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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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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

39



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.

Mo peak for dirty surface

Mo peak for clean surface

224 226 228 230 232 234

Binding Energy (eV)

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).

236

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
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before any cleaning of the Mo surface

after initial oxygen treatment cyole

after repeated oxygen cycles and high temperatue flashes

280 282 284 286 288 290

Binding Energy (in eV)
292

Figure 7: This XPS peak

corresponds to photoemission

from the Clsi2 orbital. These plots

demonstrate how the carbon

contamination of the surface was

reduced as the cleaning process

progressed. The basic anneal

cycle involved heating the crystal

to approximately 1250 Kfor

anything between 5 and 60

minutes, the oxygen treatments

involved heating the sample to

1250 K in between 5*10'8 and

1 xlO'6 mbar of oxygen. Initially

oxygen treatments were kept to

between 20 minutes and 2 hours.

The lowest peak was produced

after much longer oxygen

treatments (~6hours) followed by

1 second flashes to approximately

2W0KinUHV.

As oxygen was removed from the surface the Mo3d peaks were seen to increase in size

in relation to the Olsi/2 peak, and to shift to a lower binding energy. This shift is

thought to be indicative of a molybdenum oxide being formed. The formation of a

molybdenum oxide on a Mo(100) single crystal surface has been observed previously

after exposure to oxygen at 700-900 K [6,14], and the 3d5/2 and 3d3/2 peaks observed

here for the clean and dirty Mo(100) surface are in excellent agreement with those

observed by Werfel and Minni for molybdenum metal and molybdenum oxide

respectively [15]. They observe a 3d5/2 peak at 227.8 eV and a 3d3/2 peak at 231.0 eV

for the molybdenum metal, and at 228.7 eV and 231.8 eV for MoO2 on the Mo(100)

single crystal surface, in excellent agreement with the Mo3d5/2 and Mo3d3/2 peaks

observed for this sample at 227.80eV and 231.01eV (respectively) for the clean

surface, and 228.60eV and 231.85eV (respectively) for the contaminated surface.
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The shift in the molybdenum peak is explained as the presence of molybdenum oxide,

the oxide provides the Mo3d electrons with less nuclear shielding as charge is

transferred to the electronegative oxygen. The reduction in shielding of the attractive

positive molybdenum nucleus acts to increase the binding energy of these electrons.

III.2.2 Low Energy Electron Diffraction (LEED)

This research used LEED only in a fairly limited fashion as a tool to check surface

cleanliness and to make some observations of surface structure after nitrogen

deposition. What follows is therefore only a brief discussion of the basics of the

technique and its use in determining if a clean Mo(100) surface is present. A more

extensive description and discussion of the technique can be found elsewhere [16].

LEED is used for determining the arrangement of atoms close to the surface. The

LEED pattern portrays the 2D structure of the surface with diffuse patterns indicating

either a poorly ordered surface or the presence of unordered impurities.
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Figure 8: The typical LEED system:

Electrons are produced by passing a current through a thoriated tungsten filament. A

current of 2.5 - 3A was sufficient to produce emission in the apparatus used for these

experiments. A variable accelerating voltage propels a monoenergetic beam of electrons

towards the sample. Electrons reflected from the sample surface will travel back towards

the grids and screen. In order to reach the screen the electrons must first negotiate the

series of grids. The first grid is set to earth so electrons travel though a field free region.

The second grid is negatively bias to allow through electron with the primary beam

energy while removing any inelastically scattered electrons. The 3rd grid is set at earth

potential to reduce the effect of the field caused by the screen voltage on the second grid,

and the screen is set to positive bias to attract the electrons making it through the array

of grids.

LEED is a diffraction method using elastic scattering of beams of low energy electrons.

The effect arises from the phenomena of wave particle duality. The diffraction features

of the technique are due to the wave-like properties of the electrons. The behaviour can

be explained using the de Broglie equation (equation III.4) relating the wavelength of a

particle to its mass and velocity.
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h h
= — (III.4)

mv p

Here h represents Planck's constant and p the electron's momentum.

The charge of the electron is known (e~1.6><10c) and this allows the calculation of the

effective wavelength of the electrons (X) using the voltage through which the electrons
•s

are accelerated in the electron gun (co).

EK =—mv2 =ea

Where e is the charge of the electron and to the accelerating voltage.

A. * «( !»f ,,,U,)

The incident beam is scattered off the array of metal ion cores. The scattered beams

can interfere constructively or destructively where the path difference between

electrons scattered from adjacent atoms (with a spacing of d) is either nk or nX/2

respectively.

This is Bragg scattering therefore the Bragg equation can be applied:-

nk = dsimp (III-7)

where n=0,1,2,3 etc for constructive interference.

The following equation is the modified expression for when the beam isn't

perpendicular to the surface with a accounting for the incident angle of the beam:-

nk = d(sin(p-sina) (III.8)

The electrons diffracted by the surface that undergo constructive interference are

detected by the fluorescence they cause on the phosphor screen.
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To get reasonable diffraction the A. of the electron, as controlled by the voltage V, must

be less, but of approximately the same order of magnitude, as the spacing of the ion

cores. Electrons with energies in the range of 20-500eV satisfy this condition and are

of sufficiently low energy so as to be surface sensitive (do not penetrate too far into the

metal).

30

20

10

40 140 1 0 0 °
MneMc Energy (eV)

Figure 9: It can be seen from the above plot that electrons in the energy region

40<EKE(eV)<500 are particularly surface specific [17].

An inverse image of the atomic arrangement on the surface will be produced on the

phosphor screen due to the relationship between the angle of diffraction and the atomic

1
spacing, i.e. sin q> oc —.

d

Changes in the diffraction pattern are labelled according to the Wood notation [18]

relative to the unreconstructed unit cell with lattice vectors h,k. This is defined as the

p(l xl) structure, where p decribes the 'primitive' unit cell. As an example consider an

overlayer or surface reconstruction of dimensions h,2k. Using the Wood notation this
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would be described as a p(l x2) structure and would show LEED spots, corresponding

to electron diffraction peaks, at V2 order positions along the k vectors.

The commonly observed structures on the clean Mo(100) surface are a p(l xl) structure

that reconstructs (reversibly) to what at first appeared to be a form of c(2x2) structure

at T<220 K [19]. The c notation indicates that the cell is not a 'primitive' cell, but

contains an additional 'centred' lattice point within the cell. This cell structure may

alternatively be described as a p\Jl x V2j/?45°, where the lattice vectors are V2

times h,k and the entire structure is rotated by 45° since this cell is exactly equivalent

to the c(2x2).

In fact this low temperature Mo(100) reconstruction is slightly more complex and was

at first thought to have an incommensurate structure which appeared to manifest itself

in the form of a quartet of extra spots around the Q/1^/2) positions as seen in figure 10.

The full label for this structure was determined to be c^j4l x 4l )/?450 [20]. The

diffraction pattern this describes is thought to be caused by the presence of two

domains rotated 90° with respect to each other [8].
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Figurel 0: a) LEED pattern from the clean Mo(WO) surface ofFelter et. al. at 160K and a beam voltage

at 42eV. b) LEED pattern from the same crystal and beam voltage at >293K. Both (a) and (b) are taken

from [19]. c) LEED pattern from the clean Mo(lOO) used in this thesis at -125K. Beam voltage 38.5eV.

The pattern shows spots in the normal (1,1) positions, and faint spots in the ('A,'/-) positions, d) The

same crystal at ~ 293 K. Beam voltage 45. leV. The pattern shows clear spots in the (1,1) positions

The LEED photograph shown in figure. 1 Oc was taken directly after a high temperature

flash. The spots were at first brighter and more visible but already began to fade in the

minutes it took to activate the LEED assembly and align the camera. A LEED

photograph taken 10 minutes after the flash showed the yA order spots still to be present

although very faint, but after 20 minutes a further photograph revealed that the Vi order

spots had completely disappeared leaving only the (1 x 1) pattern (see figure lOd). I

have struggled to observe the quartet of spots previously reported [8,19,21], although I
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have at times observed a faint indication of a quartet of small spots in the lA order

positions. Generally I can at best only identify faint large blurred spots in these

positions. Possibly this is because it often proved difficult to obtain surface

temperatures much below 160 K. Felter reports the lA order spots undergo a large

increase in intensity only at <150 K (see figure 11) and become larger, more diffuse

and streaky as temperature increases [22]. This temperature dependency combined

with the rapid quenching of the reconstruction with the presence of even very small

amounts of surface contaminants may account for the difficulties experienced in

observing the clean surface reconstruction.

Figure 11: Plot of intensity of the

extra spots observed in the (%, 'A)

for the clean Mo(100) surface as

observed by Felter. Figure taken

from [22].

100 160 270
Temperature (in K)

III.2.3 Temperature Programmed Desorption (TPD)

When an adsorbate covered surface is heated the adsorbed species may desorb. This

occurs because the surface residence time of an adsorbed species (x) will depend

(exponentially) on temperature.

dt (HI.9)
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Where 0 is the surface concentration, Ed the barrier to desorption experienced by the

deosrbing surface species and x = 1, 2 for a 1st or 2nd order desorption process,

respectively. The main difference between 1st and 2nd order processes is the sensitivity

of the 2n order process to surface coverage. This displays itself as a shift in Tmax (the

temperature at which the pressure of desorbing gas is at it greatest) to lower

temperature with higher coverage.

TPD is used to probe the strength of the adsorbate-surface bonds. By careful analysis it

is possible to use the TPD technique to determine the state of the adsorbate (whether

physisorbed, molecularly chemisorbed, or dissociatively chemisorbed), the bonding

site on the surface and corresponding information about the surface structure, as well

as giving indications of how these factors vary as the surface coverage and temperature

changes.

A TPD is carried out by heating the surface relatively slowly so as to ensure that the

desorption rate is much smaller than the pumping speed. Provided this condition is

met, the pressure in the chamber is proportional to the desorption rate. If the pumping

speed is too low or the heating rate too high there will be a loss of clarity with the

peaks becoming less sharp.

Ideally a TPD will be carried out using a linear temperature ramp. Because the heating

was controlled manually (rather than computer controlled), and the sample was heated

via an electron bombardment technique (which can tend to give sharp increases in

sample temperature if not very carefully controlled), a perfectly constant heating rate

and linear temperature rise was not possible. However care has been taken to ensure

the temperature rise was kept as close to linear as possible.

Figure 12 is an example of a TPD monitoring the desorption of nitrogen from the

Mo(100) surface. The TPD is taken after nitrogen was dosed onto the clean

molybdenum surface. This TPD appears to exhibit 3 clear peaks labelled y, pi and P2.

This indicates two atomic chemisorption (p) peaks as well as one low temperature

peak, assigned here as a molecular physisorption peak (y). Identifying a y peak can be

difficult, a peak at low sample temperature may be due to physisorbed or molecularly

chemisorbed species desorbing from the crystal surface, but it may also be due to
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desorption from the spiral heating filament taking place when current is initially passed

through it to begin the heating process.
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temperature (in K)

Figure 12: Temperature Programmed Desorption (TPD) showing nitrogen desorbing

from a cleaned Mo(l 00) surface that had exposed to 5*10'8 mbar of nitrogen for 180

seconds.

III.2.4 King and Wells Experiments

The method of King and Wells allows the measurement of the sticking probability as a

continuous function of time [24]. The experiments which have been performed

concentrate on using the King and Wells (K&W) technique to measure the initial

sticking probability as a function of surface temperature and beam energy, as well as

providing a record of sticking probability as a function of coverage for each K&W

experiment carried out.

The King and Wells technique works as follows: The crystal surface is cleaned or a

well characterised adsorbate covered surface produced. The desired gas mixture is set
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using the flow controllers, seeding the gas (in conjunction with varying the temperature

of the nozzle) allows the energy of the reactant gas in the beam to be controlled, and a

supersonic molecular beam is produced as described in section II.2. The aperture is

opened and the nozzle positioned in line with the aperture. The beam is now directed at

the mica flag within the main chamber which is positioned in front of the aperture. The

mica flag has a very low adsorption cross-section. Its purpose is to stop the molecular

beam reaching the sample directly, without adsorbing the gas molecules. The flag is

then moved to allow the beam to be incident upon the sample surface. The opening of

the flag contributes to the sticking of the molecules to the sample surface. Finally the

changes of pressures in the main chamber produced during this process are monitored

by the fixed quadrupole mass spectrometer and using this measurement the sticking

probability is calculated.

The K&W technique is relatively simple in operation and gives a high degree of

accuracy. It possesses 4 major advantages [24] applicable to the experiments

performed.

a) Only the centre section of the target is sampled, avoiding crystal edge effects.

b) The technique is more accurate for fast adsorption processes than the uptake

flash filament technique.

c) The randomized gas density component of the adsorbing gas in the crystal

chamber remains low and the experiment runs for only short lengths of time

(typically <60 seconds), reducing the amount of contaminants produced at the

chamber walls by the impinging gas.

d) The technique can be used to examine the adsorption and desorption kinetics.
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Figure 13: This shows the pressure changes that typically take place during a K& W

type experiment. The initial pressure recorded, Po, is the background pressure of the

main chamber, the pressure before the aperture is opened and the beam aligned. Upon

opening the aperture there may be a small rise in pressure due to the pressure

differential between the 2" and main chambers. Upon aligning the beam (at tj the

pressure in the main chamber rises rapidly, reaching equilibrium at P/. Removing the

flag and allowing the beam to be incident on the crystal surface (at tj) causes a drop in

pressure to P2. This drop is due to the reactant gas molecules adsorbing onto the crystal

surface. Typically this pressure might then be expected to rise back to ~Pi as the crystal

surface becomes saturated, with adsorbates and reactant molecules in the beam no

longer find adsorption sites and being instead reflected back into the main chamber,

thereby contributing to the main chamber pressure.

The initial sticking probability is calculated as being the pressure drop due to gas

adsorbed by the crystal surface, P1-P2, divided by the total pressure of gas from the

supersonic molecular beam incident upon the crystal surface, (Pi-Po)x(l-Fd). The term

1-Fd is included to account for the fact that not all of the pressure increase observed is

due to gas molecules which will directly strike the crystal surface when the beam is

aligned and the flag opened.
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The two further elements that may contribute to the rise in main chamber pressure (Pi-

Po) are as follows:

a) When the beam is not aligned it should not affect the main chamber pressure.

However, upon opening the aperture between the main and second chambers

(before the beam is brought into alignment), a slight rise is observed in the

pressure of the reactant gas measured in the main chamber. The pressure

differential between the 1st and 2nd, and 2nd and main chambers, once the flow is

initiated, results in a small amount of gas from the beam finding its way into the

main chamber.

b) There is a noticeable effusive component of the beam which, although

narrowed by the skimmer and consecutively by the aperture, will still contribute

to the beam entering the main chamber, providing an element of the beam

which is not directly incident upon the small crystal target.

These two components are described by the term Fd, the fraction of the beam not

directly incident upon the crystal surface.

Fd was estimated by comparison of sticking probability measurements of nitrogen on

W(100) at 300K obtained with this system [25], and those of Rettner et al. [26]. The

value obtained for Fd for this system was 0.21.

The initial sticking probability is written as:-

So = T ^ ' v
 2' r (IH.10)

0 (PPXlF)

Substituting in the value for;

(Pl-P2)
0 (P,-P0)0.79
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This calculation can be made from each K&W experiment to observe how the initial

sticking probability varies as variables such as the surface temperature and the incident

energy of the reactant molecules are varied. Furthermore, the sticking probability

varies with surface coverage. Hence at a time, t, the sticking probability becomes:-

(P -P
0 (P1-P0)0.79

For a particular time the coverage of the surface may also be calculated since the

coverage, 9, is proportional to the area under the uptake curve.

7T- = £ (IIL13>

Dividing the area enclosed between the curve and Pi at a given point in time, by the

total area encompassed by the complete curve, gives the fraction of available

adsorption sites that are filled.

III.3 Aligning The Crystal and Beam

As has previously been mentioned the molybdenum sample is mounted on a

manipulator which allows the crystal to be moved in x, y, z and 9. Rotating the crystal

to face the beam was a simple matter, however aligning the crystal in the y (horizontal)

and z (vertical) was found to be more complicated.

Initially the crystal was aligned using a laser. The laser was directed at the beam

aperture from a window positioned directly opposite on the UHV rig, using a spirit

level to check the laser was horizontal. The crystal was then moved into a position

where the centre of the crystal was aligned with the laser.
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However, using this method in order to align the crystal was found to be unreliable.

Two possible reasons for this lack of accuracy are:

i) The difficulty of supporting the laser so as to maintain its exact

orientation and position between alignment with the aperture and

alignment with the crystal

ii) The relatively large distance between the window and the beam

aperture, which results in any small errors in the angle of orientation of

the crystal creating relatively large errors in y and z alignment.

Another method of alignment is to take repeated K&W sticking measurements (each

taken after cleaning the molybdenum surface), keeping the energy of the reactant

molecules in the beam (Ej) and the surface temperature of the molybdenum single

crystal (Ts) constant, but moving the crystal gradually along the axis perpendicular to

the direction of the beam.

This should produce a set of data where sticking is observed when the beam is incident

on the sample surface and disappears as the crystal moves out of alignment with the

beam. When beam and crystal are a small distance out of alignment the beam will be

incident on the copper support. This support remains cool when the crystal is heated

and therefore should provide a 'dirty', adsorbate covered, surface upon which no, or

very little, sticking should occur.

Figure 14 illustrates how the sticking did in fact vary as the crystal position in y and z

was varied. There are some interesting features demonstrated by this data. Firstly that

the initial sticking probability at no point approaches a value close to zero despite the

readings being taken over a range considerably greater than the length of the single

crystal sample. This shows that the beam exhibits a significant initial sticking

probability when incident upon the copper support.
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Figure 14: (a) and (b) are plots of initial sticking probability as a function of crystal

position. So is determined using the K& W method, (c), (d) and (e) show the type ofK& W

plot being produced by data points labelled as region 1, crossover region (where

elements of both types of plot are present), and region 2 (respectively).

Another interesting feature is the changing shape of the K&W plot produced at

different y and z positions. Two specific regions are apparent, each exhibiting specific

plot shape. These differences are illustrated in figure. 14(c, d and e).

Within region 1 the K&W sticking behaves in the manner commonly observed for

sticking on a single crystal surface, with a sharp drop in pressure as the flag is opened

followed by a gradual increase in pressure as the surface becomes saturated. However

71



in the other region the surface upon which the beam is incident appears not to saturate.

After the initial drop in pressure when the flag is opened there is no gradual increase in

pressure, the pressure, and therefore the sticking probability, remains constant. .

Region 1 represents the case of the beam being incident upon the crystal surface. The

explanation offered to account for the behaviour within region 2 is that sticking is

taking place on a molybdenum film which coats the copper mount and support bars,

this film being evaporated from the crystal during high temperature flashes (as

observed in section III.3)

This can be accounted for by noting the gas pressure associated with heating the

molybdenum sample to the 2073K, as required for the removal of contaminants from

the sample surface (see appendix D). If each flash deposits a fresh layer of

molybdenum on the support structure surrounding the crystal it provides a new surface,

free of contaminants, upon which sticking may occur. The copper support and stainless

steel support bars are not cut or polished and therefore provide a very rough surface

with a much greater number of adsorption sites for a given area than that provided by

the Mo(100) single crystal surface. This difference in adsorption sites available per unit

area might result in K&W type plots where the surface appears not to show any signs

of saturation during the period over which the K&W is taken.

By keeping the crystal in line with the beam but rotating it to face away from the beam

aperture, it is possible to expose a part of the copper support that will have been

shielded from metallisation. Doing this was seen to produce a K&W plot where no

sticking is evident (i.e. there is no drop in pressure upon opening the flag) as would be

expected for a beam incident upon such an adsorbate covered surface.
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With the crystal moved just out of alignment (into region 2) in the y axis the crystal

position is moved along the z axis and a K&W plot of sticking taken after each

millimetre of movement. So is high while the beam is incident at points adjacent to the

length of the crystal (So = 0.59 ±0.03) and falls off rapidly when moved further away

from the region parallel with the crystal. This corresponds well with the proposal that

the sticking takes place on the molybdenum coating evaporated from the crystal since

the colour change in the copper support surface along with common sense suggests that

this metallisation is concentrated on areas that are in close proximity to the crystal.
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Chapter IV: Hydrogen adsorption on Mod00)

IV.l Introduction

The H/Mo(100) system has been the subject of many previous studies. These studies

have investigated the structure and kinetics of the adsorption system, and therefore

there exists a relative abundance of information describing the adsorption site,

coverage/temperature dependent surface structures and adsorption/desorption kinetics.

However, as yet no experimental studies have been published describing the dynamics

of the system. This chapter examines the adsorption dynamics, investigating how the

energy of an incoming H2 molecule affects its behaviour as it approaches the surface,

as well as how the hydrogen coverage and surface temperature influence the interaction

of the surface with the incoming molecule.

IV.2 Literature Review

IV.2.1 Chemisorption of Hydrogen on tike Mo(lOO) Surface

A TPD of the saturated H/Mo(100) surface tends to exhibit 3 P desorption peaks [1-3].

However these peaks are not thought to relate to a variety of adsorption sites. Surface

infrared spectroscopy (SIRS) and electron energy loss spectroscopy (EELS) data

indicate only one binding site, and indicate this site to be the bridge. EELS data taken

from the H/Mo(100) system has been observed to exhibit 2 parallel vibrational modes

[4]. Were the adsorption site to be the on top or the four-fold hollow the parallel modes

would be degenerate, this therefore provides further indication that the bridge is indeed

the site at which hydrogen adsorbs. Furthermore, the symmetric stretch mode of H on

various transition metals has been observed to be within the range of 525-750cm"1

when adsorbing on the four-fold hollow sites, and >1300cm"1 when on top [5], whereas

on Mo(100) it has been observed to vary between 1016cm"1 and 1270cm"1 (depending

on hydrogen coverage, 0H) [4], indicating the H is bridge bonded at any given

coverage.
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The picture of bridge bonded hydrogen agrees well with the 2 H per substrate atom

commonly observed at saturation coverage [2,3,4,6,7,8], i.e. a saturation coverage of

2ML of hydrogen, and with the degree of blocking observed in a sulphur co-adsorption

study [2]. In the study sulphur dosed onto Mo(100) adsorbed in the four-fold hollows

and blocked hydrogen adsorption in the local vicinity. Hydrogen adsorption was

observed for 6s<0.5ML with adsorption completely blocked above this coverage. This

characteristic is only reasonably explained within the bridge bonding adsorption

picture. Were the hydrogen to bond at the four-fold hollows adsorption should still take

place right up to a sulphur coverage of 1.0ML, whereas all on top sites should already

be blocked at es=0.25ML.

The LEED picture of the H/Mo(100) system is a complicated one (see figure 1)

displaying a huge variety of LEED patterns with varying surface temperature (Ts) and

coverage (G). Hydrogen provides only a very weak scatter of electrons and the

observed LEED patterns are identified as varying substrate reconstructions [9], the

substrate reconstructing with changing hydrogen coverage and surface temperature.

These surface structure phase transitions are generally first order (each phase bordered ,

by regions of two structurally distinct coexisting phases), with islands of pure phase

bordered by independent areas of co-existing phases.
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Figure 1: Phase diagram of the

H/Mo(100) surface. The value ofY

varies continuously from 4 to 5. Z

varies from 2.75 to 3 at low

temperatures and between 3 and 4 in

the higher temperature region. Taken

from [4].
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IV.2.2 Mo(lOO) and W(100) Comparison

The many similarities between tungsten and molybdenum make an examination of

these two hydrogen adsorption (100) systems of considerable interest. This is

particularly so since, despite the lack of data relating to the dynamics of the H/Mo(100)

system studied here, the dynamics of the H/W(100) system has been studied

extensively [10-14].

Molybdenum is very similar to tungsten in many ways. Both exhibit bcc structure, with

an almost identical lattice spacing (3.16A for W and 3.15A for Mo) and a similar

electronic structure dominated by unfilled d-orbitals ([Xe]4f145d46s2 for W and

[Kr]4d55s1 for Mo). Both Mo(100) and W(100) also exhibit a low temperature surface

reconstruction developing over a similar temperature range.

In terms of hydrogen adsorption bonding takes places purely onto the bridge site on

both surfaces, the presence of H causing the bridge site to reconstruct and producing a

saturation coverage of 2ML on each surface. A number of papers have already made

comparisons of the kinetics and structures of these two adsorption systems [1,6,7,15],

and despite the many similarities identified, there are also noted to be some important

differences, these manifesting themselves in the manner in which the hydrogen induced

surface reconstructions progress. Whereas on Mo(100) the adsorption of H generally

induces island structures with first order phase transitions [4,6,7,9], the W(100) surface

behaves very differently, with the surface undergoing a gradual uniform second order

phase transition (i.e. a single homogeneous structure made up of two superimposed

distortion waves) as a c(2x2) structure is formed at -0.3ML, thereafter gradually

relaxing back to the unreconstructed surface structure as saturation coverage is

approached [16]. As was the case for the H/Mo(100) system (described in chapter

IV.2.1), the path taken by the surface reconstructions of the H/W(100) system was also

traced using a combination of LEED and IR techniques [6,7,16]. The IR data for

H/W(100) was seen to exhibit a gradual shift in the IR peak frequencies as the

coverage increased. This differs from what was observed for the H/Mo(100) system,

where the peaks that appeared in general remained at a relatively fixed frequency, with
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new peaks appearing in tandem with the old and gradually coming to prominence as is

characteristic of a 1st order phase transition.

The difference in the behaviour of the two systems has been attributed to differences in

the adsorbate-adsorbate (A-A) interactions occurring on the two surfaces. At low

coverage H-H interactions appear to be dominated by purely long range interactions on

W(100), while on the Mo(100) there appears to be an additional attractive component

leading to the island formation observed (although a repulsive element is still in

evidence, with the islands still showing only a very small local density). The small

dipole moment and atomic radius associated with adsorbed H render the direct A-A

interactions (such as dipole-dipole, Van der Waals, and orbital overlap) negligible. The

interactions are instead thought to be indirect, mediated by substrate phonons [6]. This

is supported by the appearance of the strong adsorbate-substrate interactions

manifested in the large adatom induced substrate reconstructions. In essence the

differences are put down to differences in the coupling between substrate distortions

induced by individual adatoms, with a stronger coupling in W allowing H to induce a

distortion throughout the surface even when very few adatoms are present, whereas in

Mo the distortion of the substrate is limited to the proximity of the adatom [7].

Having compared the kinetic features of the two systems and noted the many

similarities, it is important to make some comment on the features of the dynamics of

the H2/W(100) adsorption system, the expectation being that it may hold many features

in common with that of the equivalent molybdenum system. The behaviour of the

initial sticking probability, So, as a function of incident energy is non-monotonous. A

large and possibly non-activated direct channel has been identified, this channel being

accompanied by a low energy channel stretching well beyond those energies predicted

for a classical, fully accommodated, precursor channel to dissociation [11,12]. The low

energy channel has been attributed to a dynamic adsorption mechanism this being

sometimes identified as dynamic steering and other times as a dynamic precursor, both

of which are described below.
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IV.2.3 Dissociation Dynamics:- Dynamic Steering

During the 90's improvements in computing power made it possible to combine high

dimensional quantum dynamical calculations of the dissociative adsorption of

molecular beams with reliable ab initio PES calculations (calculated within the DFT

slab model). During recent years these advancements have been put to use in the

performance of quantum as well as classical simulations of the adsorption dynamics of

hydrogen as it approaches a wide range of model potentials [17 and references

therein, 18]. The H2/W( 100) system has been amongst those to be considered. What

was revealed was a PES with no barrier to dissociation over much of the surface [19].

This led to it being postulated that dissociation proceeded via a purely direct

dissociation event with the low energy channel being explained as an enhancement of

molecular steering into the favoured un-activated dissociation potential energy wells.

