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The dynamics of the dissociative chemisorption of H; on clean, hydrogen covered and
nitrogen covered Mo(100), and of N, on clean and nitrogen covered Mo(100), has been
studied under UHV conditions using a supersonic molecular beam. H; and N;
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 H,/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<-1.4x10* K™'). 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 H, 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 N, 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 N, molecule with respect to the lighter H;
(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 N, adsorption on Mo(100) and W(100) with the
molybdenum surface seen to mirror the tungsten surface in many ways.
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Acronyms and Symbols

Acronyms
UHV Ultra-High Vacuum
LEED Low Energy Electron Diffraction
XPS X-ray Photoelectron Spectroscopy
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, My, |
S Sticking probability
So . Initial sticking probability
Smax Maximum sticking probability
0 Coverage
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Ves Frequency factor for desorption
Vgiss Frequency factor for dissociation
Eges Activation energy of desorption
Egiss Activation energy of dissociation
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Trapping probability

Metal-adsorbate bond energy

Electronegativity

Pressure '

Nozzle pressure '

Background pressure of 1* chamber
Background pressure of 2" chamber

Mach number

Diameter

Position of mach disk

Enthaply .

Kinetic energy

Time

Collision frequency

Number of collisions required for rotational relaxation
Cross section '

Heat

Work

Energy

Volume / Voltage

Molar specific heat capacity of gas at constant pressure
Rydberg/gas constant '
Boltzmann constant

Molar fraction

Avogadro constant

Molar volume

Planck constant

Frequency

Workfunction ,

Binding energy of an electron

Inelastic mean free path length of an electron / de Broglie wavelength
Intensity '

Momentum

Charge on an electron (e = 1.6x 10'19C)

Accelerating voltage

Angle of incidence

Surface residence time of adsorbed species

Period of vibration of a bond

Fraction of molecules from the beam not directly incident upon the crystal
surface ' :
Vibrational ground state energy

Difference between the barriers to desorption and dissociation of an
adosorbed piecursor species (AE=Eges-Ediss)

Rate of desorption

Rate of dissociation

Vibrational frequency

Speed of light




Chapter 1: Intro'duction

L.1 The history of gas — solid boundary surface science

Surface science has a long history, with the discovery of the platinum-surface-
catalysed reaction of H, and O, being made as early as 1823 (by Débereiner).
However, investigations into atomic and molecular adsorption at the gas — solid
boundary only really began early in the 20" century when in 1915 Langrhuir began to

study atomic and molecular adsorption.

By the late 1950°s economical ultrahigh vacuum (UHV) systems had become availablé
(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 téchniques,
processes such as adsorption, desorbtion, catalysis and bonding, which were previously
only investigated as macroscopic surface phendmena, could be re-examined on a
molecular level (as opposed to mérely 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

t

A heterogeneous catalyst tendé to be in the form of a metal surface which facilitates a
reaction but remains unchanged by it. Molecules adsofb on to the catalytic surface,
undergo bond breaking/forming and molecular rearrangements, and finally, desorb
from the surface as produc‘is. 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 énergy barrier to be overcome in order for gas
phase reactants to form products, with the molecules experiencing a strong repulsive
iqteraction 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 1D potential energy surface

(PES) experienced by a gas molecule as it approaches a catalyst surface.
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1.3 Adsorption

1.3.1 Physisorption

M+H,

VACUUM

Fi'gure 1: One diménsional 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 the y-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+H,) 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]

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 N, 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 barriér
does exist (figure.1a) the chemisorption is described és activated, whereas where it
does not (figure.1b) 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 th\e bulk lattice. If the peaks are relatively
low the réactant 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 betweén molecule and éurface. A chemisorption bond between metal and reactant
atom will be much stronger and the potential energy well therefore considerably
deeper. In the simplistic 1D 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

using a 2D PES.

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.

Reactants

physisorption well

late barrier

-early barrier
chemisorption
well '

adsorbate - surface separation
adsorbate - surface separation

Products

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 séparation 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 separation, would result in the vibrational energy of

5




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 degreé 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)

b)

d)

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.

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.

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
particlé, and then departing. Although it would be more realistic to consider
the surface atoms as harmonic oscillators.

