both the Mg and Al targets is due to the 2p\a and 3/2 —* 1 s decays, an

unresolved doublet corresponding to 1253.6eV for Mg (with a full width at half

maximum, FWHM, of 0.7eV) and 1253.6eV for Al (with FWHM of 0.85eV). There is

a broad Bremsstrahlung background (Bremsstralung radiation being that emitted by a

charged particle undergoing deceleration), however a thin Al window is used as a

partial filter for any unwanted x-ray lines ensuring the photon source is nearly

monochromatic. The window also acts to isolate the anode field, preventing stray

electrons from interfering with experiments.

The heat generated during this process is sufficient to evaporate the anode and it has

therefore been provided with a water cooling system.
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The x-rays incident upon the sample may knock out a core electron providing it with

kinetic energy (EK). The kinetic energy of this photoelectron may be calculated using

Einstein's photoelectric equation. This uses the concept of conservation of energy to

produce an equation relating the energy of the incident photon (ho) to the binding

energy of the electron (EB) and the emitted electrons kinetic energy (EK). If the

condition of conservation of energy is applied and it is assumed that the photoelectron

escapes the surface without undergoing any inelastic collisions, then the kinetic energy

of the photoelectron emitted will be equal to the energy of the incident photon minus

the energy required to release the electron from its bound state within the atom into the

vacuum level. It should be noted that for a solid the binding energy is given relative to

the Fermi level (the highest occupied electronic state), and therefore a small additional

energy input known as the workfunction (^) is required to move the electron from the

Fermi level into the vacuum level.

EK =hv-EB-

If a core electron has been knocked out an electron from an outer shell will then drop

to fill the core hole. The energy lost by the electron in dropping to the core state is

removed in one of 2 ways....

i) Fluorescence. A photon of radiation is emitted with energy equal to the

difference in energy between the core energy level and the energy level of the

electron that drops into the hole.

ii) Auger process. An auger electron is emitted with kinetic energy dependent on

the difference of these energy levels.

Auger electrons are independent of the initial photon energy. If x-rays are produced

from a different anode the hu value of the x-ray photon will be altered, in turn

changing the kinetic energy of the emitted photoelectrons but having no effect on the

energy of the auger electrons. Switching anodes, as previously mentioned, will allow

the identification and separation of these auger electrons from the photoelectrons.
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The emitted electrons' intensity is plotted as a function of binding energy with:-

EB=hv-EK -0 (ni.2)

Because the auger peak position will remain constant when the energy of the incident

photon is changed it is easy to separate contributions to the spectrum from the auger

relaxation from those due to photoelectron emissions.

The kinetic energy of the auger electron is simply the binding energy of the auger

electron and the work function of the metal deducted from the difference between the

initial and final energy states of the electron that drops to fill the core hole.

The x-rays can penetrate far into the bulk (103 to 104A) to produce an auger or

photoelectron far from the sample surface, however XPS takes advantage of the short

mean free path length of electrons in the solid, i.e. the electrons cannot escape without

inelastic collisions except from within a few nanometres of the surface (0.3 to 3nm

depending on the kinetic energy of the electrons). By using a grazing angle for incident

radiation and electron emission collection the surface selectivity of XPS can be

enhanced.

The average distance that an electron can travel without being scattered inelastically is

defined as the inelastic mean free path length, X. Hence the relation between X and the

intensity of the photoelectric signal unaffected by an inelastic collision is defined as

( -d

I = Ioe
K *•' (IH.3)

Where,

I = the intensity at the surface

Io = the intensity of photoelectrons from distance, d, below the surface

cpe= the angle of the emission relative to the surface normal
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As (pe increases, the photoelectrons received by the analyser become more likely to

have been generated at the surface of the sample. The electron energy analyser collects

electrons emitted from the sample and determines their kinetic energy.

Because the electrons occupy discrete energy levels, the resulting spectrum will show

distinct and separate peaks corresponding to these levels. XPS relies upon the

approximation that core ionisation energies are insensitive to the bonds between atoms,

to produce XPS lines that are characteristic of the elements present. However, although

the approximation does work well to allow the identification of the elements present, it

is not entirely true. The charge redistribution of the valence electrons that does occur

during bonding does induce small changes in the binding energies of the core electrons.

Shifts in the spectrum due to bonding are small, of a magnitude of no more than a few

electron volts. A slightly shifted XPS peak may, for example, be an indication of an

oxide being present. A polycrystalline Uranium sample upon which extensive

experiments had already been carried out using this UHV system [12] was used for

some initial experiments in order to test the UHV system and to be able to calibrate

various instruments within the system against values previously obtained. The XPS

spectrum for this exhibits two peaks within a few electron volts of each other where

only one should exist, clearly indicative of an oxide induced shift in the binding energy

of the U 4f7/2 electron. The ratio of the area of these peaks is an excellent indication of

the level of oxygen contamination of the surface (figure 3).
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Figure 3: Plot of the U4f7,2 peak. Two peaks are clearly present and a curve fit has been

used to identify them. The peak with higher binding energy relates to the photoemission

from the uranium oxide and the peak of lower binding energy relates to photoemission

from pure uranium. The plots are taken before (a) and after (b) a sputter and anneal

cleaning cycle. There is a clear shift in the peak ratios, with the size of the uranium

oxide peak reducing with respect to the size of the pure uranium peak, indicating that

oxygen is being successfully removed from the surface.

The widths of the peaks of the XPS spectrum depends on a variety of factors, the

inherent width of the exciting radiation, the lifetime of the core hole being probed, and

the resolution of the analyser [13]. Fluorescence occurring at depths below the surface
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produces photoelectrons which undergo inelastic collisions before leaving the sample.

These secondary electrons contribute to the XPS spectrum creating a large background

to the photoelectron peaks.
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Figure 4: A widescan plot of the molybdenum (100) sample before cleaning. As well as

the peaks due to photoemission from various molybdenum orbitals, there are also clear

peaks corresponding to photoemission from oxygen, carbon and sulphur.

Although the Mo(100) single crystal that this thesis investigates does not exhibit any

clearly identifiable oxide peaks in its XPS spectrum, comparison of the relative heights

of the photoelectron peaks originating from emission of a core electron from a

molybdenum atom and from a contaminant atom (in this case carbon, oxygen or

sulphur) gives a good indication of how the cleaning of the surface is progressing.

The photoelectron peaks chosen for comparison are those with highest intensities so as

to be most clearly separated from the background, these are the peaks originating from

photoelectrons ejected from the Mo3d orbitals, and the Clsi/2 and Olsi/2 orbitals.
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Sulphur was ignored since it was quickly removed from the surface by a simple anneal

cycle, and did not return to the surface once removed.
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FigureS: These XPS peaks

correspond to

photoemission from the

Mo3d5/2 and Mo3dy2

orbitals. As the surface

becomes clean the

molybdenum peaks grow in

intensity and shift to lower

binding energies (blue

line).
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Figure 6: This XPS peak

corresponds to photoemission

from the Ols/ 2 orbital. The

various plots represent the level of

oxygen contamination at the

surface during the cleaning

process. As the concentration of

oxygen reduces there is a

noticeable shift in the peak

position to lower binding energy

528 530 532 534 536
Binding Energy (eV)

538

55