. The concept of steering is that incident molecules are very strongly steered into

particularly favourable dissociation geometries on particular surface sites. At low

translational energies it is believed that the forces experienced by the molecule as it

approaches the surface are strong enough to allow the slow moving adsorbate to re-

orientate and translate across the surface (particularly in the case of molecules of low

mass such as H2) in order to find the optimum dissociation position, and that as this

steering becomes less effective with increasing E, the dissociation probability

decreases. In essence, according to the steering theory, So will initially fall with

increasing energy because the steering forces have less time to operate as the energy

and consequently the velocity of the molecule increase, making these forces less

effective in steering the molecules into the favourable sites and geometries.
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Figure 2: Classical illustration of the steering effect taken from [18]. Contour lines

show the potential energy in eV along a 2D cut through the 6D configuration space of a

hydrogen molecule with the molecular axis parallel to a transition metal surface. The

left trajectory corresponds to a slow molecule where the steering forces have the

chance to alter the molecules trajectory sufficiently to allow it to take a non-activated

path to adsorption, and the right trajectory to a more energetic molecule which is too

fast for the forces to divert it significantly and is reflected back into the gas phase.

In addition to the theoretical predictions, the lack of a strong surface temperature

dependence displayed by the low energy channel was offered as experimental evidence

supporting molecular steering model as being the model responsible for the reach of

the low energy channel (up to Ei=150meV) on W(100). The steering theory offers

some testable predictions:
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1) It predicts that rotationally excited molecules (with j>2) will produce

lower dissociation probabilities than molecules of the same total energy

but occupying lower rotational states. This is because a particular

orientation is required to be able access a particular potential

dissociation well. Rotational excitation would suppress sticking because

a range of barrier heights would be sampled at the different molecular

orientations, rather than allowing the molecule the chance to just

encounter the optimum barrier [17,18]. For example, at the on top site

on a W(100) surface where dissociation is known to preferentially occur

into the neighbouring bridge sites, a molecule orientated parallel to the

surface will see no barrier to dissociation, whereas when orientated

perpendicular to the surface a large barrier to dissociation will be

encountered [19]. At low rotational energies the molecule can be steered

into the favourable orientation, but at higher rotational energies this may

not be possible. This is known as rotational hindering.

2) The prediction was also made that if steering were responsible for the

low energy channel there could be the lack of a cosine component in the

scatter due there being no requirement for molecular trapping. This lack

of isotropic (cosine) scatter was indeed what was observed for a 20meV

beam of hydrogen incident upon a Pd(l 11) surface (a beam energy well

within the low energy channel observed for this surface) [20].

In the case of W(100), the large overlap of the direct channel with this low energy

channel made attempts to prove or disprove these predictions, and hence determine the

origins of the process creating the low energy channel, somewhat difficult.

IV.2.4 Dissociation Dynamics:- Dynamic Precursor Trapping

An alternative explanation to the typical physisorbed/chemisorbed fully accommodated

precursor, and to dynamic steering, has been offered in the form of a "dynamically

trapped" precursor to H2 dissociative adsorption. This dynamic precursor is based on

trapping into a potential well formed due to the drop in the vibrational ground state
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energy (E°vjb) occurring as a molecule approaches a surface and the intramolecular

bond softens [18]. This can be understood in terms of the electron charge from the

molecule accumulating between the H nuclei and the surface as the two approach each

other in order to reduce the repulsion between them. Because the H2 molecule only has

two electrons this will necessarily be at the expense of the internal bonding of the

molecule. Such behaviour tends to create a relaxation of the bond length of the

molecule. At the bond length normal for an isolated molecule there would be little

interaction between the surface and the first unoccupied antibonding orbital, since it

lies far above the energy of the bonding orbital (~17eV), however, as the bond

lengthens there is a shift upwards in the occupied log bonding orbital and downwards

in the first unoccupied antibonding lau, this downward shift moving the lou to below

the vacuum level where it is able to contribute to the surface bond.

Muller's modelling of the potential energy of the H2 molecule as it approaches the

bridge site of a Pt(l 11) surface [22] predicts E°vjb to drop by -50%, from its free

molecule value of 270meV, over a distance of 1.1 to 1.6 A in the vicinity of the surface

(see figure 3). At low incident kinetic energies, Ej<200meV, the vibrational motion has

been shown to adjust adiabatically to the softening of the H-H bond [22], this energy

then being converted to other degrees of freedom, predominantly molecular (although

recently a degree of energy exchange with surface phonons has been suggested, and

this will be examined shortly). If enough energy is removed from the normal

translational energy of the molecule then it may be left with insufficient normal energy

to be able to climb out of the dynamic potential well back to the vacuum.
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Figure 3: A model of the potential energy of a H2 molecule as a function of the H-H

bond length for 3 values of the perpendicular distance from a transition metal surface

(from [22]) with energies in parenthesis referring to the vibrational ground states (E 0^

Various mechanisms have been suggested to account for this energy loss, a normal to

lateral coupling of the translational energy of the molecule being one [23]. Another

being access to the bound levels of the vibrationally excited state dynamic wells (the

vibrational excited energy levels having also experienced a drop in energy

corresponding to the intramolecular bond softening) via a resonance with Ej within the

realms of a non-adiabatic channel. Such an explanation has in the past been used to

explain the resonant behaviour of F+H2 gas phase collisions [24], and was put forward

by Halstead and Holloway in their theoretical study of a H2-metal adsorption system,

with an activation barrier deep in the exit channel, as the means by which trapping

could occur without invoking substrate degrees of freedom [23,25].

The currently favoured picture is that rotational excitation is the principal degree of

molecular freedom to which the energy is transferred. In their calculation of the

H/Pd(l 11) PES Crespo et al. [26] demonstrated that the energy released from the vo

softening can contribute to molecular rotation as well as accelerating the molecule
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towards the surface. This mechanism of energy transfer to rotation implies that

dynamic trapping necessarily functions in opposition to the concept of steering,

inhibiting the ability of the PES to steer the molecule into orientations favourable to

dissociation (parallel to the surface), causing it instead to encounter repulsive barriers

as it rotates into unfavourable orientations during its approach towards the surface.

Angle (deg)
45 90 135n

J=0

Figure 4: A 2D cut of the PES of a 160meV H2 molecule

approaching a transition metal surface, as a function of

molecule-surface distance and angle (Cf =molecular axis

perpendicular to the surface). Potential energy contours are

indicated by the dashed lines. Trajectories in group A

follow a direct route to dissociation, those in group B are

reflected back towards the vacuum, whereas those in group

C are driven, by momentum transfer to rotation, to the next

potential channels. If the energy transfer is large enough to

prevent the molecule from climbing the slope back to the

vacuum then it is possible for dynamic trapping to take

place. The width of the reaction window determines the

relative importance of dynamic trapping, the broader the

window, the less important the relative trapping

contribution. Taken from [26].

This redistribution of energy to other molecular degrees of freedom allows the trapped

molecule to still posses a high degree of translational excitation lateral to the surface

while finding itself unable to regain the E°Vib of the free H2 molecular state required in

order for it to leave the surface. A dynamically trapped molecule is not confined to a

local potential well; it rotates, re-bounces and wanders over the surface (hence the

name dynamic precursor). A molecule subject to dynamic trapping is not steered

directly towards configurations favourable for dissociation, rather it undergoes aimless

motion over a long time near the surface, until it finds its way towards dissociation (or

desorbs).
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To this point only the redistribution of energy to other molecular degrees of freedom

has been discussed as a means to remove sufficient energy from the normal

translational to trap the molecule in the dynamic well. Most studies have used a rigid

surface model to examine the interaction, within which energy exchange with the

surface phonons is not possible [26-29]. Recently the use of a simplistic surface

oscillator model has been used to investigate the predicted effect of energy exchange

with surface phonons within the dynamic precursor model [30,31]. In essence this

model describes the Ts dependence based on the energy exchange during the initial

collision, with a loss of energy to the surface making it harder for the molecule to

climb back up the potential of the dynamic well towards the vacuum, and, once •

trapped, the ability of the relatively hot/cold surface to aid the molecule in returning to

the vacuum or to quench desorption from the dynamic precursor state (particularly

since the multiple encounters with the surface occurring within the dynamic trapping

mechanism allow an enhanced interaction time between the trapped molecule and

surface).

Furthermore it has been suggested that the reactivity of a surface may define whether

or not H2 is likely to experience dynamic trapping, with surfaces displaying only

activated routes to direct dissociation being more likely to see dynamic trapping than

surfaces upon which many non-activated paths exist, where it is suggested that

dynamic steering is instead more likely to account for any increase in So with

decreasing E*. Steering and dynamic trapping has been calculated as taking place on

Pd(100) and Pd(l 11) respectively, in agreement with this principle [28].

Calculations revealed the Ts effect to be larger on a less reactive surface such as

Pd(l 10) than a more reactive surface such as Pd(l 11) where a greater number of routes ,

to direct sticking are non-activated and the precursor route to dissociation tends to

account for less of the total dissociative sticking [28]. Little or no dependence of So on

Ts was observed recently for H2 sticking on the relatively reactive W(100) surface [11]

compared to the W(100)-c(2x2)Cu surface, the W(100)-c(2x2)Cu surface displaying a

considerably higher barrier to direct dissociation, resulting in dissociation occurring

almost exclusively via trapping at low energies and in a considerable drop in So with

increasing Ts [13] (the literature describing this surface will be considered in detail in

chapter V). Earlier work on the H/W(100) system indicated a more substantial Ts
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dependence [10], and this corresponded with the observation of a much larger indirect

channel than was observed in more recent investigations [11].

It should be noted that the relative proximity of the Ts dependent trapping values

measured by experiment to the trapping calculated using the rigid surface model

[30,31] implies that trapping into the dynamic precursor remains mainly due to energy

loss to other molecular degrees of freedom rather than to the surface. However, the

relative importance of the surface temperature to the dynamic trapping channel of H2

remains an area of considerable uncertainty and interest and will be investigated further

within chapters IV and V.

Existence of a Ts dependence of So is difficult to explain in terms of molecular steering

within a direct channel framework and acts as one of a few possible indicators that

suggest a dynamic precursor route to dissociative adsorption of H2.

The presence of a dynamic precursor should leave a fingerprint within experimental

data. Within the low energy regime in which it functions the dynamic precursor should

produce a reduction of So with increasing Ts and Ei, although this behaviour can be

accounted for also within other models (such as a classical physisorbed or chemisorbed

precursor, or molecular steering). The dynamic precursor should however also produce

the following markers:

i) large molecular displacements parallel to the surface

ii) long residence times of the trapped molecule

iii) a total (as opposedd to normal) energy scaling [29]

iv) the loss of memory of initial conditions

In reference to the loss of memory, it has been noted by Cesare et al. [28] that a

specularly peaked scatter pattern, with little or no cosine scatter component, may not

necessarily indicate the absence of a dynamic precursor, rather it may simply indicate

that virtually all molecules that have trapped go on to dissociatively adsorb. Using 6D

PES DFT calculations Barredo et al. [32] calculated that upon the highly reactive

Pd(l 11) surface most trapped H2 molecules go on to dissociate. However, the presence

of a cosq) component within the scatter (after taking into account time of flight
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measurements to eliminate associative desorption) remains a good indicator of a

precursor trapping channel being in operation [29].

IV.3 Results

IV.3.1 Summary

After obtaining a clean Mo(100) surface (as described in chapter III), a range of K&W

type experiments (also described in chapter III) were performed examining the sticking

of H2 on Mo(100) for a range of H2 incident energies, Ei5 and Mo(100) surface

temperatures, Ts. The initial sticking probability, So, has been recorded for a range of

Ts at both a low and high E;, and for a range of Ei at both a low and high Ts. In

addition to these, plots have been produced to examine in detail how the sticking, S,

varies with hydrogen coverage, 8H, over the range of conditions. TPD plots have been

produced after hydrogen has been dosed onto the surface via a K&W type sticking, and

are in good agreement with those previously observed. Some interesting trends are

seen within the K&W sticking plots, with the chamber pressure failing to return to the

initial flag closed value (indicating the surface fails to saturate) within the expected

time scale. The phenomena and how it changes over the full range of conditions is

examined in detail using different aperture sizes and comparing the gas desorbed

during a TPD with that apparently adsorbed during the corresponding K&W.

IV.3.2 H/ModOO) Temperature Programmed Desorption

The TPD plots are taken after typical K&W sticking experiments, performed at

Ts~150K, and over a time scale during which the pressure plateaus. There are 3 peaks

corresponding to dissociatively adsorbed hydrogen on the Mo(100) surface labelled on

figure 5 as p b p2 and p3 observed at -295K, -320K and -400K respectively. These

results are in good agreement with those presented by Zaera et al. [2] who also observe

3 P peaks, putting Pi at -285K, p2 at -325 and p3 at 400K. There is some disagreement

within the literature with peak positions also having been reported as being somewhat
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higher, at 325K, 375K and 450K [1,3]. The peaks appear to be shifted, each by ~50K,

suggesting some systematic error in the temperature recording is most likely

responsible.

It should be noted that the thermocouple used in the present study was a W3-type

(W3%Rh/W25%Rh) and that this thermocouple is designed specifically to monitor

accurately the high temperatures required during the cleaning process, and brings with

it considerable errors when measuring the low temperatures at which the hydrogen

TPD is taken. At <273 K the thermocouple was calibrated against a K-type (Ni/Cr -

Ni/Al) thermocouple (see appendix C), this resulted in an error of ±8 K on each

reading. Further inaccuracies are added through the temperature being manually

controlled and recorded, this allowing for only a slow and fluctuating heating rate (of

between 1.5 and 3.5 K/sec), the use of electron bombardment (required to produce the

high Ts required to clean the surface) rather than resistive heating making maintaining

a consistent heating rate at low temperatures more difficult still.

88



8e-10

7e-10 -
CO

E

Q.

16

rti

CO
1.
c
0)

2

6e-10 -

5e-10 -

4e-10 -

3e-10 -

2e-10 -

1e-10 H

200 250 500300 350 400 450

Surface Temperature / K

Figure 5: Temperature programmed desorption curve examining the desorption of H2

from an Mo(100) surface saturated with hydrogen. The TPD was taken following a 5

minute K&W type sticking experiment using the largest aperture size where the

behaviour of the K&W plot was monitored to ensure saturation of the surface was

achieved. Inset shows the comparable data taken by Zaera et al. [2]
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The P2 and B3 desorption peaks have been shown to obey 2nd order kinetics and Pi 1st

order kinetics [1]. This suggests P2 and P3 are associated with adsorption into the

reconstructing surface and pi into the static unreconstructed surface. Adsorption of

hydrogen into all 3 P states has been shown not to be associated with hydrogen

bonding into different adsorption sites, but to correspond to bonding purely into bridge

sites at various degrees of reconstruction [2,4,6, 7,9], the evidence for this bridge

bonding having already been examined in considerable detail (see chapter IV.2.1).

The saturation hydrogen coverage has been calculated by integration of the area

encompassed during K&W sticking (as illustrated in the inset of figure 6). The

hydrogen coverage is seen to exhibit what appears to be an exponential decay as a

function of Ts at temperatures above that at which desorption of P hydrogen is first
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observed to take place. That this drop is smooth rather than stepped is in good

agreement with the picture that has been painted for H2 adsorption onto the Mo(100)

surface, that of adsorption into a single site on a reconstructing substrate. A variety of

different adsorption sites would be expected to produce a plot more step-like in nature

since desorption from differing sites would be expected to take place at different

temperatures.
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Figure 6: The saturation coverage (in monolayers) of hydrogen, adsorbed during a

K&W type sticking, as a function of the surface temperature at which the sample is

maintained. The relative saturation coverage of each data point was calculated by

integrating the area traced out by the appropriate K&W. Inset is an example K&W

with this area indicated.

500

90



IV.3.3 Indications of Hydrogen Migration Across The Surface

Figures 7a and 7b are typical of the K&W plots obtained here when a H2 beam was

directed at the clean Mo(100) sample surface. During these experiments the surface

temperature of the molybdenum was held at -18 IK, well below the temperature at

which hydrogen is observed to desorb from the atomically bound state, ensuring that

there is no unusual effect taking place associated with a steady state being reached

between hydrogen adsorption and desorption from the surface. Typically the pressure

of a K&W type plot like this would be expected to return to the flag closed value as the

crystal surface gradually saturates, the surface then reflecting all further hydrogen

incident upon it thus allowing all hydrogen from the beam to contribute to the chamber

pressure, as is the case when the beam is incident upon the mica flag. What is instead

observed is that, after the initial drop in pressure associated with the opening of the flag

and the beam being incident upon the clean crystal surface, the chamber pressure

increases (as expected with the adsorbed hydrogen beginning to reduce the number of

free sites for subsequent hydrogen adsorption) but then plateaus at a pressure

considerably below that of the flag closed value. This plateau is reached within less

than a minute, and the pressure does not rise far from this value even after a further 3

minutes (see figure 7a).
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of the support provide ample adsorption sites for the hydrogen in comparison to the flat

molybdenum crystal. Were the beam to be partly incident upon the metallised areas of

the support and part incident upon the crystal this might have caused the K&W plot to

appear as it does in figure 7a (compare this with figure 14c of chapter III). However,

particular care was taken to ensure the beam was incident only upon the very centre of

the crystal and the smallest aperture size was used to ensure the beam diameter was

considerably smaller than that of the crystal. In fact, upon using a larger sized aperture

with a resultant beam diameter closer to that of the crystal (where it would be

considerably more difficult to position the beam so as to be incident upon only the

crystal and not upon any of the metallised surroundings) the plateau effect was actually

seen to be reduced (figure 7b), with the pressure returning to close to the flag closed

value and indicating that the hydrogen sticking did, in this case, saturate the surface

upon which the beam was incident. Furthermore by performing a K&W sticking with

the crystal temperature elevated (Ts=683K) well above the point at which all

atomically bound hydrogen is seen to desorb (see figures 6 and 7) it was noted that no

variation in pressure was observed during the K&W, with the flag open pressure being

equal to the flag closed value (figure 7c). This provided a clear indication that the beam

was indeed incident upon the sample and that this plateau effect is associated with the

crystal itself and not any metallised areas of the sample support which are not

significantly heated and would be expected to have continued to display sticking

independently of the increase in crystal temperature.

By integrating the area covered by the pressure drop during the K&W and comparing

this with a calculation of the integrated area of the TPD a comparison could be made

between the pressure of gas adsorbed and the pressure desorbed. During the TPD only

the crystal is heated (with the support remaining cooled via the liquid nitrogen

reservoir) and therefore any hydrogen stuck on the metallised support surfaces will not

be expected to contribute to the desorbing gas pressure. In the case of the larger sized

apertures, where the K&W plot appears normal, the two values are in very good

agreement (table 1), the value for gas adsorbed being almost equal to the value for gas

desorbed. However, for the smaller beam diameter the two values are far apart. Were

the beam adsorbing on the metallised support the quantity of gas adsorbed would be

expected to be considerably larger than the quantity desorbed. However, the

calculations revealed the opposite to be true.
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Beam diameter
(mm)
Large (7.5)
Medium (3.25)
Small (1.25)
Small (1.25)

Area

A*
A*
A
B

Adsorption from K&W
(in langmuirs)
0.0212
0.0269
0.0006
0.0048

Desorption from TPD
(in langmuirs)
0.0206
0.0268
0.0118
0.0118
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Table 1 & Figure 8: Comparison of the H2 adsorbed onto the Mo(WO) during a K& W

sticking with the H7 desorbed during a subsequent TPD. Area's A and B are illustrated

in figure 8 by the blue and red shaded areas respectively. The A * referred to the

medium and large aperture sizes denotes the case where A~B.

Another alternative explanation to consider is that sticking upon the clean crystal

surface may take place from the background hydrogen, present as part of the 21%

diffuse scatter not directly incident upon the crystal (see chapter III.3), or from

hydrogen that is initially reflected from the crystal surface. It appears that background

hydrogen adsorption does indeed take place, since the value calculated for the gas

desorbed is greater than even the total pressure adsorbed from the beam incident upon

the crystal, measured as area B on figure 8. However, such sticking from background

hydrogen could not cause the early plateau in pressure observed in figure 7a since,

when the flag is closed, 100% of the hydrogen entering the chamber does so in the

form of "background gas" (gas not part of the beam column incident directly upon the

crystal surface), so any sticking due to background pressure would also manifest itself

in a lower flag closed pressure value.
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One further alternative to be considered is that the plateau is caused by adsorbed

hydrogen migrating across the crystal surface. Hydrogen diffusion from areas upon

which the beam is incident to areas of clean surface could account for the plateau. The

diffusion would effectively make room for new hydrogen adsorption within the area

upon which the beam is incident, provided there remains free Mo(100) surface for the

hydrogen to diffuse onto. This would eventually create a steady state type situation

with the rate of hydrogen adsorption becoming balanced by the rate at which migration

produces new vacant adsorption sites. For this reason the larger aperture sizes, where

the beams incident diameter is closer to that of the crystal itself, would exhibit this

phenomena only to a much lesser degree, as is indeed observed to be the case (see table

1). This would also explain why the quantities of hydrogen adsorbed and desorbed are

approximately equal for the larger apertures but the gas adsorbed within region A

(figure 8) falls short of the desorbed value calculated from the corresponding TPD. The

measure of hydrogen adsorbed within region B (figure 8) also fell considerably short,

possibly implying that adsorption of "background" hydrogen, hydrogen sticking taking

place on areas of the sample where the beam was not incident, also contributed

significantly.

A significant plateau effect was observed at both high and low Ej. That the effect is

present at high Ej, where a H2 molecule is no longer likely to gain access to a

molecular precursor state on the surface, implies that if diffusion is responsible for the

plateau it cannot be restricted only to diffusion of a mobile precursor but must also

apply to dissociated, atomically chemisorbed, hydrogen. Hydrogen atoms, with large

thermal velocities by virtue of their light masses, diffuse particularly efficiently, with

the adatoms believed to make frequent jumps from site to site [33]. Hydrogen has been

observed to encounter only a very low barrier to diffusion on a variety of transition

metal surfaces [33-35] including tungsten where hydrogen diffusion across the surface

is calculated to occur readily as both activated diffusion at high temperatures, and also

less effectively, but still to a significant degree, via tunnelling at low temperatures

(Ts<140K) [36], with the mean square displacement of a hydrogen atom from its

starting point calculated to increase with surface temperature within the activated

region [37], although Daniels and Gomer observe the temperature dependence of

hydrogen diffusion on the W(001) surface to be somewhat more complex [36].
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IV.3.4 Dependence of So on Incidence Energy

The dissociative sticking probability of molecular hydrogen on the Mo(100) surface

was calculated using the K&W technique described in chapter III.2.4 summarised here

by equation IV. 1.

Where Po is the background pressure, Pi the flag closed pressure, and P2 the initial flag

open pressure. These are all illustrated in chapter III.3 figure 13.

From previous work using this molecular beam system which has the benefit of TOF

measurements [38] the error on the incident energy measurements are given as,

Ej +/- lmeV for the 1 % H2/Ar

Ej +/- 3meV for the 1 % H2/He

Assuming there are no problems in reproducing a good beam, errors for So of H2 on the

Mo(100) depend predominantly upon how clean the surface is of contaminants, with

the presence of contaminants tending to reduce So- The error values were estimated by

taking 6 readings of So for a given Ei and Ts (32meV and 165K respectively), removing

the highest and lowest value, and calculating half of the range: So +/- 0.01 for H2 on

Mo(100)

Figure 9 shows the results of K&W type So calculations for a range of Ej on a Mo(100)

surface held at low temperature (Ts=165K). So(Ej) exhibits non-monotonous behaviour

with So initially dropping as E; increases, then entering a 2nd regime at higher Ej where

So increases as the incident energy of the molecules is increased. Such behaviour is

indicative of both a low and high energy channel to dissociation being present, and is

most commonly associated with a direct channel predominantly determining the

sticking probability at higher energies and an indirect channel (either via a fully

accommodated or accommodated and dynamic precursor) dominating at lower

energies where the energy of the incident molecules may be insufficient to surmount
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the barrier to dissociation directly (e.g. N2 adsorption on W(100) [39-42]). On a surface

displaying non-activated paths to dissociation the concept of molecular steering has

also been suggested to explain this non-monotonous behaviour (see chapter IV.2.3).

0.60

0.30
40 60 80

Incident Energy / meV

Figure 9: a) Initial sticking probability of

hydrogen on Mo(lOO) as a function of

incident energy. TS=165K. Beam directed

perpendicular to the surface (<p=0°). Squares 6

represent data taken using an argon seeded

beam, circles represent data taken using a

helium seeded beam. And b) the hard cube

trapping fit for a 30meV potential well and

an effective surface mass ofI Mo (black line).

100 120

40 60

Incident Energy / meV

There is considerable overlap between the direct and the low energy channels. The

hard cube model calculations shown in figure 9b suggest that the low energy channel

extends considerably above what would be expected for a classical fully

accommodated precursor, a typical physisorption well for hydrogen on a metal surface

being only ~30meV (as recorded on various different crystal faces of Cu and Al [43],
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the depth of the physisorption gas-surface potential tending to depend largely on the

polarizability of the gas molecule and to only a small extent on the composition of the

surface [44])

and there being no evidence of a chemisorbed precursor state being present on this

surface (detailed calculations for H2/W(100) in fact appearing to clearly rule out the

presence of a molecular chemisorption state [19]).

The hard cube model is based on a repulsive force being experienced by the gas

particle and surface atom upon collision, with both being considered as elastic and,

therefore, the force impulsive. It depicts the surface as being made up of cubes with a

face parallel to the plane of the surface and moving only normal to the surface. This

entails that the assumption is made that the surface is completely flat, however, since

this work only deals with collisions normal to the plane of the surface this assumption

can be expected to hold reasonably well.

Each impinging gas molecule enters a square well attractive potential (U) created by

the surface atom, and the trapping probability is determined by whether, after

undergoing a collision based on Newton's laws for the collision of rigid elastic bodies,

it has retained enough energy to be able to escape the well. The square well accelerates

J2U
the molecule towards the surface, increasing its velocity by J — (m being the mass

V m

of the incident particle) and adding to the velocity with which it moved within the

vacuum phase (Vvac)-

The trapping probability is modelled as the fraction of molecules for which sufficient

incident energy is lost during the collision with the surface to prevent escape from the

square well potential and thus enable trapping. The hard cube model calculates the

trapping probability as a function of the incident energy (Ej), angle of incidence (9),

and surface temperature (Ts) for a given well depth (U), molecular mass (m) and

effective surface mass (Meff), using the following equation:

x 1 1
i > 0> Ts )
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(IV.4)

m

With Diim being the impact velocity of the surface cube below which trapping is

enabled, uweii being the velocity of the molecule on impact with the surface, after it has

been accelerated by the square well potential, erf being the error function, and n the

relative mass.

The variables (effective surface mass and potential well depth) have been chosen to

produce the largest possible sticking probabilities from the cube model, with the true

effective surface mass (i.e. the mass with which the hydrogen atom interacts during a

collision) expected to be somewhat larger than the one Mo atom of this calculation,

and the potential well depth being at the highest end of the anticipated range predicted

for a physisobing H2 molecule. That this maximum limit of the hard cube model for a

typical physisorbing accommodated precursor still greatly underestimates the size of

the low energy channel, with respect to the data, gives the first indication that a

dynamic channel (either trapping or steering) might be responsible for the reach of this

low energy adsorption channel of hydrogen on Mo( 100).

f

The picture of the direct channel is somewhat clouded by the overlap with this

substantial low energy channel, however the initial indications appear to be that a large

direct channel exists for this surface, stretching well into the low energy regime and

suggesting either a very low minimum barrier height to direct dissociation, or a non-

activated surface. Typically, a direct channel results in So increasing with increasing Ej

once molecules are sufficiently energetic to overcome any minimum barrier to

dissociation, an increase in the Ej will allow access to non-optimised trajectories (there

being a range of barriers to dissociation present for different impact sites and molecular

orientations). The shallow gradient of the initial drop in So with increasing Ej
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(occurring for Ei<60meV) may well be indicative of the reach of the direct channel

down to even the lowest energies, the gradual drop in the size of direct channel with

decreasing Ej possibly acting to balance, to some extent, the corresponding exponential

rise of the indirect channel contribution to sticking. Were the direct channel only to

become active at around the energies at which the indirect channel disappears then the

low energy channel might be expected to exhibit a much sharper decline (as is the case

for hydrogen adsorption onto the W(100)-c(2*2)Cu surface where the direct channel is

inaccessible below ~150meV [13,14]).