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 (£) as a function of the

incident energy (E;), angle of incidence (¢), and surface temperature (T;) 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

vwel1 = the velocity of the molecule after being accelerated by a well of depth U

,u+11,2U \f E, cos’ (p+U 1.2)

= the cube velocity above whlch the molecule cannot trap

M eff
2T,

L3)

With Mg being the effective surface mass, and p the relative mass ( H= A;n J
of

The trapping probability can be seen to fall off rapidly with decrgasing 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

AN

physisorption well

molecular -
chemisorption well dissociative
(precursor state) chemisorotion well

ADSORBATE - SURFACE SEPARATION

>

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

SEPARATION OF ADSORBATE ATOMS

. 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 physisofption
potential well and from here access the molecular chemisorption well (where a
chemical bond is formed between molecule and surface, €.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 dissdciate, 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.

L5 Dissociative Adsorption

L.5.1 Direct Dissociation

Direct dissociative adso\rption may occur when, either the process is non-activated, or
when, in the activated’case, the incident kinetic energy éf the molecule is higher than
the PE barrier to dissociation. '
Direct dissociation is often characterised by an increase in the initial dissociative
sticking probability (S¢) of the incident molecule with increasing incident energy (E}).
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(-6)? | o 9

" Where S is the sticking probability of an incoming gas molecule and 0 is the fraction of
adsorbate sites occupied with respect to the saturation coverage (therefore 1-0 being

the proportion of vacant sites).




Although this model does account reasonably well f:or 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(100) [12]), or even the ability of one of the
adsorbate atomé to migrate (e.g. H, on Ni(100) [13]). In 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 proportidnal to number of free -

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

S« (1-9) . o as)

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 (Sd) 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 fnolecule has insufficient ehergy to access the direct channel it may still
undergo dissociative sticking via first trapping in a molecuiar precursor state from
which dissociation may go on to take place after molecular vibrations. A molecule ina
| 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 temp‘erature 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

R=v e s _ 1.6)

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
deterrﬁine dissociative sticking probability (S) a further term, {, 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):-

[_Edes"'Ediss) -l
S:; 1+ ———Udes e s

€7
Udiss

‘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={. Also, if the barrier to desorption is only slightly greater than the barrier to
dissociation (Eges>Eqiss) then S will still be equal to { if vgiss™>>Vges (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 Egiss>Ees , but fall if Eges>Eiss -

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, femrning 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 diffefence in precursor species type
leads to differences in the coverage depéndence 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 whicha direct channel
might. For example, an intrinsic precursor limited by trapping into a single vacant site
might exhibit approximately (1-0) dependence (with possible variations due to

adsorbate—adsorbate interactions or coverage dépendent 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
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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 covefage 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 S, increases with increasing E; and only
the strong Ts dependence will distinguish it from the direct channel (e.g. O; on Pt(111)
[19], N2 on Fe(111) [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, y, of the two:-

24— 25| =0-102w/(%]m01_1) | a7
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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.
A=E(A—B)—%{E(A—A)+E(B—B)} \  as

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'ithas 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 acisorbate 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 cbnsidered as static) and proposed that an
electron could be considered as moving in the potential of the a\}erage 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 prévious 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
N2 on Fe(111) [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.

Ina cataiytic reaction an important function of transition metals is to atomise diatomic
molecules (in the case of ammonia synthesis N, and H») and then supply the atoms to
other reactants or reaction intermediates. The ther_mddynamic driving force for the
atomisation is from the stréngth 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. Thfs is demonstrated by the volcano-like shape
of the plot produced when calculating activities of various transition metals for the
dissociative chemisorption of reactant molecqles [30]. The shape is due to the steadily
decreasing heat of édsorption 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 catalj'st 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 énergy and the activation energy

Jfor N, dissociation [27].

I7 Aims/Applications of the Thesis

The aim of this thesis is to study the adsorption of H, and N 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 H, and N, 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 N/H, on Mo(100) adsorption
systems with the equivalent W(100) systems. The kinetics and surface structures
resulting from N, and H, adsorption have already been the subject of numerous studies
comparing the two [31-36], and have shown the two éystems 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 N, and H, the missing piece of the puzzle in
terms of providing a full comparison of the ipteraction 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 experime.ntatiron.
A volcano type reiation between the NHj3 synthesié 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 N, 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 N>
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 com_bining two metals, one with

too high an adsorption enérgy 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 td 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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Figure 5: The catalytic activities of Cs promoted CoMo and-a commercial

multi-promoted Fe catalyst. Taken from [42]

- Studying the dynamics of N, and H; (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 11: Instrumenfation and Equipment

I1.1 UHV System Set Up

The experiments reported in this thesis were carried out using an ultra-high vacuum
(UHV) chamber. The base oberating pressure for this chamber was typically between

4x10"'mbar and 1x10™"°mbar (as measuréd via an ion gauge).