IV.3.5 Dependence of Sn on Surface Temperature

Comparing So(Ei) taken at low and high Ts it is evident that the low energy channel to

dissociation is Ts dependent, but that the high energy channel is Ts independent. Figure

10 shows how the magnitude of the low energy channel is diminished when the surface

is maintained at a higher temperature and how this reduction in the indirect channel is

not accompanied by a similar reduction in the direct channel, the data points instead

tending to merge when the incidence energy rises above ~50meV.
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Figure 10: Initial sticking probability of hydrogen on Mo(100) as a function of incident

energy. T$=160 (black circles), Ts=364 (red triangles). cp=O

This behaviour is consistent with a direct channel dominating sticking at high energies.

However at first glance it would appear to rule out dynamic steering, which is

essentially a direct type channel, from being entirely responsible for the low energy

channel, it being hard to conceive how a purely direct type channel might incorporate a

Ts dependence (although this does not rule out steering function in tandem with an

indirect channel). It might be possible to conceive of the potential energy surface

presented by differing Ts dependent surface structures being responsible for different

sticking probabilities within a direct channel, but such a model would then struggle to

account for the direct channel no longer exhibiting a structural sensitivity at the higher

beam energies.
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Figure 11: Initial sticking probability ofH2 on Mo(100) as a function of surface

temperature, <p=0, E,=16meV. The thermocouple recorded values in mVwith the

smallest measure recorded being 0.1m V. The errors on the Ts measure were taken as

being half of this value. This results in the following error values:

Ts +/- 8K when <293K, Ts +/- 4K when >293K. It should be noted that the variation of

So with Ts is not predicted to be a linear relationship (see figure 10) and therefore a

straight line fit is not strictly valid. However this fit is performed to allow better

comparison with previous data where a linear regression has also been carried out

over a similar Ts range [e.g. 47,48]

500

The plot of So(Ts) at very low Ej (figure 11) reveals a channel that presents a

considerable Ts dependence. This Ts dependence is far too large to be accounted for

only in terms of a variation in the trapping probability of a physisorbed precursor, the

hard cube model, which describes the trapping as a function of surface temperature,

requiring an unrealistically large well depth of >300meV to account for the gradient of

-4.12xlO"4 K"1 over the range 150<Ts(K)<500 observed here for a beam of Ei=16meV

There are two temperature dependent steps that are encountered within the indirect

route to dissociation: the initial trapping of the molecule and the subsequent partition
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of the dissociation/desorption channels of this trapped molecule. Since it is clear that

the temperature dependence is too large to reasonably relate to the initial trapping,

where an unrealistically large potential well would be required to account for the

behaviour, it must be assumed that the Ts dependence is being predominantly

determined by the partition function.

It is assumed that the relative rates of desorption and dissociation of the precursor are

each described by an Arrhenius type equation,

B s

The pre-exponential, v, is the frequency factor (a measure of how frequently attempts

are made by the precursor to desorb or dissociate). In a simplistic model Udes could be

envisaged as being determined by the vibrational frequency of the bond being broken

between molecule and surface during desorption and Udiss the vibrational frequency of

the intramolecular bond of the trapped H2 molecule which must be broken in order for

dissociative adsorption to take place.

The initial dissociative sticking probability can be described in terms of the rates of

desorption and dissociation (kdes and kdiSS respectively) and the initial trapping

probability (Q,

Q^diss

diss ^ Kdes

It can be rearranged and be expressed in terms of u, E, and'

^ - I I des

diss
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Substituting in equation IV.6,

~Edes+Ediss

(IV.9)

Where AE=Edes-Ediss,

A£

diss
(IV.10)

V

(IV.ll)

According to equation IV. 11, and assuming that i)desA)diss remains independent of

temperature, the negative gradient of dSo/dTs implies that Edes^diss as illustrated by

figure 12.
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Figure 12: In the case of an accommodated or dynamic precursor no barrier to the

trapping well would be expected to be present, therefore Edes can be estimated as

being equal to the molecular well depth. Edjss-Edes will therefore be the overall

activation energy along the reaction path.

8

At an incident energy of 32meV this temperature dependence is seen to diminish

somewhat. Figure 13 showing a drop in the gradient to -1.4* 10"4 +/- 0.2 K"1. This may

be caused in part by the increased contribution to the sticking of the temperature

independent direct channel and a lowering of the trapping mediated contribution to So,

but the drop in gradient is considerable, and cannot be accounted for by the small

increase in contribution made by the direct channel (predicted to be ~15% greater at

32meV), an incidence energy of 32meV still falling well within the range where the

indirect channel dominates sticking. The alternative explanation to consider is that a

dynamic channel with little or no temperature dependence is making a significant

contribution to So at Ej=32meV.

105



3
o

0.6

0.5 -

0.4 -

i 1 0.3 H
o

(55
75 0.2 H

0.1 -

0.0
150

dS0/dTs = -1.4x10'4 +/- 0.2x10"4 K"1

200 450250 300 350 400

Surface Temperature / K

Figure 13: Initial sticking probability ofH2 onMo(WO) as a function of surface

temperature, cp=O, E>=32meV. Ts +/- 8Kwhen <293K, Ts +/- 4Kwhen >293K
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At Ej = 72meV the Ts dependence is seem to become almost negligible, displaying

only a very slight and positive gradient. This is consistent with a direct channel

dominating, and only a negligible indirect contribution to the sticking. The slight

positive gradient can be accounted for if one pictures the surface as a single oscillator

where an increase in Ts can be envisaged in terms of a 'kick' from the surface cube,

aiding the molecule in surmounting the direct barrier to dissociation.
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IV.3.6 Dependence of Sticking Probability on Hydrogen Coverage

The sticking probability of hydrogen on Mo(100) has been measured as a function of

hydrogen coverage, 6H, for a range of incident energies stretching from Ej=13meV to

Ej=74meV, for a variety of surface temperatures and using both large and small beam

apertures (where the beam is incident upon the majority of the area of the front face of

the crystal or only a small fraction of the surface, respectively). Saturation coverage

for hydrogen adsorbing atomically on this surface at low temperatures has been shown

to take place at 2ML [2-4, 6-8], although, as shown by figure 6, the saturation

coverage of hydrogen on the Mo(100) surface varies with increasing T%.
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Figure 15: Sticking probability of H2 as a function of hydrogen coverage on Mo(100)

for a range of incident energies. Beam diameter=7 mm, <p=0°, Ts=165 K and saturation

coverage is 2ML. The coverage values given here are based on the assumption that all

adsorbed hydrogen remains within the beam diameter and does not migrate to area of

the surface upon which the beam was not incident. Because there is good evidence that

hydrogen migration does take place the coverage values recorded may be slightly

larger than the true values, and for this reason are printed in red to highlight this

potential inaccuracy (see also figures 16 and 17).

Figure 15 shows a set of S(0H) plots taken at a low surface temperature (Ts=165K),

where atomic hydrogen fully saturates the surface (0H(Sat)
=2ML), over a range of Ej. At

low energies (13-32meV) S(0H) displays complex behaviour, the sticking probability

being largest at low coverage and S(0H) exhibiting an increasingly large negative

gradient, 5S/80H, with increasing coverage. This behaviour is often associated with an

indirect extrinsic channel to dissociation, where the molecule being incident upon a

vacant surface site is not integral to dissociative adsorption taking place, trapping also

being able to take place upon already occupied sites, with the trapped molecule then

able to move across the surface in search of vacant sites at which to dissociate. In the

instance of an extrinsic channel at low E; (the energy region in which an extrinsic

channel will tend to be dominant) the sticking probability will tend to be almost
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independent of 0H at low coverages, with the dependence then tending to increase as

the surface begins,to saturate and finding vacant sites for dissociation becomes

limiting.

Other possible causes of the complex coverage dependence are the migration of

adsorbed hydrogen, indications of hydrogen migration across the surface having

already been identified (chapter IV.3.3), and the formation of hydrogen induced

surface reconstructions, these having also been previously identified and detailed (see

figure 1) [4]. It is conceivable that the formation of different surface structures might

act to either inhibit or promote further hydrogen adsorption, and that, if these surface

reconstructions were to influence the direct sticking probability in a different manner to

the indirect, they could even be envisaged to be responsible for the variation of the S(9)

plot as a function of Ej.(an increase in Ej shifting the balance of adsorption path from

indirect towards direct dissociative adsorption). However, it is noted that the complex

behaviour, particularly at higher coverage, is also strongly influenced by beam size

(see figure 16). It is difficult to picture how these variations in coverage with changing

beam diameter might be linked to surface structure reconstructions. An explanation for

this dependence of the S(9) plot shape on beam diameter could, however, be offered

within the realms of the migrating hydrogen model.
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Figure 16: Plots ofS(On) using both a large and small beam diameter. Large beam

diameter=7.5mm, small beam diameter=l.25mm. These result in the beams being

incident upon -70% and~2% of the surface respectively. Ts=165K, <p=0° and E,= 54meV

As has already been noted, hydrogen migration would be expected to have little effect

at low coverage where the surface is mostly free of adsorbates, but to become more

prominent as 0H increases, with hydrogen atoms migrating to clean surface areas (upon

which the beam is not incident) creating vacant sites within the surface area upon

which the beam is incident. Such behaviour could be expected to maintain the sticking

probability value as the coverage appeared to increase. This is because the coverage

calculation makes the assumption that any hydrogen adsorbed by the Mo(100) surface

remains within the area of the surface upon which the molecular beam is incident.

Were the hydrogen to migrate to areas of the surface upon which the beam is not

incident then the actual 0H experienced by incoming H2 molecules incident upon the

surface would be lower than the recorded value (as noted in figure 15). If the beam

diameter is small there will be plenty of clean Mo(100) surface surrounding the area

upon which the beam is incident, whereas a larger beam diameter will encompass more

of the sample surface. The larger beam diameter would therefore leave a smaller area

of clean surface onto which adsorbed hydrogen could migrate and would thereby be

expected to limit the effect (as is seen to be the case in figure 16).
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The effect on the S(0) plot associated with migration would be expected to exert

greater influence at higher coverage. Migration of hydrogen will not affect the sticking

probability upon the clean surface and can be expected to be most prominent when the

area upon which the beam is incident nears saturation, with the availability of vacant

surface sites for adsorption being entirely dependent upon the rate at which hydrogen

diffusion takes place. Bearing this in mind it would seem that the identification of

either extrinsic or direct type behaviour might best be identified by examining the low

coverage region.

Concentrating on the low coverage region, the increase in E; appears to correspond to

the S(8) plot exhibiting a steeper gradient. This fits well with the picture, suggested

already during analysis of the So as a function of Ej and Ts, in which an initially

indirect extrinsic channel at low Ej is superseded by a direct channel as Ej increases.

An extrinsic indirect channel would be expected to cause a significant drop in sticking

probability of the extrinsic channel, whereas the direct channel would be expected to

exhibit either an S a (1-0) or S a (1-9)2 relationship (depending upon whether a single,

or two adjacent atomic adsorption sites, are required in order for a H2 molecule to

undergo direct dissociative adsorption).

As well as examining the S(0H) for a range Ej it was also examined for a range of Ts-

When varying Ts it was necessary to take into account, when calculating the respective

coverage values, that varying Ts could cause a variation in the saturation coverage of

the surface. Using figure 6 to determine the saturation coverage at a given Ts and

assuming the maximum saturation coverage of atomically adsorbed hydrogen to be

2ML, figure 17 has been produced tracing the S(0H) curves for 245<TS(K)<416.
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Figure 17: Sticking probability ofH2 as a function of hydrogen coverage on Mo(100)

for a range of surface temperatures. <p=0°, Ej=32meV, saturation coverage is surface

temperature dependent and calculated using figure 6 and assuming a saturation

coverage of2ML at 245K.

At 32meV varying Ts appears to have little discernable effect on the shape of the S(0H)

curve, suggesting that, if trapping takes place at this Ej, then increasing the surface

temperature of the crystal does not reduce the ability of the hydrogen molecules to trap

or of the trapped precursor to go on to dissociate.
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IV.4 Analysis

IV.4.1 Dependence of Sn on Incidence Energy

The implications of the non-monotonous behaviour of So as a function of Ei for H2

adsorption on the Mo(100) surface were discussed in the results section. The picture

suggested was that of 3 dissociation channels, a typical fully accommodated

physisorbing precursor at low Ej, a direct dissociation channel at high Ei, and a

dynamic channel (either dynamic steering or a dynamic precursor) dominating the

dissociative adsorption at intermediate Ej.

The large low energy channel of H2 dissociative adsorption on Mo(100) (see figure 9),

was seen to extend to incident energies well above that expected for a typical fully

accommodated precursor channel for a H2 molecule incident upon a transition metal

surface, where only little energy transfer to surface phonons can take place due to the

large mass mismatch, and where the broadening of electronic levels of H2 molecules in

front of metal surfaces [45] results in electronic excitations being very effectively

quenched. This extended low energy channel is also seen on various other t^/metal

systems [46 and references therein] including the W(100) [10-12], Pt(533) [47,48],

W(100)-c(2x2)N [12] and W(100)-c(2x2)Cu [13,14], and this behaviour is commonly

attributed to a "dynamic adsorption channel".

The dynamic channel has been attributed to both dynamic steering and a dynamic

precursor depending upon the surface. For example, ab-initio PES calculations for the

H2/W(100) system suggested steering as being responsible for the tendency of So to

continue to decrease as Ej increases beyond the range of the accommodated

physisorbing precursor [19], with the presence of non-activated routes to direct

dissociation on W( 100) thought to help encourage a strong dynamic steering channel

where molecules are often steered towards these favoured trajectories for dissociation.

However, plenty of examples exist of systems where steering is thought unlikely to

account for the dynamic adsorption channel. One such system is hydrogen adsorption

on the Pt(533) surface [47,48] where hydrogen would be required to translate along the
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4-atom wide (111) terraces in order to reach the dissociation site. CO and O pre-

adsorption studies (where the CO or O is adsorbed purely onto the step) proved the

step to be the site where desorption occurs, the blocking of the step site by CO or O

causing the dynamic channel to disappear and leaving only the accommodated channel

at very low E,.

Debate surrounds the form of the dynamic channel of hydrogen on these various

surfaces, for example, although PES calculations suggest steering to be responsible on

W(100) [17,19,45,49] evidence has also been put forward to suggest that dynamic

trapping is the channel responsible. A very precisely cut and well ordered W(100)

crystal [11] was seen to exhibit an indirect channel considerably smaller in magnitude

than a previous study of a W( 100) surface [10], the differences being ascribed to the

reduced defect site density, implying that a dynamic precursor dissociating at defect

sites, as opposed to steering, is responsible for the channel. Studies of hydrogen

adsorption upon the Cu alloyed W(100) surface observed So to remain constant up to

9cu-0.5ML despite the corresponding TPD's showing a clear change in the surface and

chemical adsorption potential. If the low energy channel of H2/W(100) were of a direct

type character such as dynamic steering it was thought that a change in adsorption

potential would be accompanied by a change in So. So was observed to remain constant

with increasing Cu coverage for 6cu<0.5ML at Ej=35meV (this Ej being firmly inside

the region where the dynamic channel is expected to dominate the dissociative

sticking), the implication being drawn that adsorption took place via a dynamic

precursor dissociating at defect sites which, unlike a steering channel, would not be

significantly altered with Cu adsorption.

Although a dynamic channel does appear to be present, the shape of the So(Ej) plot of

H2 on Mo(100) gives, as yet, no indication as to the character of the dynamic channel,

both dynamic steering and dynamic trapping having been suggested to produce this

long range low Ej channel extending to E, far above that which is accountable by

means of a fully accommodated precursor.
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IV.4.2 Dependence of Sn on Surface Temperature

From the data reported in section IV.3 three channels were identified for H2 adsorption

on Mo(100), occurring at low, intermediate and high Ej. The low energy channel

demonstrated a clear Ts dependence, So increasing with decreasing Ts, and this was

attributed to a physisorbed fully accommodated precursor. The high energy channel

was observed as being approximately Ts independent and was attributed to direct

dissociation. The dominant channel at intermediate Ej was observed to display little or

no Ts dependence, it being unclear whether So remained independent of Ej or exhibited

a slight decline with increasing Ej, this channel being attributed to a dynamic

mechanism. Hard cube model calculations were performed and these strongly

suggested that any Ts dependence associated with a precursor channel was due to the

precursor's partition between dissociation and desorption rather than a temperature

dependence of the initial trapping event.

The hard cube calculations were performed assuming the trapping to take place only

via a physisorption well (~30meV), this falling well short of the >300meV required by

the hard cube for the predicted Ts dependence of the trapping event to correspond to

the observed Ts dependence at Ej=16meV. However, the implications drawn from the

data analysis of S0(Ej) and SO(TS) are that a physisorption channel coexists with a

dynamic channel, this channel possibly being a dynamic precursor where the molecule

may experience a dynamic trapping well. Given the possible contribution to the

sticking of a dynamic precursor channel it seems pertinent to examine the possible

contribution of such a dynamic channel to the cube calculations. Muller predicts a

dynamic well (due to vibrational softening) of ~1 lOmeV as H2 approaches a metal

surface (in the case considered by Muller this is aP t ( l l l ) surface, the (111) terraces of

the Pt(533) surface have been demonstrated to be an active surface for dynamic

trapping to take place and to display an almost identical temperature dependence to

that observed here for Mo(100)). This potential well, although still falling some way

short, is much closer to the depth required in order for the hard cube model to account

for the Ts dependence of So via the initial trapping event. However making cube

calculations for a dynamic precursor well is not as simple as for a physisorption well.

Physisorption is a relatively long range force, not dependent on the molecular
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orientation or its position over the surface, whereas the dynamic well is dependent on

the intra-molecular bond being weakened and this depends strongly upon molecular

orientation and position, meaning that only some trajectories will provide full access to

the dynamic well, hydrogen molecules on less favoured trajectories seeing only a

reduced or negligible well. To estimate the true contribution full trajectory PES

calculations should be performed in order to determine which trajectories contribute

and to what extent. Without going this far it remains clear that the averaged dynamic

potential well value experienced by the H2 would be well below that calculated by

Muller for the most favoured trajectory (molecular axis parallel to the surface above

the bridge site) on Pt(l 11). It appears likely that the optimum dynamic well value will

fall well short of that required by the hard cube model to account for the Ts

dependence via trapping. Therefore, even with the inclusion of a dynamic well

contribution to the hard cube model, the picture remains that of a Ts dependence being

based on the partition between desorption and dissociation of the precursor rather than

on the initial trapping event.

Even when taking into account a dynamic precursor well contribution calculations still

predict little Ts dependence of the initial trapping event over the temperature range

measured. The Ts dependence can therefore be considered as being accounted for

almost entirely by the partition of the precursor channel between desorption and

dissociation of the trapped precursor molecule. The partition function, as described by

equation IV. 11, can be rearranged to produce a y=mx+c type relation where Udes/udiss

and AE can be determined from the y intercept and the gradient (respectively) of a plot

l) as a function of 1/Ts.

Z

Kdiss

diss

(IV-12)

AE

Inl ^ il-1n( I
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As well as measuring the gradient and y intercept it is necessary to make an estimate of

the trapping probability. According to the hard cube model, hydrogen adsorption on the

Mo(100) surface is only expected to vary very slightly with temperature at 16meV (the

hard cube plot exhibiting an increase in So of only 0.012 over the range of temperatures

recorded 167<Ts(K)<567), therefore the estimate of the trapping probability can be

expected to remain approximately constant within the temperature range covered by

the data.

The partition function only describes the dissociative sticking probability taking place

via an indirect accommodated channel, labelled here as So(accom)- Because the direct

channel is predicted to be non-activated, and therefore still contribute to the sticking

probability even at low Ej, the direct channel contribution must first be deducted from

the data and a plot describing So(aCcom)(Ts) produced. S0(direct) is estimated as being

-0.15 at Ei=16meV, and -0.25 at Ej=32meV (see figure 18). In the case of the 16meV

neon seeded beam, where a systematic error is present, the results are corrected further,

increasing the So value by 0.05 brings the values in line with those observed when

having recorded So(Ej) (see figure 9a).

0.0
20 40 60

Incident Energy / meV

H2/Mo(100)
estimated fit of the accommodated/dynamic
low energy channel
deduction of the fit from the H2/Mo( 100) data

Figure 18: A "by sight" estimation of

the accommodated/dynamic channel

using a simple exponential decay and

assuming a fit which converges with

the data points as Ei—>0, and falls

away to a sticking probability ofO

when E,=93meV. It should be noted

that, according to

accommodated/dynamic channel

model predicted to be responsible for

the decay in So with increasing Eh the

true curve will not be a simple

exponential decay, but the sum of 2

decays corresponding to sum of the

accommodated and dynamic channels.
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Figure 20 shows a plot of So(aCcom)(Ts) at 16meV with the appropriate corrections. This

plot is used to make an estimate of £, So(accom)—»C as Ts—*0, provided Edes>EdiSS- It is

estimated that at 16meV C, ~ 0.47. Initially this estimate is based upon a simple linear

regression and it should be noted that the equation defining the change in C, with Ej

does not result in a linear relationship (as illustrated by the computer generated fit

shown in figure 20). It is therefore important to note that the value assigned to £ is

merely a best estimate given the available data and temperature range over which it has

been recorded. By substituting in this value for C, and plotting ln((£/So(aCcom))-l) against

1/Ts figure 19 is produced.

o

-0.2

-0.4 -
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y intercept = 0.36 +/- 0.09
gradient = -390 +/- 30

-2.0
0.001 0.002 0.003

1/TS / K
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-1
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Figure 19: infC/Sa-J) versus 1/TS, at Erl6meV, 0=0°, for 180<Ts(K)<460. The errors

are calculated from the deviation of the data points from the linear regression

Measuring the gradient of the plot as being -390 +/- 30 K a value for

determined:

is

AE-3.2 +/-0.2 kJmol-l
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Similarly after measuring the y-intercept as being 0.36 +/- 0.09 a value for Udes/odiss is

determined:

= 1.4 +/- 0.4

The errors described here for AE and i>desA>diss are derived only from those described in

figure 19 relating to the deviation of the data points from the linear regression. The true

errors may be considerably larger, relating also to the estimation of (,, and the

estimation of the relative size of the direct channel as well as the size and nature of any

contribution from a dynamic channel at the specific E,.

Substituting the calculated values for AE, i)des/i>diss> and the estimated trapping

probability, into equation IV. 11 allows for the production of a plot of So(aCcom)(Ts)

which should fit well to the data. This can be seen in figure 20 (black line).
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Figure 20: The indirect initial sticking probability, with the direct channel removed,

plotted as a function of surface temperature, Ei=16meV, (p=0° (black circles).

Black line isso='€\1

V diss
with £=0.47, t)des/"diss=l-4 and AE=3.2

kJmol'1, plotted as a function of surface temperature.

A value of AE=3.2 +/- 0.2 kJmol'1 is equivalent to 33 +/- 3meV. Edes from a

physisorbed precursor well, where no barrier to the trapping well is expected, should

be equal to the potential well depth and this is predicted as being ~30meV for H2

physisorbing on a transition metal surface. This implies that the contribution from EdiSS

is 0. This lack of a barrier to dissociation of the precursor would fit well with the

picture already presented of a surface at which non-activated direct dissociation may

take place, the implication being that little barrier exists to dissociation into the bridge

site whether via direct or precursor mediated channels.

It must be noted that the error on AE may be considerably underestimated. The AE

calculation relies on a value of C, obtained via a linear regression to obtain a y-intercept,

however (as described by equation IV. 11 and illustrated by figure 20) a linear

regression is only a rough estimation and not a true fit. Any error on C, would be a
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systematic error and therefore would not manifest itself in the errors calculated by

determining the deviation of the data points from the linear fit of figure 19.

Additional errors originate from the assumption made in the partition function of

equation IV. 11, that all dissociative adsorption takes place via a typical accommodated

precursor channel, So(accom)- Modifications to this have already been discussed in terms

of deducting the direct channel contribution, So(direct), which, due to the non-activated

nature of the channel, will contribute to So(totai) even at low Ej. This estimation of the

direct channel may also carry with it a constant systematic error.

Even after taking account of the direct channel contribution, there may still remain a

contribution from a "dynamic channel", So(dynamic), to the total initial sticking

probability.

(IV. 15)

The partition function of equation IV. 11 in reality only describes the fully

accommodated precursor channel, So(accom), therefore deductions should be made from

the total initial sticking probability to account for the presence of the direct and

dynamic channel contributions, as described by equation IV. 16 below:

(IV. 16)

The uncertainty in the size and even the nature of the dynamic channel make it

impossible to include a correction for this value, with the assumption having been

made that SO(dynamic)=O at Ej=16meV. The contribution from a dynamic channel may

introduce a further error to the calculation of AE and Udes/udiss-

The uncertainty in the nature of the dynamic channel, being either dynamic steering or

a dynamic precursor, makes it unclear whether the dynamic channel itself may

contribute to the Ts dependence observed. If dynamic steering is responsible for the

channel it could be considered to behave as a direct channel, remaining virtually

unaffected by Ts. The dynamic precursor channel on the other hand may, like the

physisorbed precursor, be governed by a partition function: However, even in the case
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of a Ts dependent dynamic precursor channel the partition function of equation 11 may

not provide an accurate description of the Ts dependence of the partition between

dissociation and desorption of the dynamic precursor.

The typical picture of the dynamic precursor is of a molecule which accommodates

energy to other molecular DOF as opposed to the surface, allowing trapping to take

place for considerably higher Ej than would be possible for a typical physisorbing

precursor. Whether, once trapped, the multiple rebounds predicted to take place with

the surface [27,28,30] would allow accommodation of the energy of the precursor with

, the surface is a matter for debate. Recent theoretical calculations have suggested that

the enhanced interaction time of the dynamically trapped hydrogen on Pd surfaces may

result in the dissociation probability of the dynamic precursor exhibiting a significant

Ts dependence [30]. At the very least it seems likely that a partition function

describing the fraction of dynamically trapped molecules going on to dissociate, as

opposed to desorbing, should include a modified partition function, the modification

being represented here as %, describing the extent to which the molecule is able to

accommodate with the surface temperature (see equation IV. 17).

^0(accom.)
diss ,

V /

(IV.17)

Where % —»1 when the dynamic precursor always fully accommodates with the surface

temperature,

And x~»0 when no energy exchange takes place between the dynamic precursor and

surface.

An identical gradient to that recorded here for the lowest Ei regime is also observed for

hydrogen adsorption on the Pt(533) surface at similar E; (dS0/dTS=-4x 10"4 K"1)

[47,48]. As has already been mentioned, the Pt(533) surface is made up of 4 atom wide

terraces of (111) separated by (100) steps, and exhibits a dynamic channel to

dissociative adsorption very similar to that of the Mo(100). On Pt(533) adsorption of

sufficient CO to block all step sites was seen to remove the dynamic adsorption
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channel while leaving the direct and accommodated precursor channels intact. This

removal of the dynamic channel was not seen to correspond to any change in the Ts

dependence with dS0/dTs also recorded as being -4X10"4 K"1 on CO/Pt(533) at the

corresponding Ej [48]. The implication here is that this temperature dependence is

associated entirely with the accommodated physisorption channel and that the dynamic

channel is Ts independent. Given the identical Ts dependence of the Pt(533) and

Mo(100) surfaces it seems not unreasonable to draw parallels. By Ej=32meV, where

the accommodated physisorption channel of Mo(100) is predicted to make close to

negligible contribution to the sticking probability, the Ts dependence of So is seen to

diminish from that observed at 16meV to just dSocind/dTs—l^xlO"4 +/- 0.2 xlO"4 K"1

(see figure 13), clearly suggesting that the main contributor to the Ts dependence at

16meV is the physisorption channel. It is not clear however whether the small Ts

dependence at 32meV is merely due to the remnants of the physisorption channel, or

due to a weakly Ts dependent dynamic channel.

If the Ts dependence at 32meV is considered to be associated almost entirely with the

accommodated physisorption channel then the dynamic channel should be pictured as

having very little or no Ts dependence, i.e. that XrO m equation IV. 17, as is suggested

to be the case on Pt(533) [47,48].. A weak or non-existent Ts dependence of the

dynamic channel would agree with either the picture of a dynamic precursor, where

normal translational energy is converted to other molecular DOF in order to allow

trapping to take place with little or no accommodation of energy to the surface, or

dynamic steering where adsorption takes place via an essentially direct type

mechanism which requires no energy exchange with the surface to take place. The

picture of a dynamic precursor exchanging little or no energy with the surface upon a

collision can be understood in terms of a poor mass match and short interaction time of

the H2 with the surface causing energy exchange to be unusually inefficient.

Although this picture of the combination of fully accommodated and dynamic

precursor would offer good agreement with that which has been suggested as being

responsible for the H2/Pt(533) system [47,48], the hard cube model predictions

estimate the physisorption channel contribution to So to drop to negligible levels

already at ~25meV. The picture of a temperature independent dynamic channel would

require the physisorption channel to still make a significant contribution to So at
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32meV in order to account for the Ts dependence present at this energy, which,

although small, still produces a gradient % the size of that seen at 16meV. However,

over such a small energy range the hard cube model is not recognised as an accurate

measure and should be viewed more as a rough guide, tending to provide only

qualitative rather than quantitative agreement with actual observations. If the

contribution of the physisorption channel at 32meV were viewed as being negligible,

and the Ts dependence to be entirely due to the dynamic channel, this small but

significant dependence of So on Ts would favour the dynamic precursor picture over

that of steering, with the energy exchange of the precursor with the surface possibly

being enhanced by the multiple rebounds predicted to take place once trapping has

occurred [27,28,30], enhancing the interaction time of the molecule and surface.

IV.4.3 Dependence of S on Hydrogen Coverage (8q)

The results from the S(9H) plots have been interpreted as being indicative of an indirect

channel to dissociation being replaced by a direct dissociation channel as Ej is

increased. This is in agreement with the picture presented by the data describing So(Ej)

andSo(Ts).

At Ej=32meV the shape of the S(0H) curve did not change in character with Ts (see

figure 17). This lack of Ts dependence suggests that, if trapping takes place at this Ej,

then increasing the surface temperature of the crystal does not reduce the ability of the

hydrogen molecules to trap, or of the trapped precursor to go on to dissociate.

Particularly when considered in conjunction with the much reduced Ts dependence of

So at 32meV with respect to that observed at 16meV (see figures 11 and 13), this lack

of Ts dependence on S(6H) supports the idea that the dominant channel at 32meV is

influenced very little by changes in Ts of the sample, and that a separate (Ts

dependent) precursor channel must operate at lower incident energies to account for

the Ts dependence observed at the lowest Ej, i.e. two low energy channels are present,

one accommodated (dominant at the lowest Ej) and one dynamic and independent of

Ts (dominating the intermediate Ej region). This is consistent with a typical

accommodated physisorbing precursor making a large contribution to the dissociative
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sticking probability at 16meV, but a dynamic mechanism, either dynamic steering

within a direct channel, or a dynamic precursor within an indirect channel, coming to

prominence by 32meV, before both being dominated by a typical direct channel at the

high end of the incident energy spectrum (<80meV). Such an explanation would

account well for the hard cube predictions which suggest a significant contribution to

sticking (-25%) via a physisorbing precursor channel at 16meV, becoming

insignificant (falling to <5% contribution to the total sticking probability) by 32meV

(see figure 9b). By accounting for the temperature dependencies observed for H2 on

Mo(100) via a physisorbing precursor channel the uncertainty returns as to whether the

dynamic contribution is via steering or an indirect precursor mechanism, both equally

able to account for the drop in So with increasing Ej and the reach of the low energy

channel to unusually high incident energies with respect to what is predicted for a

physisorbing accommodated precursor.

IV.4.4 Comparison Of H,/Mo(100) and W(100) Adsorption Dynamics

The considerable similarity between Mo(100) and W(100) (the bcc bulk structure, the

lattice spacing, the electronic structure, and the low temperature reconstruction), and

the kinetics of hydrogen adsorption upon the two (hydrogen bridge bonding on both,

the H causing the bridge site to form a dimer reconstruction, and both having a

saturation coverage of 2ML), have already been considered in some detail (see sections

IV.2.2).

Given these similarities it is perhaps unsurprising to find that the adsorption dynamics

of the H2/W(100) system in particular [10-12] shares many characteristics with those

observed here for the H2/Mo(100) adsorption system. Among them the large and

heavily overlapping direct channel common in both, this being accompanied on both

surfaces by a low energy channel decaying over an unusually large energy range, and

sticking probabilities commonly within -0.1 of those observed here for the Mo(100)

surface (see figure 21).
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Figure 21: S0(EJ ofH2 on Mo(WO) at Ts=l65K (red circles), and on W(IOO) (black
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The influence of the direct channel appears to be somewhat larger on the Mo(100)

surface. Ab initio PES calculations of the H2/W(100) system have revealed a surface

with routes to direct dissociation where no barrier is encountered [19,46]. This is

supported by calculations performed on dynamics data indicating a non-activated direct

channel to be present on W(100) [14]. The non-activated direct channel for H2

dissociation on W(100) implies that, with its larger direct channel, this is also the case

for Mo(100). The greater contribution to So of the direct channel on the Mo(100)

surface implies that the barrier to direct dissociation on this surface is in general lower

for a given trajectory, allowing a greater range of non-optimized trajectory barriers to

be overcome at a given E,.

Whereas the direct channel appears to be more dominant upon the Mo(100) this does

not appear to be true of the indirect channel. The extension of the low E, channel above

that which can be understood in terms of an accommodated physisorbing precursor
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channel has already been identified on W(100) [11,14] and Mo(lOO) (figure 9b) and

attributed as strong evidence of the presence of a dynamic channel to dissociative

adsorption. The reach of the low Ej channel of H2 adsorption on the W(100) surface

extends to higher still Ei values than were observed for Mo(100), with the channel

making a significant contribution to So up to ~150meV, double the E; to which it

appears to extend on Mo(100) and far above those predicted by the hard cube model of

a fully accommodated physisorbed precursor channel. The extension of this channel to

greater Ej on the W(100) surface might be indicative of differing dynamic channels

upon the two surfaces, or a symptom of the differing adsorbate-adsorbate interactions!

and corresponding surface structures, as will be described shortly when comparing the

behaviour of H2 adsorption on the two surfaces with increasing hydrogen coverage.

Alternatively it might imply that:

a) If a dynamic precursor is responsible for the channel, the greater radial

extension of the 5d wave function of the W over the 4d of the Mo could

result in more interaction of the electron density of the substrate with the

anti-bonding orbitals of the H2, causing a greater degree of vibrational

softening to take place and creating a deeper dynamic precursor well on the

W, better capable of trapping the H2 molecules than the more shallow well

of the Mo substrate.

b) If steering is the mechanism responsible then the curvature of the PES on

W( 100).may be more suited to the steering of energetic H2 molecules than

that of the Mo(100) surface.

The So values appear in general slightly lower on W(100) (see figure 21), although

there are conflicting reports within the literature as to the magnitude of the indirect

channel on the W(100) surface, with other work showing a steeper increase in So with

decreasing E* [10]. In this case So does not entirely follow the trend displayed by the

Mo(100) surface with So values rising well above those of Mo(100) at low Ei, but this

is explained in the literature as being most likely due to a relatively large concentration

of defect sites on the surface used by the particular study enhancing the indirect

channel to dissociation [11,12].
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At low Ej hydrogen adsorption onto the W(100) surface exhibits a complex coverage

dependence. S exhibits a coverage independence or even increases with coverage (for

high and low surface temperatures respectively), this increase peaking at ~0.3ML. The

complex coverage dependence persists up until a coverage of-0.5ML, thereafter

changing to a linear type S = a(\ - 0) relationship, as illustrated in figure 22b and 22c

(below).

Figure 22: Coverage dependence of the

dissociative sticking probability ofH2 on

W(100). a) Ts=300K, Ei=63meV,

b) TS=375K, E,=BmeV, c) Ts=150K,

Ej=13meV. Taken from [11J.

Coverage

Initially attempts were made to explain this behaviour within the framework of an

accommodated indirect precursor channel. The suggestion was made that co-existing

intrinsic and extrinsic precursors might account for the complex coverage dependence

[11] (it being postulated that the adsorbed H producing a much better mass match for

the incoming H2 molecule might be sufficient to allow it to lose sufficient energy in a

collision to be able to trap into the precursor state compared to a collision with a W

substrate atom).
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Interestingly it was noted that the maximum sticking probability (Smax), caused by the

initial rise in sticking from the So value as the coverage increased, exhibited a Ts

dependence. It was suggested that the lack of Ts dependence of So and the relative Ts

dependence of Smax might be accounted for by the intrinsic and extrinsic channels

respectively, with the intrinsic channel accounting for So and being Ts independent,

and the extrinsic channel having a Ts dependence and being responsible for Smax. The

better mass match within the extrinsic channel of H2 colliding with a hydrogen adatom,

as opposed to that of the intrinsic channel where H2 collides with a W atom of the

substrate, might enhance the accommodation of energy to the surface and allow a Ts

dependence to manifest itself.

However, this picture of intrinsic and extrinsic precursors did not satisfactorily account

for all observations, with no evidence existing for precursor type trapping upon the

saturated W(100)-(lxl)H surface, scattering data revealing the collision of the H2 with

this surface to be dominated almost entirely by an elastic event [11]. Furthermore,

recent work using a surface oscillator model [30] casts some doubt as to whether mass

match is the defining factor in determining the energy exchange between incident

molecule and surface, suggesting that it is almost entirely dependent only upon the

mass of the incident molecule.

An alternative suggestion was that the complex coverage dependence displayed by

W(100) was largely due to surface structure changes induced by H adsorption.

Evidence has been presented suggesting that the complex coverage dependence is

associated specifically with adsorption into the P2 state. Using a thermal source

hydrogen has been adsorbed separately into the Pi and P2 states on the W(100) surface,

with adsorption into Pi observed to display a linear coverage dependence and P2 a clear

coverage independence [50]. Adsorption into the P2 state corresponds to the creation of

the c(2*2) structure and adsorption into Pi its destruction [16,50], with 0.5ML being

the coverage at which the c(2><2) structure disappears [6,16,51] and this corresponding

also to the disappearance of the complex, and onset of the linear, coverage dependence.
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Figure 23: The wavenumber of the symmetric stretch mode (vj as a function of

hydrogen coverage for a) W(100) andb) Mo(100) .v, depends on the local substrate

arrangement (i.e. the Mo-Mo or W-Wdimer length), with larger symmetric stretch

frequency indicative of shorter dimer length. Both (a) and (b) are taken from [6]. The

smallest dimer lengths for these reconstructed surfaces has been estimated as being

2.74 A and 2.73A for the W and Mo hydrogen induced reconstructed surfaces,

respectively [6].

The wavenumber of the symmetric stretch mode is a measure of the degree of surface

reconstruction, a larger stretch frequency indicating a more contracted dimer and hence

130



a greater degree of surface reconstruction around the hydrogen adsorption site. There is

a correlation between the change in v\ and S as a function of 9H for the H2/W(100)

system, with Smax occurring at -0.3ML, the same value at which the surface

reconstructed (as measured by in) is greatest (figure 23a). In this respect W(100)

should differ from the H2/Mo(100) system which produces the most highly

reconstructed bridge site already at the very lowest coverages (figure 23b). The

reconstruction of the Mo(100) surface for 0<9H(ML)<0.5 , sees little change in the

bridge adsorption site, a fairly consistent Mo-Mo dimer length being maintained (as

illustrated in figure 23b), the Di wavenumber varying by as much as 40cm"1 on the W

surface but by only -5cm"1 on Mo. This is coupled with Mo(100) lacking the increase

in S with 9H seen for H2 adsorption onto W(100) (figure 24).

The plot of S(9H) for the Mo(100) system displays a maximum sticking probability at

lowest coverage (i.e. Smax
=So) and exhibits an increasingly large negative gradient with

increasing coverage (see figure 24a), with no sign of the boundary that defines the

H/W(100) system, where at a particular 9H the complex coverage dependence switches

off to be replaced by a linear decrease in sticking probability with increasing coverage.

Coverage/ML Coverage /ML

Figure 24: Sticking probability ofH2 on a) Mo(lOO), and b) W(100), as a function of

coverage at low incident energy, Ei=13meV, and low surface temperature (Mo(100)

TS=165K, W(WO) Ts=150K)

It seems unlikely that this correlation between the reconstruction of the adsorption site

and behaviour of S(9) for the two surfaces is merely coincidental. Instead it appears

that changes in the sticking probability associated with the indirect channel are
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determined by the degree of reconstruction of the favoured bridge adsorption site and

the dissociation of the H2 precursor at this site.

The production of a larger substrate atom displacement around the bridge site, as the

favoured c(2><2) reconstruction is approached (analysis of IR frequency shifts putting

the smallest dimer length at 2.1 Ak and 2.73A for W and Mo respectively [6]), might

indeed produce a site where H is more tightly bound and cause a subsequent drop in

the barrier to dissociation encountered by the precursor. Figure 25 is a simplistic ID

representation of how this might be envisaged as taking place. It was estimated that an

energy of 7meV was associated with the change in the local distortion around an

isolated hydrogen (0H<O.l) on the W substrate from that experienced at -0.3ML when

the c(2><2) reconstruction is complete [16].

Precursor Well

Figure 25: A simplistic ID PES representation of hydrogen dissociative

chemisorption via a dynamic precursor trapping well, where the potential energy is

plotted as a function of the molecules perpendicular distance from the surface, R. The

dotted line represents the hydrogen atom dissociating into a less tightly bound

adsorption site and how this might result in an increase in the barrier to dissociation

experienced by the precursor (Ediss). The precursor well and dissociative adsorption

well (p) are labelled. E^ denotes desorptionfrom the atomically adsorbed state, Ejes

indicates desorptionfrom the dynamic precursor state andEjess dissociation

adsorption of the precursor. This type behaviour is the basis of the Bronstead Evans

Polonyai relationship (used to produce volcano type plots defining a catalysts relative

activity).
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The evidence presented here has strongly suggested that the coverage dependence of

the indirect channel to H2 dissociative adsorption on Mo(100) and W(100) is heavily

dependent on the surface reconstructions that take place as the hydrogen coverage of

the surface increases. This difference in S(9H) behaviour for Mo(100) and W(100) is

therefore likely to be due to the different mechanisms by which the 2 surfaces

reconstruct. The island structure of H/Mo(100) allows immediate access to the most

reconstructed dimer site, with first order phase transitions seeing islands of fully

reconstructed surface growing in size as hydrogen coverage increases, whereas the 2n

order phase transition occurring across the entire W(100) surface sees the surface only

gradually reconstructing with 0H, reaching maximum bridge site substrate atom

displacement only after substantial hydrogen adsorption has already taken place

(-0.3ML). The difference can be traced to differing adsorbate-adsorbate interactions on

the two surfaces, leading to 1st order island formation on Mo(100) but a gradual 2nd

order phase transition across the entire surface on W(100) (as discussed in detail in

section V.2.2). .

The So of H2 on the Mo(100) surface displays a negative Ts dependence at low Ej

(dS0/dTs=-4.1xl0"4 K"1 at Ei=13meV). No such dependence is observed on the W(100)

surface with So recorded as being Ts independent at this energy [11]. However

precisely this relationship is observed on W(100) for Smax(Ts), with dSmax/dTs=:-

4.1 xlO"4 K"1 at Ei=13meV. This similarity is not surprising since Smax on W(100) refers

to adsorption into the fully reconstructed bridge site, equivalent to So on Mo(100). In

fact in the case of Mo(100) So=Smax.

For H2 dissociation on both W(100) and Mo(100) Smax only displays a Ts dependence

at very low Ej (this having been already examined earlier in this chapter where

-dSo/dTs was seen to drop by V* between Ej of 13meV and 32meV). In the case of

Mo(100) this was presented as evidence of a fully accommodated physisorbing

precursor channel dominating hydrogen adsorption at low Ej. It seems reasonable for

the same conclusion to be drawn here for the channel responsible for adsorption into

the fully reconstructed bridge site of W(100), i.e. that at Ej=13meV, Smax of H2 on

W(100) is determined primarily by an indirect adsorption channel where dissociative

adsorption takes place via a fully accommodated physisorbing precursor.
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It is difficult to imagine how the degree of bridge site reconstruction could

significantly affect the initial trapping probability of the physisorbing H2 molecule.

Therefore it seems reasonable to conclude that the change in Ts dependence from the

independence of So, to the dS0/dTs=-4.1xl0"4 K"1 of Smax on the W(100) surface, is due

to a change in the partition between dissociation and desorption of the precursor.

Assuming the Ts dependence of the sticking probability into the reconstructed or

unreconstructed bridge site is determined by the partition function then the lack of Ts

dependence of So implies that in the case of adsorption of the precursor into the

unreconstructed bridge site Edes~Ediss- The ability of the bridge site reconstruction to

produce a more tightly bound H adatom and the related drop in barrier to dissociation

this might produce has been described above (illustrated by figure 25) and would fit

well with this picture, with the negative Ts dependence of Smax (according to equation

IV. 11) implying that Edes>EdiSS for H2 adsorbing into the reconstructed bridge site.

In the past the lack of Ts dependence of Hi adsorption on W(100) even at low E; has •

been offered as evidence of dynamic steering [18,52,53] or of a dynamic precursor

with virtually no energy exchange taking place between the precursor and surface [14].

However the comparison of the H2/W(100) with H2/Mo(100) and the above analysis of

the two has lead to the conclusion that a fully accommodated channel contributes

significantly to the dissociative adsorption probability of hydrogen on W(100) at

Ej<16meV and that the lack of Ts dependence is due predominantly to Edes~EdiSs within

the context of the partition equation (equation IV. 11) describing the dissociation or

desorption of the fully accommodated physisorbed H2 precursor.

Whether the degree of reconstruction of the bridge site affects the dissociative

adsorption probability via the dynamic channel might be interesting to examine. This

would be done by comparing So(Ej) with Smax(Ei) over the intermediate energy range

(roughly 32<Ej(meV)<150) at which the dynamic channel of H2/W(100) is thought to

dominate. The currently favoured picture is of a dynamic precursor dissociating at

defect sites [14]. Such a channel might be expected to remain unaffected by changes in

the substrate lattice, with defects sites likely to remain unaffected by a hydrogen

induced reconstruction of the bridge site.
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IV.5 Conclusions

The dissociative adsorption of hydrogen has been studied on the Mo(100) surface using

molecular beam techniques [54] to monitor the dependence of the dissociative sticking

probability as a function of incident energy of the H2 molecules, temperature of the

Mo(100) substrate, and hydrogen coverage.

The initial sticking probability of H2 varies non-monotonously with incident energy.

This is typical of coexisting direct and indirect channels (e.g. N2 adsorption on W(100)

[39,41,42]), with a channel spanning the low incident energies, typically associated

with indirect adsorption, seeing sticking probability drop with increasing incident

energy as it becomes more difficult for the surface to accommodate sufficient energy

for the initial trapping event to take place, and a channel coming to prominence only at

higher incident energies, associated with direct dissociative adsorption, seeing sticking

probability increase with increasing incident energy as the additional energy allows the

molecule to access non-optimised dissociation trajectories. Using the W(100) system

as a guide [14], the direct channel was determined to be non-activated, i.e. molecules

with preferential trajectories adsorb without encountering a barrier to dissociation.

A fully accommodated indirect channel exists for the dissociative adsorption of H2

molecules with low incident energy. This channel exhibits a complex coverage

dependence and substrate surface temperature dependence characteristic of a fully

accommodated indirect channel to dissociation of H2 on other transition metal surfaces

[14,48]. The surface temperature dependence is due predominantly to the partition

between desorption and dissociation of the trapped precursor.

The low energy channel extends to incident energies far above those which a collision

between the light and poorly mass matched H2 molecule and Mo surface could be

expected to accommodate via energy exchange between molecule and surface (whether

through excitation of surface phonons or the creation of electron-hole pairs). Beyond

the range of the accommodated precursor hydrogen adsorption within this low energy •

channel takes place instead via a "dynamic adsorption mechanism", either dynamic

steering or a dynamic precursor. This "dynamic" channel exhibits only a very small, or
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possibly no temperature dependence. Such behaviour would be consistent with both the

picture of dynamic steering, where the channel is essentially a direct one in which slow

moving molecules are strongly steered into orientations and sites favourable to

dissociation [49], increasing molecular velocities reducing the effectiveness of the

steering forces produced by the PES of the H2/Mo(100) system, and is also consistent

with the picture of a dynamic precursor where trapping occurs predominantly via loss

of energy to other molecular degrees of freedom (thought to be mainly rotational [26])

and loss of energy to the surface is not a requirement for trapping to take place.

When the molecular beam incident upon the Mo(100) surface is of considerably

smaller diameter than that of the face of the sample the gradual rise in background

pressure, associated with a greater fraction of H2 molecules incident upon the surface

being reflected and contributing to the overall chamber pressure, levels off and

remains relatively constant over a prolonged time period, indicating that the sticking

probability also remains constant. This behaviour, along with its dependence on beam

diameter, is offered as evidence supporting the picture of the adsorbed hydrogen being

highly mobile. This behaviour takes place at high beam energies where trapping is not

possible, as well as at low, meaning the phenomena is not associated merely with a

mobile precursor but also atomic, dissociatively adsorbed, hydrogen. The explanation

proposed is of mobile atomic hydrogen migrating across the Mo(100) surface, vacating

adsorption sites within the beams incident area, thereby allowing additional hydrogen

adsorption to take place at these sites, a steady state eventually being reached when the

rates of hydrogen migration and adsorption become equal.

A comparison of the H2/Mo(100) and H2/W(100) [10,11,12] adsorption systems leads

to the conclusion that the degree of hydrogen induced surface reconstruction plays a

crucial role in determining the fate of the accommodated precursors. The bridge site is

responsible for atomic hydrogen adsorption on both surfaces and this bridge site

reconstructs with changing hydrogen coverage. A greater degree of reconstruction (as

measured by the decrease in substrate atom separation around the bridge site [6]) leads

to a swing in the partition between desorption and dissociation of the precursor in

favour of dissociation.
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Chapter V: Hydrogen adsorption on Mo(100)-c(2x2)N

V.I Introduction

H2 adsorption on the Mo(100) surface exhibits 3 differing channels to dissociation.

Analysis of these channels is made difficult by the considerable overlap of the three,

with a dynamic channel extending to relatively high Ej, and what appears to be a non-

activated direct dissociation channel contributing to So even at the lowest Ej.

The Mo(100)-c(2x2)N surface is well documented and relatively simple to recreate.

This surface is seen to shift the direct dissociation channel present on Mo(100) up

considerably in energy while appearing to leave the accommodated/dynamic low

energy channel (which extends to Ej>60meV on Mo(100)) intact. This increase in the

barrier to direct dissociation allows the low energy channel to be studied in detail

without the results being clouded by the presence of the direct channel.

Mo(100)-c(2x2)N is also a good model for the M02N catalyst.

V.2 Literature Analysis

V.2.1 Creation and Characterisation of the Mo(100Vc(2x2)N Surface

The Mo(100)-c(2x2)N surface is well documented in the literature [1-3] and has been

shown to be a good model surface for the principal (200) surface exposed by the real

M02N catalyst in which half of the octahedral voids are filled by nitrogen atoms [1],

with M02N having been shown to display excellent catalytic activity in a wide variety

of reactions, including NH3 synthesis [4], hydrotreating [5], and CO hydrogenation [6].

The Mo(100)-c(2x2)N surface is associated with nitrogen bonding in half of all four

fold hollow sites producing a nitrogen coverage of 0.5ML [1,2].
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LEED Pattern Structure Model

Mo A No
Figure 1: The ideal LEED pattern produced upon formation of a complete

Mo(100)-c(2 *2)N surface, and the structural model that this corresponds to with

the filled circles corresponding to nitrogen adatoms having adsorbed into half of all

four fold hollow sites. Taken from [2]

The Mo(100)-c(2x2)N surface is generally reported as being produced by first dosing

>2L [3] nitrogen at low temperature (-160K) to saturate the surface, followed by

annealing to between HOOK and 1170K [2,3], this treatment resulting in a sharp

c(2><2) LEED pattern characteristic of the structure.

Initially, saturating the surface with nitrogen is reported to result in a (1 xl) LEED

pattern which persists up to a surface temperature of 1000K, with the clear c(2x2)

pattern becoming visible between 1100K and 1300K, reverting back to a (1 x l )

structure above 1300K [3]. This behaviour was interpreted as the creation of a

disordered surface upon initial nitrogen adsorption, the attainment of a c(2x2) ordered

structure with heating, in which half of all four-fold hollow sites are occupied by

nitrogen atoms (see figure 1), and finally the return to the clean surface Mo(100)

structure as Ts is raised above the point at which associative recombination of all the

four-fold hollow bonded N atoms takes place and the nitrogen is completely desorbed

from the molybdenum surface.
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A TPD study of the Mo(100)-c(2x2)N surface reveals a p desorption peak at 1310K

(figure 2). This agrees well with the observed destruction of the c(2*2) LEED pattern

above 1300K.

200 400 600 800 1000 1200 1400 1600

Temperature / K
Figure 2: A thermal desorption spectrum of nitrogen from a prepared Mo(l 00)-

c(2 x2)N surface. The small desorption peak at 930K is attributed to N desorbingfrom

areas where residual oxygen is present at the surface (taken from [3]).

V.2.2 H, Adsorption Studies on the Mo(100)-c(2x2)N Surface

Although Mo(100)-c(2x2)N has been well characterised as a surface it has yet to be the

subject of any dynamics studies. What investigations there have been have centred on

the adsorption/desorption kinetics of the system.

Zhu et al. studied the adsorption of CO and NO by use of HREELS, concluding that

both adsorb not only on the top of Mo sites, but also react with the surface N sites [2].

More interesting to this study is the work of Bafrali and Bell and their use of TPD to
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elucidate the sticking coefficients and maximum adsorption capacities of H2 and NH3

on the Mo(100)-c(2x2)N surface [1]. Their comparison of TPD studies of hydrogen

adsorption on the clean Mo(100) and the Mo(100)-c(2x2)N surfaces shows a reduction

in the hydrogen adsorption peaks associated with the bonding at bridge sites upon the

Mo(100) surface (figure 3), indicating that nitrogen adsorption induces blocking of

these adsorption sites.

600

3 400
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a)4.0L
b) 2.0 L
c) 1.0 L
d) (>.
c) 0.2 L

100

200 -

3 0 0 5 00
T (K)

700
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120 -

8 0

100 J00 500 700 900

FIGURE 3: a TPD of hydrogen desorption for varying doses of hydrogen (given in

langmuirs, L) from a) the Mo(100) surface, and b) the Mo(100)-c(2*2)N surface

(taken from [1]). Note all Mo(100) peaks observed here by Bafrali and Bell are ~50K

lower than those observed by myself (chapter IV.3.2) and others [7].
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Bafrali and Bell observe a drop in saturation hydrogen coverage from 2.0ML on clean

Mo(100) to approximately 0.5ML on Mo(100)-c(2x2)N [1]. It is hard to envisage

bridge site bonding resulting in 0H(sat)=O.5ML while nitrogen occupies half of all four-

fold hollow sites since if the presence of a nitrogen atom in an adjacent four-fold

hollow does not affect the ability of a bridge site to accommodate adsorbed hydrogen

then the surface should saturate at 6H=2.0ML, and if the presence of an adjacent

nitrogen does then the saturation coverage should be expected to be OML. Applying

this argument to the atop site also would result in a saturation coverage of either 0 or

1 .OML. The simplest adsorption site to envisage providing saturation coverage of

0.5ML would be for hydrogen to adsorb in the remaining vacant four-fold hollow sites,

those unoccupied by nitrogen atoms.