The main chamber pumping is via two turbo-molecular pumps (Leybold water cooled
1000 Is™, Leybold water cooled 151 Is™") backed by a diffusion pﬁmp (EdWmds E04
water cooled 600 Is™), which is in turn pumped by a rotary pump (Edwards E2M18 |
51s™). A titanium sublimation pumb (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 wélls, 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 frbm Vacuum

Generators, QXK300).

The chamber was also equipped with a differentially pumped (via the main chambers
backing rotary pump) xyz60 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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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 1x10™’mbar.

Most experiments were performed using a supersonic molecular beam and this
required two further vacuum chambers, each individually pumped. The 1* and o
chambers (as labelled in figure.1) were each pumped by a 6” oil diffusion pump
(Edwards E06 1000 Is™) and backed by, in the case of the 1*' chamber, an Edwards
E2M40 rotary pump (12.5 Is™), and, in the case of the 2" chamber, a smaller Edwards
E2M18 (5 Is™) rotary. The base operating pressures of these two chambers were
<1x10"mbar for the 1*' chamber (measured using a penning gauge), and 2x 10 mbar

for the 2" chamber (measured using an ion gauge).
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I1.2 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 an& Gey [2] which was able to prodl'lce. a much narrower energy

. distribution.

A supersonic molecular beam is formed when gas at a relatively high pressure, behind
a nozzle, P, expands into a region of low pressure, Pj. 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 30pm quartz nozzle and expanded into the 1% 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 (Tj) is monitored by three K-type thermo couples

(N i/Cr—Ni/Al), oné 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 accureitely determined shbuld the primary
thermocouple fail. The thermocouple within the nozzlp was taken to be the most
accurate temperature measure of the gas mixture. The ‘pvositibn of thé 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 £12.5mm. A

dust filter was posiﬁoned 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 P, relatively high. P,>>P, 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 wili 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 willloccur).

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 II.1.

: % a mvi2
m 2k,T

W € | (IL1)

P(v;) = 47zvi2

Where P(V;) gives the distribution of molecular speeds, v; 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
_ (IL.2)
speed of sound

The point at which the molecules are decelerated to the speed of sound (M=1) is
known as the Mach disk. The position of the disk relative to the nozzle exit () is

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

pressure (P1y), and nozzle diameter (d)
_ p Y |
Xy =06l -=1| d } (IL3)

In order for the supersonic beam to reach the sample without passing the Mach disk a
skimmer must be inéorporated 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 1% chamber to rise.
Typically initiating the beam was seen to cause a rise in pressure from <1x 107 to
~1x10™*mbar. Those molecules extracted by the skimmer pass into the 2" chamber and
may then pass through a collimating aperture and into the main chamber. In order to
align with this aperture the skimmer’s pdsition 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. A _ P

The 2™ chamber is another high vacuum region with base pressure, Pypq~1x1 03mbar,

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

1x 10'7mbar.

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 Peggysive and
Ppeam. Pem,si;,e 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. Poeam 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
<1x10"°mbar. 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

pressure is observed to rise to between 4x10” and 7x10*mbar.

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

during the expansion it may be written that:-

H, +Eyyy=H, (IL.4)
1

E, =—mv (IL5)
2

Taking H to be the enthalpy per unit mass:-
1, ' _

H, v =H, | , (IL6)
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v?=2(H,-H,) | L7)

During the expansion the temperature of the gas will dfop 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), dT/dt, is as follows:-

dTr _ (T_I'r)
dt T

(IL8)
With 1 being the ratio of required collisions (¢) to the collision frequency (v)

T=

s (IL9)
13

L =nvo . (11.10)

¢ being the effective molecular cross section, n the number of mdlecules, 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 N,

requires fewer collisions and = 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 H; or
N>) has a relaxation period of ~10* collisions, therefore the degree of vibrational \
cooling will be small. This is due td the vibrational energy level spacing being large for
small diatomics. If the quantum harmonic oscillator approximation is made, the
quanturﬁ 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.

au =60+ow , dL1y
With aj _x0 + w ‘ (aL12)
a dt dt ‘

If a control volume is considered equation II.12 becomes equation I1.13, the CV
subscript denoting the internal energy of a control volume, and Ey and E; being the
energy of the system in the initial stagnation state and a later state (respectively).
Therefore mgEy is the rate of flow of energy into the control volume and m,E, the rate

of energy flow out.

ilgﬂ—_—§+§_”/.+moEo_mlEl (11.13)
dt dt dt

With

Q=lm,_, % | s | (I1.14)

and

W= llmd,_)o ; i ‘ | 4 (1L.15)

If this system is considered to be steady state (i.e. overall there is conservation of mass
and energy), then d—ZIC—V =0. Also, this would allow mg and m; to be replaced simply

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

30




This leaves:-
Q+W =m(E, -E,) » (1.16)

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

gas.