The similarity of the |3 hydrogen desorption peaks, reported by Bafrali and Bell [1],

from Mo(100)-c(2x2)N with those of Mo(lOO) is not in accord with a change in

adsorption site. It is therefore possible that the peaks observed in their TPD study are

only the remnants of the clean surface bridge adsorption sites, perhaps due to an

incomplete c(2><2) structure with some areas of the molybdenum surface remaining

clean of nitrogen and allowing hydrogen bridge bonding to take place, or that they are

due to hydrogen desorbing from residual defect sites at which relatively unperturbed

molybdenum sites might be exposed. A TPD examining hydrogen desorption from the

W(100)-c(2x2)N surface, where the same change in adsorption site is reported (from

the bridge of the clean W(100) [8,9] to the four fold hollow of W(100)-c(2x2)N [10]),

reveals a new desorption peak occurring at -150K [10], associated with hydrogen

desorbing from the c(2x2)N structure, this peak being considerably lower than the

400<Ts(K)<600 peak range reported for desorption from the W(100) surface [11], The

TPD of Bafrali and Bell for H2 desorption from Mo(100)-c(2x2)N [1] is only recorded

for Ts>200K and would not have registered a new desorption peak should it have

occurred at a similarly low temperature on the Mo(100)-c(2x2)N surface as was seen

fortheW(100)-c(2x2)N.
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V.2.3 A Comparison of the Mo(100)-c(2x2)N and W(100)-c(2x2)N

Surfaces

Nitrogen adsorption on the W(100) surface at room temperature results in a stable P2

state associated with the c(2><2) structure and a less stable Pi state above 0.5ML. The

c(2><2) pattern is most clearly identified at 8H=0.5ML and, similar to the

Mo(100)-c(2x2)N surface, corresponds to nitrogen occupying half of all four-fold

hollow sites. The origin of the Pi state is, however, somewhat unclear.

The specific W(100)-c(2><2)N surface is produced in a very similar manner to that

already described for the production of an Mo(100)-c(2x2)N surface; a prolonged N2

dose, followed by annealing the surface to a temperature just below that at which the

principal P peak (in this case the P2) begins to desorb, producing a sharp c(2x2) LEED

pattern [12]. On the tungsten surface this anneal corresponds to removal of the Pi

adsorbed nitrogen.

No equivalent Pi state has yet been observed on the molybdenum surface. Ren and

Zhai [3] did observe a small peak to appear at 93 OK, a few hundred K lower than the P

peak responsible for the c(2x2) structure of Mo(100)-c(2x2)N (see figure 2), but

suggested instead that this peak might be related to nitrogen desorbing from residual

oxygen contaminants on the surface. The peaks observed were positioned at 93 OK and

1310K, and interestingly the relative position of one peak with respect to the other is

much the same as was seen to be the case for the Pi and P2 nitrogen desorption peaks

from the W(100) surface, these being observed at 1080K and 1450K respectively. It

remains unclear whether the small peak observed by Ren and Zhai on Mo(100) is

merely due to oxygen contamination or whether it might relate to the Pi peak of

N/W(100) and be characteristic of desorption from uncontaminated Mo(100)-N

surface. However, it is clear that many similarities exist between the Mo(100) and

W(100) nitrogen adsorption systems, including each having two low temperature

physisorption (y) peaks (corresponding to the normal and parallel orientations with

respect to the surface) [2,13], the position of the principal P peak and therefore the

strength with which the nitrogen is bound to the surface, the four-fold hollow

adsorption site occupied by nitrogen at 0N<O.5ML, and the c(2x2) LEED pattern
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associated with the nitrogen layer at 9N=0.5ML coverage, so it might perhaps be

surprising if a state equivalent to the Pi of N/W(100) did not also exist for the

N/Mo(100) system. The Pi state of nitrogen on W(100) is reported to become occupied

only after high nitrogen exposure [14] and perhaps for this reason it has not yet been

observed on molybdenum during studies directed at producing only the Mo(100)-

c(2><2)N surface, this structure requiring just a 0.5ML nitrogen coverage.

Whereas no study of the dynamics of hydrogen adsorption onto the Mo(100)-c(2x2)N

has previously been made, a brief dynamics study of adsorption onto the

W(100)-c(2x2)N surface does exist, with a supersonic molecular beam having been

used to probe the behaviour of the initial sticking probability of the H2 as a function of

its incidence energy [10]. As has already been shown to be the case on Mo(100)

(chapter IV), on W(100) the overlap of the direct channel with the accommodated and

dynamic channels for hydrogen adsorption made the precise contribution of the low

energy channels difficult to determine [11], but, upon adsorption of nitrogen to create

the W(100)-c(2x2)N surface, the barrier to direct dissociation of H2 was shifted to

sufficiently high Ej so as to be well removed from the accommodated and dynamic

channels, apparently without significantly diminishing the size of the lower energy

channel. No evidence of a direct channel to hydrogen dissociation on W(100)-c(2x2)N

was observed even at incident energies as high as 200meV.

Hydrogen adsorption onto the W(100)-c(2x2)N surface was seen to result in a

saturation coverage of-0.5ML [10], the same value as was observed for the

molybdenum equivalent [1], suggesting the same adsorption site to be responsible on

both surfaces. Ab initio calculations of the PES of H/W(100) determined the bridge to

be the most favourable site for atomic hydrogen adsorption, with a calculated

adsorption energy of 1.9eV / molecule [15], in agreement with experiment, and with

non activated routes to desorption existing for this site. The next most favourable site,

just 0.4eV higher in energy, was calculated as being the four-fold hollow [15]. As has

already been suggested regarding hydrogen adsorption onto a Mo(100)-c(2x2)N

(chapter V.2.2), a saturation coverage of 0.5ML would appear to make the four-fold

hollow the obvious candidate for the adsorption site, with hydrogen adsorbing into the

fourfold hollows unoccupied by N atoms producing exactly this coverage.
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A TPD study of H/W(l 00)-c(2*2)N was seen to exhibit an almost complete

suppression of the desorption peaks associated with hydrogen desorption from the

clean W(100), accompanied by a new desorption peak at a much lower Ts (-150K)

[10] (as has already been mentioned). There is a correspondence here between thet

decrease-in activation energy for desorption (associated with the desorption

temperature seen in the TPD) and the increase in the minimum potential energy barrier

to direct dissociation between W(100) and W(100)-c(2x2)N (associated with the

incident energy at which the direct channel first begins to manifest itself), a trend

observed also for the H2/W(100)-c(2x2)Cu adsorption system [16]. There appears to be

a proportional relationship between the activation energy for desorption and the

activation energy for direct dissociation, with the W(100)-c(2x2)N surface exhibiting

the lowest temperature desorption peak and greatest barrier to direct dissociation, the

W(100)-c(2x2)Cu a desorption peak at a higher temperature and lower direct

dissociation barrier, and the clean W(100) the highest temperature desorption peaks

while only exhibiting a very small (or possibly non-existent) barrier to direct

dissociation (figure 25 of chapter IV presents a simplistic picture of how this might be

envisaged as taking place).

No such lower temperature absorption peak was observed by Bafrali and Bell in their

study of the H/Mo(100)-c(2x2)N system [1], however, it is possible that they were

unable to search to low enough temperatures, with the TPD beginning only at -200K

(the hydrogen desorption peak of the H/W(100)-c(2x2)N system being observed to

appear at -150K [10]). Given that the barrier to direct dissociative adsorption of H2 on

the Mo(100)-c(2x2)N surface appears to be shifted upwards in energy from that

experienced by hydrogen adsorbing on the clean Mo(100) (this shift being examined

shortly), in a manner similar to that observed for the equivalent W surfaces, it seems

reasonable to expect a corresponding fall in the activation energy for hydrogen

desorption, as is observed to take place between the equivalent W surfaces. It therefore.

seems reasonable to expect that a desorption peak should be present at lower

temperatures than those observed for hydrogen desorption from the Mo(l00).
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V.3 Results

V.3.1 Summary

The method for the production of the Mo(100)-c(2x2)N surface is detailed. During the

creation of this surface a new nitrogen adsorption site labelled Pi is observed.

Comparisons are drawn between this state and the pi of the N/W(100) system.

Hydrogen adsorption on to the Mo(100)-c(2x2)N surface is monitored as a function of

incident energy, surface temperature and hydrogen coverage, and comparisons are

drawn between this data and the equivalent data from hydrogen adsorption on the clean

Mo(l00) and the W(100)-c(2x2)N surfaces.

V.3.2 Creation of the Mo(100)-c(2x2)N surface

The Mo(100)-c(2x2)N structure was produced by first dosing nitrogen on to the

surface at low temperature (-160K) to produce 0N>O.5ML. This was followed by a

1170K anneal, this being observed to produce a c(2x2) LEED pattern, this pattern

being characteristic of the Mo(100)-c(2x2)N structure. This method is the same as that

followed by Ren and Zhai [3] and Zhu et al. [2].

High purity nitrogen (99.999% pure N2) was introduced to the chamber either from a
c

pure nitrogen beam or via gas doser a few centimetres from the crystal pointed directly

at its front face. When using the beam the large aperture was used to ensure a beam

diameter equal to that of the molybdenum sample. Subsequent desorption of nitrogen

from the Mo(100) surface has been monitored via TPD analysis, the results of which

are shown in figure 4 for a variety of coverages.
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Figure 4: TPD of Nj from the Mo(100) nitrogen covered surface taken at a range of

coverages (recorded in ML). The surface displays 3 peaks, one y peak at -205K and

two ft peaks, Pi at -1080K and p2 at -1320K. The coverage values listed refer to

atomically adsorbed nitrogen only, the presence (or lack) of the y peak being

clouded by the inaccuracy of the temperature recording at the lowest Ts,, the W3

type thermocouple being tailored to measuring high temperatures and not sub 0°C

values, and the close proximity of the peak to any contribution to desorption from

the heating wires (desorption from the heating wires occurring due to the use ofEB

heating, where a spiral filament behind the sample is heated in order to eject

electrons with which to bombard, and thus heat, the sample, this heating method

also being tailored to producing the high temperatures required to clean the surface

rather than producing the gradual rise from low temperatures required for the

production of an accurate TPD).

Two atomically adsorbed states of nitrogen are present on the Mo(100) surface,

labelled pi and P2, corresponding to desorption peaks observed at -1080K and

-1320K, and one molecularly chemisorbed state labelled y, corresponding to the

desorption peak at -205K. This is the first time (to the best knowledge of this author)

clear evidence for the pi state has been presented. The P2 peak observed here has been
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previously characterized in the literature [3] and is associated with a c(2><2) structure

with nitrogen bonding in half of all four fold hollow sites giving a saturation coverage

of 0.5ML [2,17]. The position of the P2 peak, observed here as being at 1320K, is in

good agreement with that reported in the literature of 131 OK [3]. Table 1 makes a

comparison between the various temperatures recorded for nitrogen desorption peaks

from W( 100) and Mo( 100).

The ratio between pi and 02 for the W( 100) surface was reported as being 2:3 (although

this measurement was made while noting that it was limited by the maximum dose

possible without introducing surface contamination and not necessarily a saturation

value) [14], and this is close to the saturation ratio of ~1:1 recorded here for the

Mo(100) surface. In fact the structure model proposed by Sellidj and Erskine [13] for

the saturated W(100)-N surface, based on EELS and LEED measurements, does

predict a 1:2 ratio (i.e. 50%) between the Pi and P2 states. This ratio equates to a

0.75ML saturation coverage of atomic nitrogen on the Mo(100) surface (based on the

saturation of Pi being known to equate to a coverage of 0.5ML [2,17]).

The Mo(100)-c(2x2)N structure has in the past been reported as being produced after

N2 adsorption and subsequent anneal to HOOK or 1150K ([3] and [2] respectively).

The TPD of figure 4 indicates that heating to around these temperatures will tend to

remove the Pi peak while leaving the P2 nitrogen untouched. Indeed, by heating the

crystal surface to 1170K the Pi peak was seen to be completely removed while leaving

the P2 peak entirely intact (see figure 5). This was confirmed by examining the ratio of

the integral of the Pi state (figure 5b) and the P2 state, with the Pi state being initially

desorbed, followed by a TPD, performed after re-cooling the surface, that removed the

P2 peak (figure 5c). Comparison of the TPD finds the P peaks to retain very close to a

1:2 ratio. It is also noted that after annealing to 1170K for a few seconds the Pi peak

does not return. This indicates there is no transfer from the P2 to Pi state during heating

as was also noted to be the case for nitrogen adsorbed upon the W(100) surface [12].
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Figure 5: Calculation of the area encompassed by p, and ft'2 after a saturating dose of

N2 (-240L). In figure (a) a multiple lorentzian peak fit finds P/ to be 0.46 of the size of

@2- Figures (b) and (c) use a Lorentz peak fit area calculation to determine the areas

of the Pi and P2 desorption peaks respectively, the TPD plotted in (c) being performed

directly after the TPD shown in (b) has removed Pi. The ratio remains approximately

constant with the isolated Pi peak having an area 0.49 that of the isolated P 2.

In the case of W(100) the c(2><2) structure has also been associated with the removal of

a Pi state[12]. In the case of a W(100) substrate, annealing the nitrogen covered surface

to temperatures just above the Pi desorption peak was noted to result in the formation
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of large domains of the perfect c(2 ><2) structure via inter-island coalescence

eliminating out-of-phase boundaries. >

As reported in the literature, saturating the Mo(100) surface with nitrogen was seen to

result in a (1 x 1) LEED pattern. Removing the physisorbed nitrogen by anneal to 650K

was seen to leave this (1 x 1) pattern intact, while an anneal to 1170K was seen to result

in the production of a c(2x2) structure. This also compares well with the literature,

where Ren and Zhai [3] observe a (1 xl) pattern upon saturation at low temperatures,

and the (1 x 1) pattern persisting up to a surface temperature of 1000K, with a clear

c(2x2) pattern then becoming visible between 1100K and 1300K, this c(2x2) reverting

back to a (1 x l ) structure above 1300K, presumably corresponding to the associative

desorption of the nitrogen from the P2 state on the surface at around this temperature.

Substrate

Mo(100)

Mo(100)

Mo(100)

Mo(100)

W(100)

W(100)

y / K . :

-155 (2 states)

170 & 180

Pi/K

1080

930?

860

1080

B 2 /K

1320

1310

1300-

1450 *

1450

Anneal temp, to

produce c(2x2)N/K

1170

1150

1100-1200

1173

900

1020

Reference

This thesis

[2]

[3]

[1]

[13]

[12]

Table 1: Comparison of data currently available examining nitrogen desorption

temperatures from the Mo(100) and W(100) surface. (* temperature of desorption

peak maximum is dependent on coverage) .

Although the pi peak has not been previously reported, its.existence is hardly

surprising given the observation of a Pi state appearing on W(100) after high nitrogen

doses [12, 18] and taking account of the various other similarities observed to be

present between the two surfaces [19] (as discussed above in section V.2.3).
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The saturation of the P2 peak associated with the c(2><2) surface, and the creation of the

complete Mo(100)-c(2x2)N surface, was determined by calculating the amount of

nitrogen desorbed during a TPD following an anneal to 1170K to remove all nitrogen

from the surface not involved in the c(2><2) structure (see figure 6).
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Figure 6: Nitrogen desorbed from fi2 peak during a TPD as a function of the dose

time. Nitrogen is dosed using a pure N2 beam, the beam diameter being set to

approximately the same of that of the crystal, and the crystal then annealed to 117 OK

to remove the /3j peak and produce the c(2 *2)N surface structure. The data is fitted

with an exponential rise to illustrate the dose required to produce the complete

c(2 x2)N structure.

350

Zhu et al. report saturation to take place after a >2L dose of nitrogen at low surface

temperatures [2]. Saturation of the P2 state, and subsequent creation of the complete

Mo(100)-c(2x2)N surface by annealing, was seen to take place here after a 20 second

dose of pure N2 from the molecular beam. This is approximately equivalent to a 10L

dose.
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V.3.3 The adsorption site of Hydrogen on the Mo(100)-c(2x2)N

surface

By integrating the area mapped out by the curve defining the hydrogen partial pressure

as a function of time, from the point at which the flag is opened to the point at which

the surface saturates, a measure is obtained, of the amount of hydrogen adsorbed in

order to saturate the surface upon which the beam is incident. By using the large beam

diameter on each surface and comparing the results a ratio of 0.23 is obtained between

the hydrogen adsorbed to saturate the Mo(100)-c(2x2)N surface and that which

saturates the clean Mo(l 00) surface. Taking the saturation value of hydrogen on

Mo(100) as 2ML, as has already been well established in the literature [7,20], this

gives a value of 0.46ML as the saturation coverage of hydrogen on the Mo(100)-

c(2><2)N surface, a value within reasonable agreement with the approximate 0.5ML

reported by Bafrali and Bell [1].

Arguments have already been put forward regarding the adsorption site of hydrogen on

the Mo(100)-c(2x2)N surface (section V.2.2), with the four-fold hollow being expected

to be the second most stable adsorption site on the Mo(100) surface (from comparison

with theoretical calculations performed for the very similar H/W(100) system [15]) and

nitrogen adsorption appearing to block adsorption into the more stable bridge site [1].

Also, unless a complicated restructuring of the surface takes place (something not

observed by any studies), this saturation coverage of 0.5ML for hydrogen adsorption

on a (100) surface, where nitrogen is present in half all four fold hollow sites, can only

reasonably correspond to adsorption into the vacant four fold hollows.

As has also been discussed previously (section V.2.3), this change in adsorption site is

expected to be accompanied by a drop in the strength of the hydrogen atoms' bond to

the surface corresponding to a drop in the temperature required to desorb the

atomically bound hydrogen from the surface. The temperature of this hydrogen

desorption peak (from the Mo(100)-c(2x2)N surface) is somewhat uncertain. Bafrali

and Bell [1] report two peaks at -365K and -535K, however it is suggested here that

these peaks might correspond merely to hydrogen desorption from remaining areas of

clean Mo(100), perhaps from defect/step sites, there being little shift in the peak
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positions from those observed for H2 desorbing from the clean Mo( 100), and that the

true peak(s) representing hydrogen desorbing from the Mo(100)-c(2x2)N might be out

of the temperature range examined by their TPD (i.e. <200K), perhaps at a similar

temperature to the -150K reported for hydrogen desorption from the W(100)-c(2x2)N

surface [10].

V.3.4 Dependence of Sn on Incident Energy

The creation of the Mo(100)-c(2x2)N was seen to act to remove from the energy range

examined (<80meV) the large direct channel to hydrogen dissociative adsorption

which was observed to be present upon the clean Mo(l 00) surface (see chapter IV).

The removal of the direct channel to dissociation on the Mo(100)-c(2x2)N surface sees

So continuing to drop with increasing E;, So falling from -0.4 at 13meV to <0.1 by

~70meV. The reach of this channel(s) appears to be close to equal that of the low

energy channel on the Mo( 100) surface (figure 18 chapter IV), So on Mo( 100) ceasing

its decline and beginning to increase between 70 and 80meV indicative of the low

energy channel disappearing at around this energy. The magnitude of S0CH2) on

Mo(100)-c(2x2)N across the given energy range also appears comparable to what

might be expected upon the Mo(100) surface were the direct channel contribution to So

to be removed. It might appear that the So values associated with the low energy

channel(s) are slightly lower on the Mo(100)-c(2x2)N than on Mo(100), with So at the

lowest recorded E; (13meV) measured as being -0.55 on Mo(100), while only -0.4 on

Mo(lOO)-c(2x2)N, however the non-activated nature of the direct channel means that

its contribution may still be sizeable at even this low E; and might account for some or

all of this difference in the So values recorded for the two surfaces.

155



0.0
0 20 40 60

Beam Energy / meV

Figure 7: Initial sticking probability ofH2 on Mo(100)-c(2 *2)N as a function of

incident energy. TS=165K, <p=0°. The blue square represent data taken using an

argon seeded beam, red circles represent data taken using a helium seeded beam.

Error calculations are made in the same manner as with the H2/Mo(100) system (see

chapter IV.3.4). The errors on So are estimated to be +/- 0.02, double the size

calculated for the H2/Mo(100) surface. This is perhaps unsurprising since whereas the

accuracy of the measurement upon Mo(100) was predominantly dependent upon

achieving a clean surface, a contaminated surface tending to result in a reduced initial

sticking probability, an accurate measurement of So on Mo(100)-c(2x2)N not only

requires the production of this initial clean Mo(100) surface before nitrogen dosing

takes place, but also the subsequent removal of sufficient nitrogen to produce the

perfect c(2><2) structure. If the surface is annealed to slightly too high a temperature

loss of nitrogen from the 02 adsorption state will tend to result in an increased So,

whereas annealing to too low a temperature may fail to remove all the Pi state nitrogen,

and this was seen to tend to result in a decrease in the So value.
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The presence of nitrogen adatoms on the Mo(100) surface provides a better mass-

match for the incident H2 molecule than a substrate atom from the clean Mo(100).

Typically this improved mass match is expected to enhance energy exchange between

projectile and surface, and thereby increase the accommodated trapping probability at a

given Ej.

V.3.5 Dependence of Sn on Surface Temperature

On the Mo(100)-c(2x2)N surface, at Ej=32meV, an increase in Ts is seen to correspond

to a decrease in So of H2 within the temperature range 165<Ts(K)<430. The gradient is

seen to vary somewhat across this temperature range, with So beginning to drop less

rapidly as Ts rises above 300K. Across the range 165<Ts(K)<3 00 the gradient appears

to remain relatively constant and is calculated as being ~1.4*10"3 K"1 an order of

magnitude larger than the gradient recorded at the equivalent Ej for H2 adsorption on

the nitrogen free Mo(100) surface (1.4xlO"4 K"1, see chapter IV.3.5).
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The route to dissociative adsorption of H2 thought to be responsible for the decrease in

So with increasing Ej on various metal surfaces (including W(100) [11],

W(100)-c(2x2)Cu [16,21], Pt(533) [22,23], Pd(l 11) [24,25]) is predicted to encompass

a dynamic channel to accompany the classical accommodated precursor channel. The

dynamic channel (whether steering or precursor) is typically described as having little

or no Ts dependence (e.g. W(100) [11]). The removal of the direct channel to

dissociation from the Ej range over which this dynamic and/or accommodated channel

is seen to fall off might be expected to allow the identification of a temperature

independent dynamic channel, if present, from the temperature dependent

accommodated channel. This was searched for by comparing the variation of So(Ej) on

the Mo(100)-c(2><2)N surface of two temperatures at opposite extremes of the range

over which the So is seen to fall (i.e. at 165K and 302K, see figure 8). Upon the

H2/Mo(100) system two So(Ej) plots taken at differing Ts were seen to converge (figure

10 chapter IV), but, due to the overlap of the direct channel, it was unclear whether this

158



convergence occurred because of the disappearance of merely the accommodated

channel (indicating a temperature independent dynamic channel) or whether the

disappearance of both the dynamic and accommodated channel was required for the

convergence of the plots. No convergence of the two sets of So(Ej) data points taken for

H2/Mo(100)-c(2x2)N system was seen to occur until So—>0.

0.0
30 50 60

Beam Energy / meV

Figure 9: Initial sticking probability ofH2 on Mo(100)-c(2*2)N as a function of

incident energy. Ts=160K (black circles), Ts=302K (red triangles). <p=0

70

At 72meV what little sticking remains was not seen to exhibit any more than the very

most minimal of temperature dependencies. The small magnitude (So<O.l) and Ts

independence of the initial sticking probability at this beam energy might imply direct

sticking taking place on small areas of unperturbed Mo(100), perhaps at defect sites.
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Figure 10: Initial sticking

probability ofH2 on

Mo(100)-c(2x2)N as a

function of surface

temperature, q>=0, '

Ej=72meV. Barely any T$

dependence is apparent

given the size of the

predicted errors.

V.3.6 Dependence of S on Hydrogen Coverage (8g)

At both Ej=13meV and 32meV a complex coverage dependence clearly exists. This is

illustrated in figure 11 by the plots of S(0H), in both plots the sticking probability at

first remaining relatively unaffected by changes in coverage, with the value of S then

beginning to drop as 0H increases, and this drop becoming more and more rapid as 0H

increases towards saturation coverage. This is consistent with an adsorption

mechanism where the molecule does not require a vacant site for the initial trapping

event to occur.
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Figure 11: Sticking probability ofH? on Mo(100)-c(2*2)N as a function of

hydrogen coverage for E, = 13meV and E,=32meV. Ts=165K, (p=0°, and saturation

coverage is 0.5ML.

V.4 Analysis

V.4.1 Dependence of Sn on Incident Energy

The initial sticking probability of H2 adsorbing on to the Mo(100)-c(2x2)N surface was

observed to fall as Ej was increased from an initial value of 13meV, and to continue to

decrease across the full range of measured incident energies (Ej<72meV). Such

behaviour is consistent with the removal of the direct channel be present for the

H2/Mo(100) system across this range of Ej, i.e. the presence of nitrogen on the

Mo(100) surface has shifted the barrier to direct dissociation upwards in energy,

shifting the start point of the direct channel to Ej above the examined range where it no

longer overlaps with the lower energy channel(s).

This removal of the direct channel overlap allows a more detailed examination of the

lower energy channel(s). The expression "low energy channel" describing the decrease

in So with increasing Ej, seen to occur here between 0 and ~70meV, is used at present,

in preference to referring to the indirect channel(s), to account for the possibility of a

dynamic steering channel (an essentially direct type channel) making a contribution.
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Upon Mo(100) this low energy channel, reaching to higher Ej than could be explained

by a fully accommodated precursor channel, was interpreted in terms of a dynamic

(either steering or precursor) channel (chapter IV.4.1) acting in conjunction with a

classical indirect accommodated physisorption precursor channel. Such an

interpretation has also been suggested for hydrogen adsorption onto the Pt(533) surface

[22]. However, in the case of H2 adsorption on Mo(100)-c(2x2)N the reach of the

channel to high Ej cannot be automatically equated to the coexistence of a fully

accommodated and a dynamic channel. The presence of nitrogen adatoms on the

surface may considerably .enhance the accommodated indirect channel, and whether

this enhanced accommodated channel could account for significant sticking taking

place up to almost 70meV must first be investigated.

A hard cube fit describing H2 accommodated trapping upon a clean Mo substrate

estimated the trapping probability to approach 0 by ~30meV (figure 9b chapter IV),

this fell well short of what is required to account for the reach of the low energy

channel of H2 on the Mo(100)-c(2x2)N surface (up to ~70meV). Nitrogen adatoms,

however, provide an enhanced mass-match for the light H2 projectile from that

provided by the considerably more massive molybdenum substrate atom and,

incorporated into the hard cube calculation, results in an increased predicted trapping

probability for a given E;.

Figure 12 plots the S0(Ei) data measuring H2 adsorption on the Mo(100)-c(2x2)N

surface alongside hard cube trapping models for a variety of different effective surface

masses. The effective surface mass allows the hard cube calculations to model the

collision between incident particle and single surface atom, the atom often being

allocated an increased mass to account for the collective response of the surface lattice

during the collision. This scheme pictures the colliding particle as generating an

impulse during the collision time, the impulse being a displacement of the crystal

lattice positions propagating into the substrate lattice. It has been suggested [26] that

the effective surface mass may be considered as being proportional to the distance

which the impulse propagates into the lattice during the collision time, and hence

proportional to the interaction time itself, which is in turn dependent upon the incident

molecules velocity (a smaller velocity resulting in a longer interaction time). Typically

the number of atoms expected to be involved might be between 1 and 5, with the
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effective surface mass sampled converging towards 1 surface atom for very fast

projectile molecules (i.e. very light or high energy molecules). Although the molecules

here fall within the low energy regime hydrogen is a very light molecule and therefore

will be expected to sample only a relatively small surface mass close to the value of a

single surface atom.
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Figure 12: Comparison of the S0(Ej) values for TS=165K, obtained via molecular beam

K&W [27] type sticking, for H2 adsorption on Mo(100)-c(2x2)N, and hard cube

model trapping probability predictions for a variety of effective surface masses (with

a well depth of 30meV, typical of a physisorption well for H2 on a metal surface). The

comparison is made with the proviso that the hard cube model only determines the

trapping probability and that not all trapped molecules necessarily go on to

dissociatively adsorb.