Q+W =m|(Ey, +U,)-(Ey, —U,)] . aL17)

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=0) with v, 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:-

0=0 ’ (11.18)
& i .
W =—(RV,-kV,) : (IL.19)

Combining these values of heat and work with equation 11.17
- PV, + PV, =%mv12 +U,-U, _ (11.20)

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

H=U+PV | 3 , 11.21)
dH =dU +d(PV) (1.22)

Substituting in equétibn I1.11 to replace dU

dH =dQ+dW + PdV +VdP (11.23)
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When a gas expa}lds it must do work on the surrounding annoéphere 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 preséure. |

W =~Pdv | | a124)

Substituting this into equation 11.23

dH =dQ — PdV + PdV +VdP a2s) -
dH =dQ+VdP - - (I126)

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

dH =dQ | (11.27)
~ With
{
C, =£12) = i}{) | , (11.28)
dr ), dT ),

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

E

As the gas expands the number of collisions and the temperature of the gas quickly
decreases. The change in temperature from the sta‘gnation:state to the state in which it

exists after the expansion is related to the molar enthalpy.

dH =C,dT ' | (11.29)

Equation IL6 is rearranged and substituted into the above equation

J

) % mv? = C,dT . | (I.30)
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Substantial cooling occurs during the expansion, with the temperature of the stagnation
state (T,) being substantially greater than that of the gas after the expansion (T)), i.e.

T>>T;. Therefore,
ar =T, -T, ' - (L3
can be approximated to

hn

dTl =-T, (I1.32)

Substituting into equation I1.30 and rearranging

2’ .
v =.—C,T, o , 11.33)
m .

C, = (—7—)1{ : (I1.34)
y—1
With
= | (IL.35)
Gy

The assumption is made that the gas mixture can be considered as a monoatomic ideal
gas provided that the seed gaS is monoatomic and ideai and that the reactant gas only
makes up a very small percentage of the total gas mixture. y
Complicated calculations using the heat capacities of the gases can be ignored since in
the case of a monoatomic ideal gas,

C, = % R | | (IL.36)
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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

SRT | - '
v= ‘f—— IL37)
. m .

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

fractions x; and masses m;. 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 H, or Ny, it may be assumed that this also behaves

as an ideal gas within the mixture.

v= }SRT L (I1.38)
> x,m, |

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

necessary to divide by Na. Noting that R N = k5 , the following equation is produced,
' A

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

y= JSkBT 1 (11.39)
inmi
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1L.3 Calculating Ex Of Reactant Particles In The Beam

Typically the velocity, and hence the kinetic energy, E; (the i subscript denoting kinetic
energy when incident upon the sample surfabe), 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 reasénable agreement with estimations using the following
theoretical calculations. In cases where a large difference in mass exists between seed
and reactant parﬁcles a correction may however be required for the drift of the TOF

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

The kinetic energy of the reactani gas molecules will depend on the following:
a) the seed gas
b) the reactant gas
¢) 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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To rotary <= O > To nozzle
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Figure 3: Flow controller configuration
The beam line can be pumped via an Edwards E2M18 rotary pump (5 Is™) to allow a
quick changeover between gases without contamination.

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

2
EK(n)(seed) = Em(seed)v(n)(seed) ("'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

3RT
Vias =[50 (IL41)
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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:-

—_1 5
EK(n)(seed) = EmVRMS (I1.42)

Substituting equation 11.41 into equation 11.42,

—— 1 (3RT, |
EK(n)(seed) =§m M : " ) (11.43)

The molar mass (M) may be replaced by Avogadro’s number (N) multiplied by the

mass (m). If & N is then replaced by the Boltzmann constant:-
A )

Ey yseeay = 5 kT, | (I1.44)
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(trans) + EK(vibr) + EK(mt) . ’ (I1.45)

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

rotational energy contribution.