120

Initial indications are that the Mo(100)-c(2x2)N surface, as modelled by a hard cube

calculation for the hydrogen interacting with a single N atom or a single Mo atom (the

factor 1/3 and 2/3 accounting for the relative concentration of each at the surface),

might well account for the low energy channel purely in terms of an accommodated

precursor channel. This model is at the limit of the effective surface mass being equal
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to the mass of a single surface atom, and the actual effective mass encountered by the

H2 is likely to be somewhat larger, resulting in lower trapping probabilities than those

calculated here. It should also be noted that the hard cube model only accounts for the

initial trapping event and any direct comparison between hard cube model and initial

sticking probability data is making the assumption that all initially trapped molecules

will go on to dissociate. The reality may be somewhat different, with a partition

function (see equation V.5) defining the fraction of trapped molecules that go on to

dissociatively adsorb. In the case of H2 on both Mo(100) and Mo(100)-c(2x2)N the

drop in So with increasing Ts suggests the barrier to dissociation experienced by the

precursor is smaller than the barrier to desorption, and in this case S—>̂  as Ts—»0.

However at 165K (the Ts for which the So(Ej) data have been recorded) some fraction

of the trapped molecule would still be expected to desorb as oppose to going on to

dissociatively stick. Furthermore the presence of nitrogen is seen to alter the desorption

site, the change in site from bridge to four fold hollow being accompanied by a

reduction in bond strength (i.e. a shallower dissociative adsorption well). A more

shallow dissociation well will tend to result in an increase in the barrier to dissociation,

which, according to the partition function, would act to decrease the fraction of trapped

molecules going on to dissociate. These considerations should emphasis the idea that

although the hard cube model does serve as a good indicator, it cannot be relied upon

here as definitive evidence of the accommodated channels ability to alone account

entirely for the decrease in So, with increasing Ei, of H2 on the Mo(100)-c(2x2)N

surface occurring up to, Ej~70meV.

Alternatively to the hard cube model the improvement in energy exchange could also

be envisaged in terms of an improved interaction time of the H2 with the surface. The

important role played by interaction time between projectile and surface was

highlighted in a recent paper by Busnengo et al. [28] examining the interaction of H2

with Pd surfaces using a surface oscillator model (as oppose to the rigid surface model

commonly used to examine the PES of a H2-metal system where energy exchange with

the surface is neglected). The simulation changed the mass ratio either by increasing

the mass of the projectile (from H2 to D2 or T2) or by reducing the mass of the surface

atom (while maintaining the surface oscillator vibrational frequency). If mass-match

were to be the only defining factor in determining energy accommodation to the

surface then a change in dissociation probability should be independent of whether it is
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the surface mass or projectile mass which is altered. This was not found to be the case,

with the calculations instead revealing little change when altering the surface mass

value (which will alter the mass ratio while having little effect on the interaction time),

but considerable change when changing the mass of the projectile molecule (a change

that will alter considerably the evolution time of the molecule-surface collision and

therefore change the overall interaction time of the molecule and surface). The

conclusion drawn was that it was the time-scale of the interaction and not the mass

ratio that was the main factor in determining the degree of energy exchange taking

place between the molecule and surface.

The addition of nitrogen adatoms to the Mo(100) surface significantly alters the

vibrational frequency (and therefore time period of vibration) of the surface atom

which the H2 projectile encounters. HREELS has been used to elucidate the surface

phonon mode for a Mo surface (250 cm'1) [29] and the stretching vibration mode of

Mo-N(512cm-1)[2].

Equation V.I defines the relationship between wavelength (and hence wavenumber)

and vibrational frequency (i)fi-eq).

vfreq=j (V.I)

The time period of a vibration being l/ufreq, thus giving a time period of vibration of

1.3xlO'13 s for a Mo atom from the clean Mo(100) surface, and of 6.5x10"14 s for aN

atom from the Mo(100)-c(2x2)N surface.

An estimate of the evolution time of the projectile molecule-surface collision is made

assuming a distance of 0.5 A over which the interaction takes place (roughly equivalent

to the repulsive portion of the PES encountered by an incoming molecule), with the

evolution time (t) being equal to this interaction distance divided by the velocity of the

projectile molecule (v). The velocity being calculated as follows:

E = \l2mv2
rms (V.2)
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V =
rms

(V.3)

The interaction time for a 40meV beam thereby calculated as being ~3><10"14 s for H2.

Figure 13 illustrates how the change in substrate from Mo(100) to Mo(100)-c(2><2)N

can result in a time period of vibration much closer to the evolution time of the H2

projectiles collision with the surface. This would result in an enhancement in the

overall interaction time of the molecule and the surface and is therefore predicted to

enhance the energy exchange taking place between molecule and surface. In figure 13

the evolution time for an N2 molecule has been included to illustrate how the increased

mass of the projectile acts to greatly increase the evolution time.
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Figure 13: The evolution time of the molecule surface collision for a H2 and N2

projectile are plotted alongside the time period of vibration of an Mo substrate atom

of the clean Mo surface and a N adatom of the Mo(100)-c(2 x2)N surface.

Were a classical accommodated channel to account entirely for the low energy channel

observed <70meV for H2 adsorption upon the Mo(100)-c(2x2)N surface it would also

be necessary for the presence of the c(2><2)N structure on the Mo(lOO) surface to

account for the disappearance of the dynamic channel.
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Two possible dynamic channels were suggested for H2/Mo(100), dynamic steering or a

dynamic precursor. A steering channel is typically thought to require a non-activated

path to dissociation to be present and, although such a path appears to be present on the

H2/Mo(100) PES, it is clearly not for H2/Mo(100)-c(2x2)N where the initiation of the

direct channel is seen to shift to Ej>70meV. Because of this the disappearance of a

dynamic steering channel is easy to account for and would, in fact, be expected. The

disappearance of a dynamic precursor channel is somewhat more complicated to

account for, with PES requirements of a dynamic precursor channel being somewhat

more subtle. Generally the dynamic precursor is thought to require a substantial

dynamic well due to a lowering of E°Vjt, as the molecule approaches the surface, a late

barrier (to allow access to this dynamic well), and a PES which encourages the

molecules momentum normal to the surface to be converted into other molecular DOF.

No detailed study of the PES of the H2/Mo(100)-c(2x2)N has been performed,

however the presence of the dynamic well formed by the lowering of E°Vib requires a

significant softening of the intra-molecular bond to take place. This softening occurs as

the antibonding orbitals of the H2 molecule shift downwards in energy as the surface is

approached and the metals d-band electrons begin to interact with them as the bond

with the surface begins to form [30]. The presence of nitrogen at the surface is likely to

act to reduce the d-band electron density at the surface and hence might reduce the size

of the dynamic well.

The alternative to the picture of a greatly enhanced accommodated channel being

responsible for the reach and magnitude of the low energy channel observed on the

Mo(100)-c(2x2)N surface, is of a low energy channel relatively unaffected by the

presence of the nitrogen adatoms within the c(2><2) structure. The similarities in the

magnitude of the So, and the energy range encompassed, by the low energy channels of

H2/Mo(100) and H2/Mo(100)-c(2x2)N has already been noted (section V.3.4), and

could be interpreted as a good indication that the presence of nitrogen adatoms on the

Mo(100) surface acts only to move the activation of the direct channel upwards in

energy to E; above the energy range examined here, and that the low energy channel is

left intact and relatively unaltered. The uncertainty in the hard cube models predictions

of a large accommodated precursor channel have already been highlighted, and

although the shift in the barrier to direct dissociative adsorption (resulting in the loss of

the non-activated paths to dissociation) makes the presence of a dynamic steering
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channel unlikely, it is by no means certain whether the dynamic channel present for the

H2/Mo(100) system is governed by a steering mechanism (a dynamic precursor also

being a reasonable interpretation of the results). It remains a possibility that the

increase in the accommodated channel caused by the presence of nitrogen adatoms is

only small, and that a dynamic precursor channel remains largely responsible for the

low energy channel of the H2/Mo(100)-c(2x2)N system.

V.4.2 Dependence of Sn on Surface Temperature

A plot of So(Ts) taken at 32meV for H2 dissociative adsorption on the

Mo(100)-c(2x2)N was seen to exhibit a gradient far greater than that recorded for the

nitrogen free Mo(100) surface (an entire order of magnitude greater).

On the Mo(100) surface a reduction in the Ts dependence (manifested by a decrease in

the So(Ts) gradient) between E; of 13meV and 32meV was explained in terms of the

disappearance of the accommodated channel and the relative Ts independence of the

dynamic and direct channels which become more prominent with this jump in Ej.

Section V.4.1 described how the presence of nitrogen adatoms on the Mo(100) surface

will act to improve the ability of the surface to accommodate the Ej of the H2 projectile

improving the chances of the initial accommodated trapping event taking place,

thereby enhancing the accommodated indirect channel to H2 dissociation. Because of

this it is reasonable to expect that, applying the same principals as have been used to

explain the fall in Ts dependence between 32meV and 13meV on Mo(100) (i.e. the

change in contribution from the Ts dependent accommodated channel acting to alter

the observed Ts dependence), the Ts dependence at 32meV will be larger on the

Mo(100)-c(2x2)N surface than on the Mo(100), with the nitrogen adatoms resulting in

a more substantial contribution from the accommodated channel.

What does seem unusual is the magnitude of the gradient of So(Ts) on

Mo(100)-c(2x2)N, it being slightly more than double that observed even at Ej=13meV,

the lower energy (where the accommodated channel is expected to be more prominent

and hence the temperature dependence larger), upon the Mo(100) surface. The
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explanation may lie in the trapping probability still being considerably larger on

Mo(l 00)-c(2x2)N at 32meV than on Mo( 100) at 13meV, according to the partition

function (equation V.5) a greater trapping probability resulting in a steeper So(Ts)

gradient. The hard cube model predicts a trapping probability of only 0.15 for Mo(100)

while a sticking probability roughly double this is recorded on Mo(100)-c(2x2)N. If

this sticking probability is due entirely to an accommodated channel (unlike Mo(100)

where So is derived from a combination of direct, dynamic as well as the

accommodated channels) the increase in accommodated trapping probability may be

sufficient to account for the steeper gradient.

Another factor to affect the Ts dependence will be the difference in the barrier to

desorption and dissociation, AE, of the accommodated precursor. According to the

partition function (equation V.5) a drop in AE would also result in a greater

dependence of the dissociative sticking probability on Ts over the recorded range. The

shift in dissociative adsorption site from the bridge of the clean Mo(100) to the less

energetically favourable four fold hollow on the Mo(100)-c(2x2)N would be expected

to be accompanied by just such a drop in AE.

a i + i^EL^ RTs

a L+ e (VS)
Udiss

The large dependence of So on Ts at Ej=32meV displayed by the H2/Mo(100)-c(2x2)N

system adds support to the picture of a greatly enhanced accommodated channel with

respect to that of the Mo(100). The gradient, dS0/dTs=1.4xl0"3 K"1, can be accounted

for if the low energy channel of the H2/Mo(100)-c(2x2)N system is considered as

being due entirely, or almost entirely, to an accommodated precursor channel where

trapping takes place via the accommodation of the projectile molecules energy to the

surface, with little or no contribution to the low energy channel from a Ts independent

dynamic adsorption mechanism.

A caveat to this proposition is the possibility that the large Ts dependence might

instead be due to the temperature range over which the gradient is measured coinciding
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with the temperature at which all hydrogen will desorb from the Mo(100)-c(2x2)N

surface.

Bafrali and Bell [1] reported two desorption peaks of hydrogen from the

Mo(100)-c(2x2)N surface, occurring at 325K and 550K, well above the 165-300K

temperature range over which dSo/dTs was measured. However doubt has already been

cast over the validity of these peaks in describing desorption from the pure Mo(100)-

c(2x2)N surface (see section V.2.2), with the true desorption peak postulated to be

below the temperature range over which Bafrali and Bell recorded their TPD.

V.4.3 Dependence of S on Hydrogen Coverage (8H)

In chapter IV a comparison between the 0H dependence of H2 adsorption upon the

Mo(100) and W(100) surfaces illustrated the importance of the bridge bonding site

reconstruction in determining the sticking probability, with changes in 0H determining

the degree of bridge site reconstruction. This dependence on bridge site reconstruction

made the behaviour of S with respect to 0H somewhat complicated to analyse, with

uncertainty surrounding the degree to which any coverage dependence was due to

adsorption site reconstructions and the degree to which the coverage dependence was

reflective of an extrinsic indirect adsorption channel. The change in adsorption site,

from bridge to four fold hollow, caused by the creation of the c(2x2)N structure upon

the molybdenum surface, removes this uncertainty. What remains is a complex

coverage dependence whose behaviour can be clearly assigned to the influence of an

indirect channel to dissociative adsorption. The sticking probability of H2 on the

Mo(100)-c(2x2)N surface initially appears relatively insensitive to 6H- AS 0H increases

S falls more and more rapidly. This can be understood in terms of a precursor which

does not require a vacant surface site over which to accommodate accounting for the

initial 9H independence, and the ability of the precursor to find a vacant site at which to

dissociate becoming a limiting factor, and causing a drop in S, as the surface begins to

saturate.

170



The strong similarity between the S(9H) plots taken at 13meV and 32meV is also

worthy of note. Figure 14 superimposes the plot taken for 32meV onto that of 13meV,

illustrating an almost perfect match between the two. This implies that adsorption at

32meV takes place via the same adsorption channel(s) as at 13meV. Due to the good

mass match provided by the N adatoms an accommodated precursor channel is

predicted to dominate at very low energies. The similarity of S(0H) at 13 and 32meV

implies that the dominance of this accommodated channel stretches comfortably to

incident energies as high as 32meV, supporting the picture of an enhanced

accommodated precursor channel accounting fully for the drop in So of H2 with

increasing Ej over the entire energy range on the Mo(100)-c(2x2)N surface.

o.o 4
o.o

Coverage /ML
Figure 14: Sticking probability ofH2 on Mo(100)-c(2 *2)N as a function of hydrogen

coverage at TS=165K and(p=0°. Results from the E,=32meV beam (red) have been

superimposed on top of those from the 13meV beam.

There is a slight increase in initial sticking probability apparent at 32meV, occurring as

hydrogen first begins to be adsorbed upon the Mo(100)-c(2x2)N. This increase in

sticking takes place up to -0.1 ML and is not seen when using an Ej=13meV beam,
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where S instead exhibits a coverage independence. Perhaps this indicates intrinsic and

extrinsic accommodated precursor channels acting in tandem, with the extrinsic

channel initially acting to increase S with increasing 9H as the already adsorbed

hydrogen provides a better mass match than the molybdenum atoms of the substrate for

the trapping of subsequent H2 molecules (before the lack of vacant sites for

dissociation itself becomes limiting), and the intrinsic channel always acting to

decrease S with 9H as the concentration of vacant sites drops. The importance of the

extrinsic channel might be expected to become more evident at higher E; (i.e. at

32meV as opposed to 13meV), where accommodation of a larger quantity of Ei is

required to allow the trapping event to take place and collision with the poorly mass

matched molybdenum substrate atoms may begin to become insufficient. This might

well be expected to result in an increase in S with 0H occurring for Ej=32meV which is

hidden by the more prominent contribution of the intrinsic channel at 13meV.

V.4 Conclusion

During the creation of the Mo(100)-c(2x2)N surface, a prolonged period of nitrogen

adsorption was seen to result in the presence of two atomic adsorption states. Upon

annealing the nitrogen saturated Mo(100) surface presented two nitrogen desorption

peaks, labelled Pi and P2, occurring at -325K and -550K respectively, and with a ratio

of 1:2. This is the first time the Pi peak has been identified, but its presence should be

expected given the presence of the 2 P, atomic nitrogen, peaks observed to be present

for the N/W(100) system and taking into account the numerous other similarities

between the two systems. The creation of the c(2x2)N structure on the Mo(100)

surface is identified with the removal of the Pi state.

The Mo(100)-c(2x2)N surface saturates with a hydrogen coverage of 0.5ML,

corresponding to hydrogen occupying half all four fold hollow sites (with nitrogen

adatoms already present in the other half of these sites).

Molecular beam King and Wells [27] type sticking experiments examining H2

dissociative adsorption on the Mo(100)c(2x2)N surface revealed an initial sticking
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probability which dropped with increasing incident energy up to an energy of 70meV.

This corresponds to the removal of the large non-activated direct channel displayed by

H2 adsorption upon the clean Mo(100) surface. The loss of the non-activated direct

channel is associated with the change in hydrogen dissociative adsorption site from

bridge to four fold hollow, accompanied by a shift in barrier to direct dissociation,

induced by the presence of the c(2x2)N structure.

The low energy adsorption channel of H2 on Mo(100)-c(2x2)N is characterised by a

falling initial sticking probability with increasing H2 incident energy, and is due

predominantly to an indirect accommodated precursor channel greatly enhanced from

that presented by the nitrogen free Mo(100) surface, with either a small or no

contribution from a dynamic precursor channel, and no dynamic steering channel

contribution possible due to the removal of the non-activated direct dissociation

channel. Hard cube model calculations clearly illustrate the greater reach and

magnitude of the Mo(100)-c(2x2)N accommodated precursor channel over that of the

Mo(lOO). The hard cube predictions are supported by a considerable Ts dependence

indicative of a large accommodated trapping contribution to the initial sticking

probability. Furthermore, the sticking probability at low incident energies exhibits

complex coverage dependence indicative of an indirect adsorption channel dominating

the sticking.
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Chapter VI: Nitrogen adsorption on Mo(lOO)

VI. 1 Introduction

Although the kinetics and surface structure of the N/Mo(100) system has been the

subject of a handful of studies (including those of this thesis recorded in chapter V) the

dynamics of the N2/Mo(100) adsorption system has remained almost entirely

untouched. The dynamics of the N2/W(100) adsorption system, on the other hand, has

been the subject of extensive experimental and theoretical investigation and is

considered a model adsorption system, and since the kinetics and surface structures

resulting from the adsorption of nitrogen upon the Mo(100) and W(100) surfaces show

many close similarities, a comparison of the dynamics X)f the two is performed to help

shed light on the mechanisms responsible. This chapter examines how the sticking

probability of N2 on Mo(100) varies with the incident energy of the N2 molecule, the

temperature of the Mo(TOO) surface, and its level of nitrogen pre-coverage.

VI.2 Literature Analysis

This section deals almost entirely with dynamical studies on the adsorption of nitrogen

on Mo(100) (and comparisons with the equivalent W(100) adsorption system). For a

description and analysis of the structure and kinetics of this system please refer back to

chapter V.
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VI.2.1 The kinetics and structure of the N/Mo(100) system

The kinetics and surface structure of nitrogen adsorbing onto the Mo(100) surface has

already been examined in some detail in chapter V. The important aspects noted are as

follows:

a) Two atomically chemisorbed, (3, states exist, one (P2) relating to the

formation of the c(2><2) structure, and the other (Pi) only occurring after

large doses of N2.

b) P2 saturation occurs at 0.5ML.

c) Complete p saturation (of Pi and P2) occurs at 0.75ML.

d) Atomic nitrogen tends to bond into the fourfold hollow sites.

e) The two P desorption peaks occur at 1080K and 1320K (for Pi and P2,

respectively).

f) Two molecularly chemisorbed states exist, labelled y+ and y", these are

thought to correspond to molecular chemisorption with the molecule

bonded perpendicular and parallel to the surface respectively [1].

g) The strong similarity between the adsorption states nitrogen forms upon the

Mo(100) and W(100) is noted: both displaying Pi and P2 peaks at similar

temperatures, both bonding into the fourfold hollow sites, with similar

saturation coverage values, both surfaces also forming the c(2><2) structure

with N bonded in half all fourfold hollow sites at 0.5ML. Also two

molecularly chemisorbed states are observed upon both surfaces [1,2]

labelled y+ and y", these correspond to N2 bonding perpendicular and

parallel to the surface with King et al. having first identified the y+ and y" as

having different bonding geometries [3]. Desorption from these states was

observed to take place at very low surface temperatures, well below room

temperature, observed on the W(l 00) surface at 170K and 180K

respectively [2] and observed in this study to both occur at around 205K on

Mo(l 00) (although a lack of accuracy in the low temperature readings

meant that no observation of peak separation was possible here).
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VI.2.2 Comparison of the kinetics and structure with NAV(IOO)

Given the similarity between nitrogen adsorption upon the Mo(100) and W(100)

surfaces and the lack of data regarding, in particular, the dynamics for the Mo system,

it seems pertinent to carry out an analysis of the dynamics of nitrogen adsorption on

W(100), this system having received extensive attention and being considered to be a

model adsorption system.

To add to the description of the kinetics and structure of nitrogen adsorption on

W(100) described in the above comparison of the two it is also worth noting the studies

of Grunze et al. [3] in identifying a mobile extrinsic physisorbed precursor to the

chemisorbed y state, this condensed phase physisorbed state being observed when Ts is

held at 20K and areas of y already exist on the surface. No intrinsic physisorbing

precursor was observed, the potential energy surface therefore being thought to lead

smoothly into the potential minimum of the linearly bonded configuration without any

appreciable activation barriers between physisorption on the bare metal and

chemisorption [3].

The overall suggested picture for N2 adsorption on W(100) is of molecules going

through a number of precursor states on the way to dissociation [4]. The initial step is

suggested to be the steering of the molecule into the y+ state at the atop site, followed

by subsequent migration to the bridge site, reorientation of the molecule to lie flat

along the surface aligned parallel to plane two atoms making up the bridge site, and

then a further reorientation of the molecule perpendicular to the bridge site (but still in

the plane of the surface) to allow the molecule to dissociate into adjacent hollow sites

[4], this being found to be the most exothermic dissociation site [4,5,6]. There was

calculated to be a barrier to dissociation of the molecule in the bridge-hollow

configuration [4], so the dissociation at the lowest energies from the precursor states

may well be dominated by surface defects, as, for example, is suggested for the N2/Fe

system [7].

For the N2 precursor bonding perpendicular to the surface at an atop site the picture

which has been presented is that of 5a and 2% orbitals of the molecule being localised
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on the outer atom and the 4a localised more on the inner, and the ITC having

components on both atoms, with rehybridization of the ITI and 2n orbitals giving a lone

pair on the outer atom (7cout) and metal-N bonding through the 2TC component (7tin) on

the inner atom. This picture was first suggested by Nilsen et al. for N2 on Ni(100) [8],

being found to be accurate also for the N2/Wy+state [4].

VI.2.3 Dynamics of the NVWdOO) adsorption system

The initial sticking probability of nitrogen on the W(100) surface displays

non-monotonous behaviour, initially decreasing with increasing incident energy up to

about 450meV, thereafter displaying a more gradual increase in So with increasing Ej

[9-11]. This is indicative of at least two channels to adsorption being present.
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Figure 1: Reproduction of plot of

S0(Ei) for N2 adsorption on a W(100)

surface, (p=0°, taken for surface

temperatures of 300K and 800K as

indicated. This plot is taken from

[11]
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i) The Precursor Channel

a) Incident energy dependence

The initial decrease in So is fairly rapid, with the sticking probability dropping from

-0.8 at 26meV to -0.15 by 450meV [9]. This is behaviour typical of a precursor type

channel, where the sticking probability decreases as the initial trapping event becomes

less probable as a greater fraction of Ej must be accommodated in order for the

molecule to trap.
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Figure 2: Reproduction of plot of

S0(Ei) for N2 adsorption on a

W(100), q>=0°, Ts=300K. The

crosses indicate the overall So

values obtained directly from

measurements. The diamonds

represent an estimation of the

indirect channel contribution to So

and this indirect channel has been

provided with a fit of the form

S0(indirect)=(a)exp(-Ei/b). The

dashed line is a fit to the

difference between the solid curve

and the crosses and is a prediction

of the direct dissociation channel.

' •* This plot is taken from [11]

This behaviour is supported by a strong Ts dependence.* a complex coverage

dependence (with the sticking probability remaining constant over a large coverage

range), and a large cosine scatter component, all of which are indicators of a precursor

channel being in operation and being the dominant factor in determining the sticking
>

probability.
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b) Surface temperature dependence

The Ts dependence within the precursor channel sees the initial sticking probability fall

for a 30meV beam from -0.8 at 300K to <0.2 at 1000K [9], and from -0.6 at 200K to

-0.1 by 1000K for a 88meV beam [10]. By plotting ln((^So(accom))-l) against 1/TS, (this

relationship originating from the Arrhenius type relationship reproduced here in

equation VI. 1), and by assuming a trapping probability which remains constant with

Ts, a linear regression fit allowed AE and 'Udeŝ diss to be calculated [9], the values

determined as being 0.16±0.01eV and 18±3 respectively. The ratio of \>des/udiss=18

provided a rough guide to the relative steric constraints for desorption and dissociation.

From this value it was concluded that the steric requirements for dissociation are

considerably more stringent than for desorption [11].

A slight deviation from linearity was noted. This was shown to be associated with the

trapping probability exhibiting a slight temperature dependence, with C, recorded by

monitoring the fraction of scattered flux not accounted for in the direct elastic

scattering channel, the plot of C, as a function of Ts was seen to display a slight

curvature, varying by as much as 20% over the range 150<Ts(K)<1500 [12], this was

further supported by hard cube calculations predicting a very similar behaviour. By

including the variation in £ in the Arrhenius type plot the slight curvature was

eliminated, with no significant change seen to take place in the gradient estimation and

therefore the calculated AE and Vdes/udiss values [11]. This weak dependence of C, on Ts

confirmed the strong Ts dependence as being predominantly due to changes in the.

fraction of trapped species desorbing (as oppose to the degree of trapping able to take

place), i.e. Ts primarily served to reduce the number of molecules that went on to

dissociate, by biasing the kinetics in favour of desorption..

»diss
VI. 1
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As well as examining the variation of trapping probability with Ts, a hard cube fit is

also able to provide close agreement with the disappearance of the trapping channel by

0.5eV observed by experiment [11] (using a cube mass, m, of between 1 and 1.8

surface atoms and a well depth, U, of 0.27eV, this value based on the estimated well

depth for the N2/W(l 10) system [13]). Good agreement with the hard cube model is

indicative of an accommodated precursor channel, where sticking takes place via

energy loss to the surface during an initial collision at which the molecule traps or

rebounds back into the vacuum, the fate of the molecule within the hard cube model

depending upon whether or not sufficient momentum normal to the surface is retained

after the collision to allow the molecule to escape the attractive potential well created

by the surface. In a simple picture of this, trapping will occur when the fraction of

incident energy that is lost to translation exceeds Ei/(Ej+U).

c) Coverage dependence

The sticking probability of N2 on W(100) was found to be initially independent of the

level of nitrogen coverage (within the low energy region in which the precursor

adsorption channel is expected to be dominant), with the sticking probability remaining

steady up to a coverage of 0.3ML then dropping steadily up to the point at which the

surface saturates (at -0.6ML) [9,10]. A lack of coverage dependence is typical

behaviour for a mobile extrinsic precursor, where the initial trapping event does not

require a vacant surface site over which to take place, the sticking only beginning to

fall once the availability of vacant surface sites becomes limiting. The coverage

dependent behaviour of the sticking probability appeared to be relatively independent

of Ts within the energy range at which the precursor channel dominates, with the

exception that at very low Ts (85K) the coverage curve actually extends to >1.5ML,

(while only reaching to 0.6 ML at 200K and 800K) with the plot remaining flat

virtually all the way up to 1.5 ML [10]. Subsequent heating of this saturated surface

was seen to produce a desorption peak in the region of 180K corresponding to

desorption from the y molecular state, indicating that at low surface temperature

population of both the atomic and molecularly chemisorbed states is possible and that

almost all trapped molecules go on to dissociate (since no visible change in the sticking

probability occurred with the saturation of the atomic state at -0.6ML, and subsequent

population of the purely molecular). This proposal was supported by scattering
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experiments which failed to detect a trapping desorption component for the clean

surface under these conditions, indicating that all trapped species did indeed stay on the

surface [10]. , • -

1.0
N2/W(100)

Ej=0.03eV
^=60°

= 200K

0.2 0.4 0.6

Atomic Coverage (ML)

Figure 3: Reproduction of a plot of

S(9N) of N2 adsorption on a W(100)

surface for Ei=0.03eV, incident

angle (denoted in figure as 9, not to

be confused with coverage) ip=60°,

Ts=200K (upper curve), and for

E;=1.2eV, cp=O°, Ts=800K (lower

curve). This plot is taken from [9]

The flatness of the sticking coverage plot suggests that the trapping probabilities into

the extrinsic and intrinsic precursor states are virtually identical at low energies and

surface temperatures. This might be considered rather surprising since the adsorbed

nitrogen either in the p, atomic form, or y, molecular form, would be expected to

modify the interaction potential and the effective surface mass. An explanation offered

was that trapping occurs at distances well beyond the plane containing the adsorbates.

Such a picture being supported by the fact that the sticking probability was seen to

become more dependent on the coverage as the Ej is increased (within the realms of the

indirect channel, i.e. Ei<400meV)"[10], with the flat region of plots taken at 0.03, 0.088

and 0.26eV becoming increasingly less flat. The sticking probability of a 0.03eV plot

(TS=85K) was seen to remain essentially constant (at S=0.88±0.03) with increasing

coverage, whereas a plot of S(0) at 0.26eV and 85K saw the sticking probability

initially fall slightly up to -0.6ML before rising again up until a coverage of 1.5 after

which S quickly drops to 0. A higher collision energy is likely to be associated with a

closer approach of the molecule to the surface, and based on this, an explanation for

the phenomenon was offered in terms of a smaller trapping probability for a site
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containing an atomic p species (due to the change in the potential), but a larger

trapping probability for a site containing the molecular y species (perhaps due to the

improved mass match between the projectile molecule and surface species).

N2/W(100) Ts = 85K

0.5 1.0 1.5

Atomic Coverage (ML)

2.0

Figure 4: Reproduction of a

plot of S(0N) of N2 adsorption

on a W(l 00) surface for

TS=85K, (p=60°, and E; of

0.088eV (upper curve) and

0.26eV (lower curve). This plot

is taken from [10]

d) Theoretical investigations

Most of the experimental data regarding the N2/W(100) adsorption system has now

stood for well over 10 years, allowing the system to be considered as a model system

for typical accommodated precursor mediated dissociative adsorption. However, a

recent theoretical study, using ab initio calculations at the DFT/GGA level to construct

a 6D PES for the interaction of the N2 with the frozen W(100) surface, has suggested

that, as has already been demonstrated to be the case for hydrogen adsorption systems

[14-19], dynamic trapping might play a crucial role in the precursor mediated

adsorption of nitrogen on the W( 100) metal surface.

Most molecules were predicted to follow a complex route to dissociation, undergoing

multiple encounters with the surface, the average number of rebounds before

dissociation being 21 at OmeV, 7.7 at 200meV and 3.1 at leV [6]. Such behaviour

might correspond to dynamic trapping, with multiple collisions occurring before
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dissociation takes place typically corresponding to a dynamically trapped molecule.

The dynamic trapping behaviour postulated [6] is explained in terms of a bow net

effect: the molecule, once it has reached a distance of-2.3A from the surface, finding

itself below a potential roof with the only way back to vacuum being through the top-

vertical configuration, thereby causing a bottleneck in phase space. This dynamic

precursor might be expected to trap more readily than the typical accommodated type.

Whereas the form of dynamic trapping responsible for the dynamic precursor of

hydrogen allowed molecules to trap without the need for accommodation of energy to

the surface, with the initial incident energy instead being dissipated to other molecular

degrees of freedom, resulting in the prediction of trapping taking place with little or no

dependence on Ts, accommodation of the much heavier N2 projectile is not a problem,

energy being exchanged readily with the surface, particularly after multiple encounters.

The result of this is a dynamic precursor channel to dissociative adsorption that is

likely to display the same strong T§ dependence exhibited for the typical

accommodated precursor equivalent.

In the case of hydrogen a dynamic precursor is traditionally associated with a

weakening of the intra-molecular bond and corresponding drop in the vibrational

ground state of the molecule creating a potential well in the exit channel [20,21]. Such

behaviour could struggle to account for the variation of the coverage dependent

behaviour of the sticking probability with Ei described above, the suggested

explanation for which relied upon a picture of trapping at low Ei taking place at a

distance well beyond the plane of the adsorbates [10]. To cause the weakening of the

intra-molecular bond the molecule is required to make a relatively close approach to

the surface in order to begin to experience a bonding interaction with the surface.

However, in the case of N2, where the suggested mechanism is instead associated with

the standard physisorption/chemisorption potential wells and the requirement that the

molecule be in a specific orientation in order to penetrate a potential roof and return to

the vacuum, the dynamic mechanism is fully compatible with the suggested

explanation regarding the variations in coverage dependence.

It begins to become clear that from this analysis that the behaviour of this form of the

dynamic precursor might be harder to identify from that of the typical accommodated
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precursor than is the case for the H2 dynamic precursor mediated adsorption system.

The main observable effect of the N2 dynamic trapping channel is likely to be a

somewhat greater degree of successful trapping for a given incident energy and thereby

a precursor dissociation channel reaching across a greater range of Ej, (and

correspondingly small trapping desorption component in the scatter as most trapped

molecules will tend to go on to dissociate even at high Ts) than might be predicted by ,

typical precursor dynamics.

Although the peculiar energy dependence of the coverage within the precursor

dominated E; region is shown to be consistent with the suggested N2 dynamic precursor

mechanism, the lack of any large discrepancy between the actual data and hard cube

model (as was observed for the H2/W(100) and H2/Mo(100) systems), the hard cube

model trajectory studies providing semiquantitative agreement with the behaviour of

the N2/W(100) system recorded by the molecular beam studies [10], and the strong

temperature dependence, are both factors counting against the dynamic precursor

picture. Clearly the existence of a dynamic precursor to nitrogen adsorption might

therefore merit further investigation.

ii) The Direct Channel

a) Incidence energy dependence .

Above 0.5eV So is seen to gradually rise with increasing Ei. This behaviour is common

among systems where a direct channel dominates dissociation (e.g. N2 on W(l 10) [13],

N2 on W(100)-c(2*2)Cu [22]), with the initial sticking probability increasing as the

increase in Ei allows the molecule greater access to non-optimised trajectories to

dissociative adsorption. Theoretical investigation of the N2/W(l 00) system predicted a

lowest barrier to direct dissociation of 0.5eV [4], although the results of molecular

beam experiments appear to predict a somewhat lower value (approximately 0.1 eV

[11]), this value being somewhat more difficult to pinpoint than is typically the case for

a purely direct dissociative adsorption system, such as N2/W(100)-c(2x2)Cu (where the
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threshold to direct dissociative adsorption is recorded at 0.6±0.1eV [22]), because of

the overlap of the indirect precursor mediated channel to adsorption present here.

b) Surface temperature dependence

Little or no temperature dependence is reported within the Ej range (>0.5eV) thought to

be dominated by the direct adsorption channel, with So remaining constant (within the

predicted error limits) over the temperature range 300<Ts(K)<1000 [11]. This

behaviour is as expected for a direct channel, with no accommodation of energy with

the surface required in order for dissociation to take place via a direct sticking event.

c) Coverage dependence

Saturation coverage is reported to be ~0.6ML from the direct beam, consistent with

saturation of the P atomic chemisorption states but not the y molecular chemisorption

states. Within the direct channel (>500meV) the sticking probability is seen to fall

almost linearly with coverage [10], as is typical of a direct channel where the incoming

molecule requires a single vacant adsorption site for dissociation to successfully take

place (the "spare" adatom then being able to migrate across the surface in search of an

additional vacant site at which to adsorb). The saturation coverage, however, remains

constant at around the 0.6ML mark.

VI.3 Results and Analysis

VI.3.1 Summary

After obtaining a clean Mo(100) surface (as described in chapter III), a range of K&W

type experiments (also described in chapter III) were performed examining the sticking

of N2 on Mo(100) for a range of incident energies, Ei, and Mo(100) surface

temperatures, Ts. The initial sticking probability, So, on a cold Mo surface has been

recorded and analysed. The variation of So has also been recorded and analysed for a

range of Ts for a low, intermediate and high energy beam. In addition to these, plots
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have been produced examining in detail how the sticking, S, varies with nitrogen

coverage, 9H, over the range of conditions and the saturation coverage of nitrogen on

the surface has been recorded using a range of surface temperatures and a range of

beam energies.

Data relating to the structure and kinetics of the N/Mo(100) system has already been

presented in chapter V; This includes:

a) a calculation of the coverage required to saturate the surface with

atomically chemisorbed nitrogen, this being calculated as being

0.75ML,

b) a TPD study of the system in which two atomically chemisorbed states

Pi and P2 at 1080K and 1320K, respectively, are identified, these

exhibiting a saturation ratio of 1:2, as well as what appears to be a

molecularly chemisorbed y state occurring at -205K,

c) and the corresponding surface structures observed using LEED, where

the saturation of the p2 state was associated with a progression from

the initial (1 x l ) pattern to a c(2><2) pattern, reflecting a structure where

nitrogen is bonded in half all the fourfold hollow sites, and where the

subsequent filling of the p 1 state resulted in a return to the (1 x 1)

pattern.

VI.3.2 Dependence of Sn on Incidence Energy

The plot of So(Ei) taken for a cooled surface (Ts=181K) demonstrates non-monotonous

behaviour, with two clearly identifiable channels, one at low energy and another

dominating above ~400meV. Below 400meV So exhibits a sharp, exponential like,

decay with increasing Ej, So dropping from a value of-0.75 at 70meV to <0.2 by

400meV.

There is a slightly greater delay in the response time of the QMS for N2 than was the

case for H2 and this has been taken into account when determining Pi in the calculation
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of So (see equation III. 11) by tracing the trend of the plot back to the flag open value

(labelled tf in figure 13 chapter III).

>> 0.6 -
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Figure 5: S0(EO of nitrogen on Mo(100). TS=181K, (p=0°. Data taken using an argon

(upward pointing triangles) and helium (downward pointing triangles) seeded beam. A

drift multiple of 1.4360 and 0.6860 was applied to equation 11.54 for the argon seeded

and helium seeded beams respectively to account for the deviation of the velocity

from that predicted by equation 11.51, large mass differences, requiring large changes

in velocity, resulting in the real behaviour deviating significantly from the ideal. The

drift multiples were calculated using previous TOF data recorded for 1%N2/Ar and

1%N2/He beams on this system [24].

800

This form of non-monotonous behaviour is often indicative of an indirect precursor

mediated channel to dissociative adsorption dominating at low E; where the sticking

probability decreases as the initial trapping event becomes less probable since a greater

fraction of Ej must be accommodated in order for the molecule to trap, and a direct

channel to dissociation dominating in the higher Ei region where the sticking

probability increases as the increase in Ej allows the molecule greater access to non-

optimised trajectories to dissociative adsorption. Non-monotonous behaviour of this
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form is observed and also explained in terms of a precursor mediated channel acting in

conjunction with a direct channel for the N2/W(l 00) system.

VI.3.3 Dependence of Sn on Surface Temperature

The indirect and direct channels exhibit markedly different dependencies on surface

temperature. Whereas the direct channel exhibits no Ts dependence the precursor

mediated channel exhibits a strong Ts dependence. This is seen clearly in figure 6

where a plot of So(Ei) is presented for a variety of Ts. At high incident energy the

initial sticking probability appears to be the same for the range of surface temperatures

measured (181<Ts(K)<665). This is consistent with a direct channel where no

accommodation of energy with the surface is required in order for dissociation to take

place via a direct sticking event. At intermediate energy (Ej=288meV) a temperature

dependence already begins to manifest itself (see figure 6), becoming even more

pronounced within the lower energy region (68meV), consistent here with a precursor

experiencing a reduced trapping capability with increasing Ts and/or a change in the

fraction of trapped species desorbing, with Ts acting to reduce the number of

molecules that go on to dissociate by biasing the kinetics in favour of desorption.
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Figure 6: Initial sticking probability ofN2 on Mo(WO) as a function of incident

energy, taken with the surface held at a variety of temperatures (181, 450 and 665 K),

cp=O°. The increase in the error on Ts, as the Ts value is reduced, is due to errors

associated with the use of the W3-type thermocouple which is designed specifically for

the accurate measurement of high temperatures.

Although at low Ei So is seen to decline considerably when the surface temperature is

elevated, the So values recorded at these elevated Ts are still greater than what might be

expected from a purely direct contribution. The direct channel, which appears to exist

independently from the indirect channel for Ej>450meV, is typically seen to make a

contribution to the initial sticking probability which declines either linearly, or, when

approaching its threshold more rapidly still, in magnitude as Ej is reduced, and

therefore a maximum sticking probability of about 0.16 might be reasonably expected

at 68meV (although the true value is likely to be considerably lower as shall be

examined shortly). The sticking probability of-0.46 recorded for Ts=450K and even

of-0.23 recorded for TS=665K are considerably higher than can be accounted for via

this typical direct channel behaviour. The behaviour indicates instead a precursor

mediated channel to dissociation, the molecularly chemisorbed state of N2 on the
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Mo(lOO) surface having been seen to desorb at 205K or lower (see figure 4, chapter V)

and therefore adsorption into the molecular state being incapable of producing any

contribution to the measured sticking probability at 450 and 665K unless the molecular

state is able to act as a precursor to dissociative adsorption, atomic nitrogen being

stable as a chemisorbed surface species at these temperatures.

So(Ts) has been plotted for a range of incident energies, allowing the behaviour of the

sticking probability as a function of surface temperature to be traced in more detail.

These plots are shown in figures 7,8 and 9 for E; of 68, 288 and 767meV respectively.

It is clear that the plots taken at 68 and 288meV show a strong dependence on surface

temperature. The fact that a strong temperature dependence is observed towards both

ends of the E; range over which the indirect channel is dominant, is an indicator that

the mechanism responsible for the indirect channel remains the same throughout. This

is as opposed to a typical accommodated precursor operating within the lower energy

regime and some sort of dynamic channel superseding it at higher energies, such as is

the case for H2 adsorption upon Mo(100) (see chapter IV) and various other metal

surfaces (e.g. W(100) [25], W(100)-c(2x2)Cu [16], Pd(110) [19], Pd(l l l ) [26] etc.)

where the initial reduction in So with increasing Ej was explained in terms of two

distinct channels, a typical accommodated precursor channel at the lowest energies and

a dynamic channel (either trapping or steering) at higher energies, one of the main

indicators of these two channels being the initial Ts dependence at low E; disappearing

while still remaining within the region where So reduces with increasing Ej (i.e. not yet

in the region where direct dissociation dominates).
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The gradient of So(Ts) produced at the lowest recorded Ei (68meV) is approximately

double that seen for H2 adsorption onto the Mo(100) surface, but almost identical

(within the margins of error) to the gradient from the equivalent plot of N2 adsorbing

onto the W(100) surface (dS0/dT~ -8X10"4 for Ei=88meV and cp=O° for the N2/W(100)

system) [10].
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Figure 8: Initial sticking probability ofN2 on Mo(100) as a function of surface

temperature, cp=0, E(=288meV. Linear fit of the data produces a gradient of
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The gradient of the So(Ts) plot at Ej=288meV (see figure 8) sees a decreased, though

still considerable, gradient, consistent with a decreased overall contribution to the

initial sticking probability from the indirect channel, with the larger incident energy

(compared with that of figure 7) resulting in the surface having a much reduced

trapping capability. By Ej=767meV, the temperature dependence is seen to all but

disappear. The disappearance of any significant surface temperature dependence is

typically associated with the lack of an indirect accommodated precursor channel to

dissociation, and if a significant sticking probability still remains (here So~O.2) the

presence of a direct dissociation channel.
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Rearranging equation VI.2 in the same manner as has already been performed in

chapters IV and V, produces a y=mx+c type plot from which AE and Ddes/udiss can be

calculated from the gradient and the y-intercept respectively.

A£
RT<sj

V diss
VI.2

Rearranged into y=mx+c format where (assuming C, to be constant with Ts)

y=ln(£/So-l), m=gradient of the plot, x=l/Ts and c=y-intercept.

VI.3
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Figure 10: ln(&Srl) versus 1/TS, at Ei=68meV, <p^0°,for 180<Ts(K)<950. A linear fit

is performed in order to calculate the gradient and y-intercept values with the

associated errors calculated from the deviation of the data points from the linear

regression

0.006

By substituting the gradient and y-intercept values derived from the plot of figure 10

(for an Ej=68meV beam) into equation VI.3 and assuming a constant trapping

probability values are derived for the difference between the barriers to desorption and

dissociation experienced by the precursor and the ratio of frequency factors for

desorption and dissociation. These are as follows,

ForEi=68meV:

AE = 8.0 ±0.8 kJ/mol

= 83±9meV

= 8 ±1

It is worth noting that some of the data points deviate considerably from the linear fit,

and that a fit with a very different gradient and y-intercept would be produced if the

195



data points at the highest, 1/Ts, x-axis values were ignored. Often a considerable

deviation from linearity of this form is associated with either a large direct channel

contribution or a trapping probability which varies with surface temperature [11].
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Figure 11: ln((/Srl) versus 1/TS, atEi=288meV, <p=0°,for 180<Ts(K)<1370. A linear

fit is performed in order to calculate the gradient andy-intercept values with the

associated errors calculated from the deviation of the data points from the linear

regression

0.006

Figure 11, illustrating the behaviour of a 288meV beam, exhibits even clearer deviation

from linear behaviour than was observed from the equivalent plot for the 68meV beam

(figure 10). As already noted this deviation from linearity is likely to be due to either a

considerable direct channel contribution to the sticking probability, or a trapping

probability that varies with Ts.

Applying equation VI.3 (in the same manner shown above for the Ei=68meV beam) to

the data obtain from the linear fit shown in figure 11 results in the following values for

AE and i)desA)diss,
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For Ej=288meV:

= 60±7meV

= 5.8 ±0.7 kJ/mol

Many of the data points deviate considerably from the linear regression and therefore

these values for AE and •Udes/udiss are likely to be inaccurate. Indeed given that there is

no reason why an increase in incident energy should affect the barriers to desorption

and dissociation experienced by the precursor (the difference between which is

represented by AE) it is assumed that an unaccounted for error is entering into the

calculation. This will be examined further and the data re-evaluated in the analysis

section (chapter VI.4.2).

VI.3.4 Dependence of S on Nitrogen Coverage (6N)

i) Saturation coverage

The variation in sticking probability with nitrogen surface coverage has been recorded

for a range of surface temperatures and incident energies. From these plots of S(0N) it

was also possible to make an estimate of the particular saturation coverages. By

measuring the area encompassed by the K&W plot from the time of the flag being

opened to the time at which the surface saturated a calculation of the saturation

coverage of the surface can be produced (see figure 12).
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Figure 12: Example of a K&W [27] plot for nitrogen adsorption onto the Mo(100)

sample surface (E,=68meV, Ts=293K) . The red shaded area indicates the area from

which the saturation coverage calculation is made.

When using a 68meV beam a ratio of ~2.6 was observed between the saturation of the

Mo(100) surface held at 165K (~3.1xl0~10 s.mbar) and its saturation at 197K<Ts<700

(~1.1 x 10"10 s.mbar). This increase in the saturation coverage is taken to be indicative of

an additional chemisorbed state of nitrogen being accessible and stable on the surface

at this Ej and Ts. Given the low temperature at which the surface is required to be held

in order to observe this additional chemisorption state, the molecularly chemisorbed, y,

state (thought to be a precursor to dissociative adsorption) is the likely candidate, both

atomically adsorbed states remaining stable until Ts>1000K. The presence of this

molecularly chemisorbed nitrogen will be in addition to the atomic, dissociatively

chemisorbed, nitrogen present at both the lower and higher Ts (as evidenced by

subsequent TPD spectrum). Saturation of the atomic (Pi and P2) states was recorded as

taking place at 0.75ML (see chapter V.3.2), and therefore, applying the ratio of 2.6,

this equates to a saturation coverage of-1.43 ±0.13ML at 165K (remembering that
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when in its molecular form 1ML of nitrogen will be the equivalent, in terms of quantity

adsorbed, to 2ML of atomic nitrogen).
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Figure 13:

and(p=0° at Ts=165K (red) and 197K (black). At 197K nitrogen is retained at the

surface in the dissociatively adsorbed atomic state only, whereas the greater

saturation coverage recorded for the surface maintained at 165K indicates nitrogen

is retained at the surface in both the atomic and molecular chemisorption states.

This increase in saturation coverage at the lowest Ts was not observed when using a

high energy beam. At 659meV the saturation coverage remained at 0.75ML even when

the surface temperature was held at 165K, implying that molecules with high incidence

energy are not able to access the molecular adsorption states. This is consistent with

the disappearance of the precursor channel at high incident energies (as illustrated by

figure 6), where the large E; of the molecules makes initial trapping into the

molecularly bound states unlikely, the molecule being incapable of losing sufficient

energy to allow it to remain bound in the molecular chemisorption, y, potential well

which acts as the precursor to dissociation. However, saturation of the y, as well as p\
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states, for the Mo(100) surface maintained at 165K, was observed to take place up to

300meV (with no further measurements of the saturation coverage being made until

>600meV), this being close to the full range of Ej encompassed by the indirect

channel, implying that within the entire indirect channel nitrogen dissociation is able to

take place via adsorption into the y precursor state (as opposed to dissociation

occurring via a dynamic potential well created by a drop in the vibration ground state

of the molecule as it approaches the surface [21] as was suggested might be the case

for hydrogen adsorption upon the Mo(100) surface (see chapter IV)).

Similar behaviour was noted for nitrogen adsorption upon the W(100) surface [10],

where, within the E; region in which precursor mediated dissociation takes place, the

saturation coverage was seen to grow from 0.6ML at Ts>200K to ~1.7ML at Ts=85K.

This was also explained in terms of retention of nitrogen in the molecularly adsorbed,

y, state contributing to the saturating nitrogen coverage of the surface.

The loss of the ability of the surface to adsorb and retain molecular nitrogen by 197K

agrees well with the observation of the Y desorption peak at 205K (see chapter V.3.2).

However, it should be noted that the desorption of nitrogen from the y state (on either

W or Mo) at slightly elevated Ts does not preclude it from acting as a precursor to

dissociative chemisorption at these temperatures, provided the lifetime of the state is

sufficient for the nitrogen to find a path to dissociation.

ii) Coverage dependence at low and high Ei

At low Ej the plot of S(9N) exhibits a complex coverage dependence, the sticking

probability remaining constant until close to saturation (apart from the abrupt initial

increase in S associated with the response time of the QMS when the flag is opened

and the pressure falls).

This behaviour is consistent with an extrinsic precursor channel where the initial

trapping event does not require a vacant surface site and the sticking probability only

falls when the surface nears saturation and the ability of the trapped molecule to locate

a suitable vacant surface site at which dissociate becomes limiting.
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In the case of Ts=165K (and also 181K), where the molecularly chemisorbed state is

stable the sticking probability is seen to remain constant up until saturation coverage is

virtually reached. In fact the form of the complex coverage exhibited within the Ej

region in which the indirect channel is dominant was seen to remain relatively

unaffected by changes in Ts, the sticking probability remaining virtually independent

of changes in coverage, until saturated coverage is approached (see figure 14).

0.0 -
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Coverage /ML
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Figure 14: S(O^) for nitrogen adsorption onto an Mo(100) surface for Et=68meV and

<p=0° at TS=197K (red), 261K (green), 31 IK (blue) and 445K (black).

At high Ej, outside the realm of the precursor mediated channel, the behaviour of the

sticking probability as a function of coverage is very different. Figure 15a is a plot of

S(6N) performed using an incidence energy of 637meV, and can be seen to exhibit very

different behaviour to that seen at 300meV (figure 15b) and 68meV (figure 15c). The

complex coverage behaviour observed at lower Ej is replaced by an almost linear

decline in S with increasing 9N- This behaviour is typical of a direct channel where the
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sticking probability is limited by the need for a vacant surface site in order for the

initial dissociative adsorption event to take place. That S(0N) displays a linear decline

as oppose to a quadratic decay indicates that only a single vacant adsorption site is

required for the initial direct dissociative adsorption to take place with the remaining

nitrogen atom presumably able to migrate across the surface to locate a second

adsorption site.
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Figure 15: Sfd^for nitrogen adsorption

onto an Mo(100) surface for <p=0° at

TS=165K, with a) E,=637meV, b) 300meV,

c) 46meV

0.0 0.2 0.4 0.6 0.8

Coverage/ML

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1

VI.4 Discussion

VI.4.1 Dependence of Sn on Incidence Energy

The implications of the non-monotonous behaviour of So as a function of E; for H2

adsorption on the Mo(100) surface were discussed in the results section. The picture

suggested was that of two channels to dissociative adsorption, a typical fully

accommodated precursor mediated indirect channel resulting in an initial drop in So

with increasing E;, and a direct dissociation channel becoming prevalent >400meV and
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resulting in a steady incline in So with increasing Ej, with a degree of overlap between

the two channels occurring at the intermediate E; (the overlap likely to be greatest

between 300 and 400meV).

The hard cube model [28] should provide a good fit to data describing a typical

accommodated precursor channel. The hard cube fit of the trapping probability as a

function of incident energy is illustrated in figure 16, and, although the hard cube fit

defines trapping probability rather than the dissociative adsorption probability

recorded by the data, at low Ts these two values should be close to equal provided the

barrier to desorption experienced by the trapped molecule is greater than the barrier to

dissociation, since virtually all trapped molecules will proceed to the dissociated state.

Indeed it was noted when observing the saturation coverage at low Ts, that the y

precursor state remains stable at Ts=181K, i.e. that all trapped molecules remain stuck

at the surface whether or not they go on to dissociate. In this particular case the initial

trapping probability, '£, might be expected to be equal to So. In addition a data set for

Ts=450K has been included to illustrate how the increase in temperature causes the

results to deviate from the model provided by the hard cube.

The hard cube fit is performed for a data set where Ts=165K, and using a surface cube

mass of IMo atom and potential well depth of 50meV an excellent fit to the data was

obtained giving a strong indication that the channel is indeed that of a fully

accommodated indirect precursor. It was, however, noted that a trapping potential well

depth of 50meV seemed rather shallow given the value calculated for the difference in

potential barrier height to desorption and dissociation experienced by the molecule,

AE, based on an examination of the temperature dependence of the initial sticking

probability, of roughly 140meV, and the lack of any evidence suggesting that access to

the trapping well is activated. A possible solution is suggested within Volpilhac and

Salin's [6] theoretical investigations of N2 adsorption on W(100). Within their research

they suggest that a particular orientation, is required in order for the molecule to bypass

the potential roof it experiences when trapped, blocking its path to desorption, and

hence causing a bottle neck in phase space, and that this can be thought of as a form of

dynamic trapping. Such circumstances might result in the trapped molecule

experiencing a large barrier to desorption during most attempts to desorb and thereby

resulting in a AE value larger than the depth of the trapping well encountered by the
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molecule, with the molecule steered into the favourable orientations required to access

this well without the need for overcoming a potential barrier. An alternative hard cube

fit is also produced using a well depth of 170meV (and an effective surface cube mass

value of 2Mo) which fits more intuitively with the calculated AE value and is closer to

that used by Rettner et al. [11] in their use of the hard cube model to provide a fit to

the N2/W(100) system and also provides a reasonable (if slightly less well matched) fit

to the data.

It should be noted that the ability of the hard cube model to generate a full curve

describing reasonably accurately the precursor adsorption channel does not mean that

the model is expected to be fully appropriate for the system. However it is an

intuitively reasonable way of generating a curve describing a typical fully

accommodated precursor channel to dissociation, and its good agreement with the data

is a good indicator that a fully accommodated precursor channel is responsible for the

initial decline in So with increasing Ej. Compare this, for example, to the case of

hydrogen adsorption onto the Mo(100) surface examined in chapter IV, where the hard

cube model exhibits a huge deviation from the actual data or the even greater

deviation from the hard cube trajectory calculations exhibited by hydrogen adsorption

upon W(100) [29] (this type of behaviour being taken as a good indicator of a dynamic

rather than fully accommodated adsorption channel for the H2/Mo(100) system).
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Figure 16: Plot of S0(E,) of nitrogen on Mo(100). TS=181K, q>=0°. Two hard cube fits

have been performed using an effective surface cube mass and trapping potential well

of IMo atom and 50meV (black), and 2Mo atoms and 170meV (blue).
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By assuming that the hard cube fit accurately accounts for the indirect sticking

probability it is also possible, by deducting the hard cube fit from the initial sticking

probability data, to illustrate the behaviour of the direct channel (see figure 17). This

estimate of the direct channel suggests a minimum barrier to direct dissociation of

between 50 and lOOmeV, with the direct channel being inactive at Ej<50meV.
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Figure 17: S0(El) data points (black triangles) with hard cube fit (effective surface

cube mass oflMo and potential trapping well depth ofSOmeV) (solid black line).

Based on the assumption that the hard cube fit provides a good description of the

indirect channel the hard cube fit has been deducted from the data points to produce a

prediction of the purely direct channel contribution (red circles) which is also

provided with a curve fit to aid the reader (dashed red line).

Comparison of the predicted direct channel with that predicted for the same E; range

for the N2/W(100) system reveals remarkably similar behaviour (see figure 2).

Although the gradient appears shallow at first glance, on closer inspection it is realised

that this is merely due to the limits of the energy range over which the data has been

taken. The increase in So with Ei typical of a direct channel is predicted to become

clearer over a larger incident energy range following the manner in which this

relationship progresses on the Ni/W(100) surface (see figure 1).

VI.4.2 Dependence of Sn on Surface Temperature

Figures 10 and 11 show the plots for ln(£/So-l) as a function of 1/Ts for Ej of 68meV

and 288meV respectively. The linear fit to these plots produced rather different
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gradients, and thereby also different values for AE and x)desA>diss- ̂ s w a s al r eady noted

it is difficult to envisage why altering the incident energy of the molecule might alter

the barriers to dissociation or desorption experienced by the precursor and hence why

the AE value should differ beyond that predicted by the error estimations. As also

mentioned previously, the commonly attributed sources of the deviation are either a

large direct channel contribution (seemingly unlikely, particularly at 68meV where the

direct channel contribution to the initial sticking probability is predicted to be either

very small or completely absent), or that the assumption that the trapping probability,

C,, remains independent of surface temperature is incorrect. Indeed removal of the data

points most clearly deviating from linear behaviour (as illustrated in figure 18)

produces plots from which calculations based on the linear regression fit described

above result in a AE value calculated from the Ej=68meV plot equal to that calculated

from the Ej=288meV plot within the predicted error margins.

E=68meV

y intercept = 3.2 +/- 0.2
gradient = -1600+/- 100 K

(a)

E=288meV

y intercept = 2.6 +/- 0.3
gradient = -1700 +/- 200 K

(b)
0.000 0.001 0002 0003 0.004 0.005

1/TS / K"'

0 001 0 002 0 003 0 004 0 005

1/Ts/K"1

Figure 18: ln(C/Su-l) versus 1/TS with linear fits recalculated ignoring the data points

most clearly deviating from linear behaviour (denoted by red squares), for

a) Ej=68meVand b) Ei=288meV, (based on the original plots of figures 10 and 11

respectively).
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The alternative values for gradient, y-intercept, AE and Udes/Udiss calculated while

ignoring the most obviously non-linear points, originating from the low Ts data points,

are as follows:

At 68meV:

At 288meV:

Gradient = -1600 ±100K

y-intercept = 3.2 ±0.2

AE=138±9meV

= 13.3 ±0.8 kJ/mol .

UdesA>diss = 2 5 ± 2

Gradient =-1700 ±200K

Y-intercept = 2.6 ±0.3

AE=146±17meV

= 14±2kJ/mol

^des/Udiss= 13 ± 2

Given that the Ej=68meV will have the smaller direct channel contribution, the AE

value from this data set is taken as the more accurate measure, noting that 138meV,

and its predicted error range of ±9meV, falls entirely within the range of errors

predicted for the calculation of AE using the Ei=288meV data set.

A similar deviation from linearity, also for the data points originating from the So

measurements taken for low Ts, was noted on the N2/W(l 00) system [9]. This

deviation was ascribed to a temperature dependence of the trapping probability, it

being possible to measure the trapping probability of this system independently using

scattering data. The hard cube model was seen to provide a good fit to the trapping

data, and by applying the hard cube fit to the C, value for the plot of ln(t/So-l) as a

function of 1/Ts, allowing C, to vary with Ts, the data points were all seen to conform to

the linear fit.
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Unfortunately no such scattering data exists for the N2/Mo(100) system. Variables for

the effective surface cube mass, m, and trapping potential energy well, U, were chosen

to produce a hard cube model showing a trapping probability with a similar

temperature dependence to that observed for the N2/W(100) system [11] (see figure

19)̂  but, despite attempts to apply this and numerous other hard cube models* altering

both the U and m parameters to alter the manner in which C, varies with Ts, to the plots

of figures 10 and 11, little improvement was seen in terms of producing data points

which conformed to a good linear fit (those derived from the low Ts initial sticking

data still deviating most significantly from the most obvious line of best fit).

0.0
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Surface Temperature / K
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Figure 19: Plot of the hard

cube model describing the

trapping probability as a

function of surface temperature

with m=2Mo, U=50meV, these

values corresponding to those

which provided the best fit to

the SQ(EJ data (see figure 16)

It has already been noted that the W3-type thermocouple used to record the

temperature during these experiments is designed specifically to measure high

temperatures and may struggle to measure low temperature correctly, particularly

<273K. It is possible that this is the root cause of the deviation from linearity.

However, without any data recording the scatter from the surface, which could be used

to confirm the behaviour of the trapping probability with respect to surface

temperature, it remains unclear as to whether this might be the factor responsible.

Perhaps the most likely cause of the deviation of the plot of ln(£/So-l) as a function of

1/Ts from linearity is the presence of a stable molecularly chemisorbed, y, state. The

presence of this y state could be expected to result in a=So below a certain critical

temperature at which the y state begins to desorb. This should result in ln(£/So-!)—•-<»
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if the sticking were entirely indirect. However, a small contribution to So from a direct r

channel is still expected even at incident energies as low as 68meV, and therefore So

never approaches oo. Because the direct channel is expected to be almost entirely

temperature independent across the measured range this should result in an

unchanging, but non-infinite, value for ln(^/So-l) with decreasing Ts below a certain

critical temperature at which the y adsorption state becomes stable. Although this

would seem to explain the above behaviour well some uncertainty remains, with initial

estimates (based on changes in the saturation coverage value, see chapter VI.3.4) of the

critical temperature, above which the y state ceases to remain stable on the surface,

putting the value at -197K, but the plateau in the ln(^/So-l) value occurring here at

-23 OK and -31 OK for incident energies of 68meV and 288meV, respectively.

However, this conflicts somewhat with the TPD plot measuring the desorption of

nitrogen from the Mo(100) surface (see figure 4, chapter V) which does appear to

indicate a y state extending to sufficiently high Ts.

VI.4.3 Dependence of S on Nitrogen Coverage (8H)

As has been made clear when initially examining the results, the coverage dependence

observed for nitrogen adsorbing onto the Mo(100) surface is entirely consistent with a

precursor channel to dissociation dominating dissociative adsorption below 400meV

and a direct channel being entirely responsible for dissociative adsorption at higher

energies. The lower incident energy is shown to allow access to a molecularly

chemisorbed state, labelled y, which is thought to act as a precursor to dissociation.

Within the E; range associated with the precursor channel (Ej<400meV) the lack of any

initial increase or decrease in S with nitrogen adsorption upon the clean surface

(excluding the initial jump in S as the flag is opened which is due to the response time

of the QMS) suggests that the trapping probabilities into the intrinsic and extrinsic

precursor states are virtually identical (see figures 15b and 15c). This is surprising

since pre-adsorbed nitrogen might be expected to modify the interaction potential,

however, such behaviour has already been observed for the N2/W(100) system [10]

and was explained in terms of the initial trapping taking place at distances well beyond
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the plane of the adsorbates. Such an explanation could also account for the behaviour

of the sticking probability of nitrogen as a function of coverage upon the Mo(100)

surface.

VL4.4 Comparison of Nitrogen adsorption on the Mo(lOO) and

WdOO) surfaces

During chapter V it was noted how similar the surface structure and kinetics of

nitrogen adsorption onto Mo( 100) and W(100) were. However, even taking this into

account it is still surprising just how similar the dynamics of the two adsorption

systems proved to be.

The indirect channel of N2/Mo(100) was seen to be almost identical in size and reach

to that experienced by the N2/W(100) system [9,10,11] in terms of the variation in the

initial sticking probability as a function of incident energy of the N2 projectile. For

both surfaces the channel exhibits a high So at the low Ej (both exhibiting So~O.6 at

Ei=80meV) falling with increasing energy and, according to the fits performed for both

systems data sets, becoming negligible (S0<0.1) by ~350meV and ~450meV on

Mo(100) and W(100) [11] respectively. Both data require a fit to be performed due to

the overlap of the direct and indirect channels, with So gradually ceasing to decrease

and beginning to increase with Ei as the direct channel comes to prominence. This

crossover in dominance between the indirect and direct channels occurs within.the

energy range of between 400 and 500meV. Indeed, fits performed upon the direct

channel contribution on each of the two systems predict very similar thresholds for the

onset of the direct channel (determined to be ~100meV on W( 100) [11] and within the

energy range 50-100meV here on Mo(100) (see figure 17)). The gradient of S0(Ei) on

Mo(100), within the region where the direct channel is predicted to be almost entirely

responsible for sticking (Ej>500meV), is found to be almost identical to that on

W(100) over a similar energy range, suggesting that the direct channel behaviour on

Mo(100) is likely to cause So to continue to rise with further increasing E; beyond the

range measured here in a monotonous manner very similar to that observed by

experiment for the N2/W(100) system.
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Given the similarities between the dynamics of N2/Mo(100) and N2/W(100)

illuminated by examination and comparison of the initial sticking probability as a

function of the incident energy of the N2 molecule, with both exhibiting very similar

direct and indirect channels, it is perhaps unsurprising that both systems also exhibit a

very similar Ts dependence, with the indirect channel on both being strongly

dependent on Ts and the direct being Ts independent. It is interesting to note that,

based on the So(Ts) data from within the indirect channel, AE (the difference in barriers

to desorption and dissociation experienced by the precursor) was calculated to be 160

±10meV on W(100) [9,11]. This value is very similar to the value from the So(Ts) data

obtained during the current study, when the calculation was made while ignoring the

apparently poorly fitting low Ts data points, where AE was calculated as being 138

±9meV.

A comparison has already been drawn between the coverage dependence of the

sticking probabilities for the indirect channels of the two systems, these having been

noted as exhibiting a coverage independence extending until saturation is virtually

complete. Both also exhibit a linear decrease in So with 0 within the direct channel

energy region as is typical of a direct channel.

VI.5 Conclusion

The adsorption dynamics of nitrogen has been studied on the Mo(100) surface.

Molecular beam techniques have been used to monitor the dependence of the sticking

probability as a function of the incident energy of the N2 molecule, or the surface

temperature of the Mo(100) substrate, and of the degree of nitrogen coverage on the

substrate surface.

The initial sticking probability of N2 on Mo(100) varies non-monotonously with

incidence energy as is typical of overlapping indirect and direct channels to

dissociation. The indirect channel is most likely due to a fully accommodated

precursor, this assumption being supported by the strong temperature dependence and

the coverage independence of the sticking probability displayed by the indirect channel

and the good fit to the indirect channel So(Ej) data points provided by the hard cube
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model. The direct channel is predicted to be activated, with a threshold for the incident

energy of the N2 molecule predicted as being somewhere between 50-100meV,

thereafter the sticking probability increasing with increasing incident energy as a

greater number of non-optimised trajectories to direct dissociation become accessible.

The similarities in the kinetics and surface structures of the N/Mo(100) and N/W(100)

systems have already been noted in chapter V. In addition it has now been possible to

draw comparisons between the dynamics of the two systems. Both the N2/Mo(100) and

N2/W(100) systems display a similar threshold energy to activation of the direct

channel and both display indirect channels of similar magnitude and with a reach

stretching across a similar energy range. Dissociative adsorption of N2 taking place via

the precursor channel exhibits similar coverage independence on each surface, this

coverage independence stretching almost to the point of saturation (implying an

intrinsic precursor dominating sticking on both). It also exhibits a similar surface

temperature dependence on each surface and calculations performed examining this

temperature dependence reveals the precursors on both systems to experience very

similar conditions, the difference between the barriers to desorption and dissociation

experienced by the N2 precursor being almost identical on each surface.
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Conclusion

A detailed knowledge of the underlying reaction mechanisms can be useful in the

design of better catalysts. The dynamic, kinetic and surface structure UHV studies

detailed within this thesis provide valuable insight into just such underlying reaction

mechanisms. This thesis concentrates mainly upon the dynamics of H2 and N2

adsorption upon the Mo( 100) surface.

Analysis of the hydrogen adsorption dynamics of the system indicates 3 distinct

channels to dissociation. These were: a classical accommodated channel, where the

initial sticking probability reduces rapidly with increasing molecular incident energy

and is dependent on surface temperature (an increase in surface temperature resulting

in a reduced sticking probability), a dynamic channel, which exhibits a much slower

decay in its contribution to the dissociative sticking probability with increasing

incident energy and little or no temperature dependence, and a non-activated direct

channel, which sees the sticking probability increase with incident energy and exhibit

a very small positive temperature dependence. The accommodated and dynamic

channels exhibited complex hydrogen coverage dependence, whereas the sticking

probability appears to exhibit a more linear like decrease with increasing coverage

within the energy range where the direct channel is seen to dominate, the detail of this

relationship being clouded somewhat by the migration of adsorbed atomic hydrogen

across the surface. ,

The addition of nitrogen to form an Mo(100)-c(2*2)N surface structure acts to

completely remove the dynamic channel and the non-activated direct channel, the

presence of nitrogen adatoms resulting in the minimum barrier to direct dissociation

being shifted to a value above 70meV. However, the presence of nitrogen did act to

considerably enhance the accommodated channel.

Examination of the dynamics of nitrogen adsorption upon the Mo(100) surface shows

no sign of a dynamic channel, but a strongly temperature dependent accommodated

channel is identified, this channel overlapping with a direct channel to dissociative

adsorption, the direct channel exhibiting only a small potential barrier (~50meV) for

215



N2 molecules approaching the surface with trajectories favourable to direct

dissociation taking place. Within the energy range in which the indirect channel is

dominant the sticking probability falls rapidly with increasing incident energy but

remains relatively unaffected by increasing nitrogen coverage until complete

saturation of the surface is approached. This indicates a mobile extrinsic precursor,

able to trap upon areas of surface already pre-covered by nitrogen adatoms and to then

locate a suitable site for dissociation. The direct channel, on the other hand, exhibits

no apparent surface temperature dependence and a gradual rise in the initial sticking

probability with increasing incident energy is observed within the energy range in

which the direct channel is dominant. This is interpreted in terms of the increase in

incident energy allowing the molecule greater access to non-optimised direct

dissociation trajectories.

In terms of the application of these findings one such application could be in relation

to the recent theoretical studies of Norskov et al. [1] into the potential for improving

the longstanding Iron-based ammonia synthesis catalyst commonly used in industry.

They examined the possibility of engineering a bimetallic alloy to provide a higher

ammonia synthesis catalytic activity than is provided by the current mulit-promoted

Fe catalyst. Their theoretical investigations led them to suggest a number of Mo based

bimetallic alloys as being excellent candidates, a supposition confirmed

experimentally by Jacobsen who produced a CoMoN catalyst with a higher activity

than that of the commercially multi-promoted iron catalyst [2]. It is hoped that the

data and analvsis orovided here resardine the dvnamics of hvdroeen and nitroeen



780-980 K and, by comparing this with various similar studies on the W(100) surface

[4-9], as well as performing theoretical calculations demonstrating that a

substitutional alloy (with Pd atoms replacing half of all Mo atoms in the upper most

layer of the surface) is energetically favoured in comparison to an over layer structure

at half monolayer coverage, they identified this c(2x2) diffraction pattern as being due

to a substitutional surface structure. Due to the proximity of Ni and Pd in the periodic

table, it seems reasonable to expect that a NiMo substitutional alloy would form in a

similar manner and, since this bimetallic alloy has already been identified as being an

active and stable ammonia synthesis catalyst at industrially relevant conditions [2], it

is suggested that this might be a good candidate to which to initially extend these

studies. It is hoped that these dynamical studies of H2 and N2 adsorption upon

Mo(100) might be used as a platform to stimulate further studies into the viability of

bimetallic Mo alloys as ammonia synthesis catalysts.

A second application of the findings presented in this study is to compliment the

numerous studies already in existence providing comparison between the H2/Mo(100)

and H2/W(100) adsorption systems [10-15]. With all current studies relating to the

kinetics and surface structures, and with the H2/W(100) system being a model

adsorption system with extensive dynamical studies having already been undertaken

[16-21], the contribution of a study into the dynamics of the H2/Mo(100) system to

this field acts, in some ways, as the final piece in the picture of this comparison.

By comparing the H2 sticking probability upon the two surfaces as a function of the

hydrogen coverage the degree of bridge site reconstruction (induced by hydrogen

adsorption) is identified as an important factor in defining the adsorption dynamics.

The contribution made by the low energy channel (assigned to a combination of

dynamic and classical accommodated channels) to the sticking probability is observed

to be particularly susceptible to changes in the bridge site, this manifesting itself in

terms of a reduction in the surface temperature dependence of the initial sticking

probability when adsorbing into the less reconstructed bridge sites.

In most other respects the dynamics of the two adsorption systems is found to be very

similar. The Mo(100) surface did however exhibit a slightly larger direct channel to
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hydrogen dissociative adsorption, direct dissociation appearing to be non-activated for

both systems, but the barrier to direct dissociation being seen to be generally lower for

a given trajectory on Mo(100) thereby allowing a greater range of non-optimised

trajectory barriers to be successfully overcome for a given molecular incident energy.

The dynamic channel on the other hand appears to be more prominent for the

H2/W(100) system, with this channel (defined by a fall in initial sticking probability

with increasing incident energy) extending to 150meV on W(100) [18,21], roughly

double the incident energy to which it is observed to extend to for the H2/Mo(100)

system. The initial sticking probabilities do generally appear to be larger on Mo(100)

even at the low incident energies where the accommodated/dynamic channel is

expected to dominate, however this is put down to two factors, the first being the

greater size of direct channel on Mo(100) and its non-activated nature resulting in an

overlap with the accommodated/dynamic channel, and the second being the difference

in the hydrogen induced surface structure changes of the two surfaces, with hydrogen

adsorption upon Mo(100) immediately causing the bridge site to change to its most

strongly reconstructed form, but the W(100) surface only achieving this after

adsorption of roughly 0.3ML of hydrogen [12]. It is suggested that whereas on

Mo(100) the initial sticking probability, So, is also the maximum sticking probability

(as a function of hydrogen coverage), Smax(8), this is not the case on W(100). An area

of interest for future investigation might be the comparison of Smax(e) for the two

adsorption systems as oppose to a comparison of So.

A comparison of the nitrogen adsorption dynamics upon the two surfaces was also

carried out with the two found to be remarkably similar in all respects. When

comparing the variation of the initial sticking probability with respect to molecule

incident energy, surface temperature and nitrogen coverage the two systems were seen

to behave almost identically [22-24], with only small quantitative disparities observed

between the two.

It can be concluded therefore, that the major aim of the thesis, as outlined in chapter I,

which was to study the dynamics of the dissociative adsorption of H2 and N2 upon

molybdenum (100), has been achieved.
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Appendix A

Derivation of the hard cube trapping probability

The hard-cube model describes the trapping of a molecule at a surface. It predicts the

probability of sufficient normal momentum being transferred from the molecule to the

surface to allow successful trapping to take place. This is a classical model and neglects

any contribution to trapping from transfer of normal momentum to other molecular

degrees of freedom.

The hard cube model was originally developed by Goodman [1], Trilling [2] and Oman

[3], but these neglected the thermal motion of the surface during the collision and could

not account for the net energy transfer from the gas to the surface. Logan and Stickney [4]

proposed a model to address this shortcoming, basing it on the following assumptions:

i) The interaction of gas atom and surface is represented by an impulsive force of

repulsion, i.e. both the gas and surface particles can be considered as rigid

elastic particles.

ii) The surface is perfectly smooth. This allows the potential energy well for a

gas-surface interaction to be considered as uniform across the surface, and

hence the interaction does not alter the tangential velocity of the gas particle

(i.e. there are no forces acting parallel to the surface).

These two assumptions are combined by considering the surfaces atoms as individual

cubes orientated with one face parallel to the surface plane, moving only in the direction

normal to the surface plane. Each gas particle (spherical, rigid and elastic) is pictured as

interacting with only one of these cubes. This allows the tangential velocity component to

remain unchanged, while the normal component changes according to Newton's laws.
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iii) The surface atoms are represented by independent particles (cubes) confined by

square well potentials (rigid boxes). A gas particle interacts with a single

surface atom by entering the "box", colliding with the cube then departing.

iv) A temperature dependent distribution of velocities (normal to the plane of the

surface) is assigned to the surface atoms. A ID Maxwell distribution is chosen

with this seen to satisfy certain equilibrium conditions.

A restriction occurring as a consequence of this approach is that, for only a single collision

to occur, the mass ratio of the gas to the surface particles must be less than 1/3. This is not

much of a restriction since, practically, this is often the case.

The Molecular Velocity in the Potential Well

The velocity of the molecule (vvac) before entering the square potential well (of depth U),

will be accelerated by vadd as a result of the well:-

A.I

A.2

m is the mass of the incident molecule.

Note that the velocities are taken to be positive when moving away from the surface and

negative when impinging.

The resulting velocity of the particle upon impact with the surface is:-

"*" - • m
v..,.,,=-.l\v2+—\ A.3
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The Molecular Velocitv after Collision with the Surface (Vweii)

From conservation of momentum:-

A.4

vcubeis the velocity of the surface cube before impact, v'cube the velocity after impact, and

M the mass of the surface cube.

From Newton's Law for elastic collisions:-

'veil ~V'cube = Vcube

'cube = V\eirV cube +V veil

By combining equations A.4 and A.6 the following equation can be produced:-

m vwel! + Meffvcube = m v\ell +Meff {v\ell -vcube + vwell) A.7

mV\ell +MeffV\el, = ™ V'.ell ~ M effV veil + 2M effV cube A - 8 .

Dividing by Meff gives:-

2vcube A.9

A.10
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Hence :-

. , ! well \r^ / cube A 1 1
Vwell= '< • A . l l

\i is the reduced mass.

Velocity of the Cube below Which the Impinging Molecule Will Trap

The energy required to escape the potential well after collision is U. Therefore the

minimum velocity required is>

To remain trapped in the well the following condition must be true,

Therefore:-

If it is stated that:-

A.12

A - 1 3

vl+— I A.15
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Then for trapping to occur:-

Vcube<Vlml, . A - 1 6

Fraction of Surface Cubes Capable of Collision and of trapping a Particle

(i.e. verifying equation A. 16):

The probability of a surface cube having a velocity v, P(v), is dependent on the energy of

the 'state', E, and the surface temperature, Ts. The probability of occupying a particular

state is determined using the Boltzmann distribution.

The probability of a surface cube being capable of collision and having a velocity below

Viimit is shown by equation A. 17, with Pc(v) being the probability of colliding with a

surface site of velocity v, hence:-

c
- 00

Pciy)= \pc(v)-P(y)dv A. 17

The probability of a surface cube having velocity v(P(v)) is:-

2kT )

— A.18
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Where Q is the partition function:-

+00
Meffv

l

2kT I

dv A.19

Using the standard integral:-

A.20

And substituting in equation A.19:-

2kT
A.21

Hence:-

*1 U A.22

Therefore:-

2kT
dv

a
A.23
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Finally resulting in:-

A.24

If the surface is receding from the impinging molecule the probability of colliding with a

surface site of velocity v (Pc(v)) will be small, falling to zero when the surface is moving

away with the same velocity as the incident molecule (Vweii). The maximum probability

will be when the surface and molecule are moving in opposite directions.

Hence:-

A.25
Vwell Vwell

Now substituting equations A.24 and A.25 into A.17:-

P.(y)=

vlimi7

I
vlim it ( _ > \ A V | i m '

= f \"e^\iv- f
weli

A.26

Then using the identity:-

0 z

dv = Jafv + jdv
-00 0

A.27

A.28
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^ *2'{0,oo} is a reflection of e' x' {0,-oo}, and therefore:-

2 a2

Using the identity:-

and by substituting in u=av:-

Therefore:-

A.29

And hence:-

1 'dv=- A.30

A.31

A.32

I el }dv = —-erf{avximit) A.33
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Using equations A.29 and A.33, equation A.28 becomes:-

e v a I \dv =
a \\ n

2a

+ A.34

A.35

By substituting u=-a2v2 and — = -2a2v
du

a La\

we// -oo

v'im-" d v
•" du

we// —oo du

„ ~" Him ,7

^ well —°o

V

2a2v

-<22V,(

\eudu
well -co

well

A.36
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By substituting equations A.34 and A.36.into equation A.26, the trapping probability can

be written as:-

erfiav \ /j"fl2"L

2

The hard-cube simulations used within this thesis were modeled using an excel

spreadsheet.
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Appendix B

Calculation of the drift in the incident energy of the reactant

molecules from the ideal value

At large mass differences between seed and reactant particles, requiring large changes

in the velocity of the reactant particles, the real behaviour of the molecules will deviate

significantly from the ideal behaviour defined by equation B.I.

5 m(rea
(reaa)-11 (react)

2 1 * ,
(B.I)

m,

This drift from the ideal behaviour is recorded in table. 1 where the values calculated

using equation A.I are compared with values calculated from time of flight (TOF)

profiles recorded by Butler for this system [1].

TOF profiles are for the indicated beam mixtures with Tnozzie
=312K. The period

between pulses was 4500(xs and the pulse width 22.5JJ,S (0.5% duty cycle chopper

disk). The flight path from the chopper to mass spectrometer was 0.303m.

Beam
Composition

1%H2/He

1%H2/Ar

1%N2/He

1%N2/Ar

Ei(react) (calculated
using equ A. 1,
Tn=312K)
34

3

444

47

Time of
Fl ights )
taken from [1]
133±5

239±10

185±10

409±10

Ei(react) (calculated
from TOF data,
Tn=312K)
35±3

13±1

288±16

67±2

Drift in E,
from ideal
values
+0.03

+3.33

-0.35

+0.43

The drift multiple must be included when using equation A. 1 to calculate the incident

energy of the reactant particles within the beam line.
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Appendix C

Calibration of the W3 type thermocouple <273K

The W3-type thermocouple is designed to accurately measure high temperatures. To

use this thermocouple to measure temperatures below 273K it was necessary to

calibrate the thermocouple against a K-type thermocouple, this being commonly used

to record low temperatures.

W3-type
thermocouple
/mV
0
-100
-200
-300
-400
-500
-600
-700
-800
-900
-1000
-1100

K-type
thermocouple
/mV
798
-157
-662
-1600
-2347
-2821
-2920
-3461
-3997
-4330
-4669
-4889

Temperature /
K

293
277
261
245
229
213
197
181
165
147
134
125
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Appendix D

The Mo vapour pressure produced as a function of the anneal
temperature

The following is the vapour pressure of molybdenum associated with heating the

sample to a range of temperatures. This data is taken from the MISTA-DCA

INSTRUMENTS Materials Source Selection Table For MBE. The melting point of

molybdenum is at 2617°C.

Temperature to
which Mo sample
is heated / K
Vapour pressure
produced / torr

1592

1(T8

1822

1(T6

2177

lO"4

2527

io-2

232