Therefore

U==k,T, = (IL46)

N W
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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 =k,T | - (IL47)

V is the molar volume, hence

H= %kBTn +k,T, (11.48)

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.

H = Ei(seed) ; | ; (IL49)
5 1 :
5 kBTn = 5 m(seed)v(zseed) : (11.50)

Producing the same result as derived in equation I11.39

5k,T,
= 27BN , (IL.51)

2
v
(seed)
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.

lm 2 11.52)

i(react) = 2 (react)v(react)
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Making the assumption that v,,..., = V(xes) »

1 2
E i(react) = Em(react)v(seed) ' : (II.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 v(,,,,, and using equation II.53

E 5 m( react) m (react)

i(react) = 5 inm,-

kT,

n

(11.54)

n

kT, =2 |
2 x(seed)m(seed) +Xx (react)m(react)

This formula is shown, by comparison with TOF measurements [7], to give a
reasonable approximation of the incident energy for Hy/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 II.54. For example, in the case of
a 1%Hy/Ar beam (with T,;=312K), equation I1.54 predicts Ejgeacr to be 3.2meV, a
considerable drift from the TOF calculations which record a value of 13 +1meV [8].

I1.4 Kinetic energy calculation for small diatom.ics v

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

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

of travel.

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

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

In the case of small diatomics such as H, and N 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 rotétional, and eventually the vibrational, motions of
the molecules will become activated, although in the typical temperature range
experieﬁced 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 H, shows that although the rotational dégrees of freedom
are activated well below room temperature the vibratipnaﬂ degrees of freedom tend to

be frozen out until relatively high temperatures are reached.

Figure 4: For H, at very low

SNPR— VD temperatures only translation motion is

o ‘K .
. ‘Oscillition
= === =dr s 59 - motions begin to contribute as the

possible. Rotational and vibrational

- Rotation” temperature increases. Although

Y i e b i 829 potational motion is already active at

. e e room temperature the temperature must
Translation: . - . R )
R R A A A S approach close to 1000K before the
0 Lo TR S B | Y
20 50 100 200 500 1000 2000 5000 10,000
Temperature (K) vibrations (Reproduced from [9]).

same can be said for molecular

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 N, and H,,
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 1% 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,
E =(3.6)k,T, ' (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.

I1.5 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
10 x 10 x 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 ii_lsulated 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 ﬁieans 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 éccelerating 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 képt constant and the temperature varied by
increasing the current on the filament. The temperature of the sample was measured
uéing a W3 type (W3%Rh/W25%Rh) thermocouple. This was calibrated againsi akK
type (Ni/Cr — Ni/Al) thermocouple for temperatures below 273K (see Appendix O).
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Figure 5: Sample mount configuration
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Chapter I11: E;periméntal Methods And Techniques

ITL1 Cleaning The Molybdenum Sample

Before carrying out experiments it was necessary to obtain a Mo(100) surface clean of
contaminants. The main contaminants répbrted to commonly be present on this surface
are oxygen, carbon, sulphur and nitrogen [1-4]. Nitrogen and sulphur were found to be
' éasy 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 réstore order to the surface.
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1I1.1.2 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 bformed 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 bproduced. This problem of “false” data shall

be examined later in this chapter.

45




Figure 1a

Figure 1b

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. (Al is a constituent

component of the ceramic)

111.1.3 Oxygen Treatments

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, upoﬁ fuﬂhér annealing, is

removéd in the form of CO or CO,.

~

111.1.4 The Cleaning Process Used to Obtain The Clean Mo(100)

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 1x10% 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 mbre 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 ﬁp to the surface from the bulk. For shorter periods of
exposure to étmosphere 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.

II1.2 Surface Analysis Techniques

II1.2.1 X-Ray 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 fo emit electrons. The filament used here is a 1% thoria coated
tungsten ribbon, heated via a 5A 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 thehtarget 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; ana32 — 1s 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 0.85¢V). 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 (Ex). 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 incidentv photon (hv) to the binding
energy of the eleciron (Eg) and the emitted electrons kinetic energy (Ex). If the
condit_ion of conservation of energy is applied and it is assumed that the photoelectron
escapes the surface without undergoing any ineléstic 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 staté 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.
E =hv-E; ¢ _} (IL1)

If a core electron has been knocked out an electron from an outer shell will '_chen 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 tﬁe
electron that drops into the hole. |
it) Auger process. An auger electron is emittéd 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 hv value of the x-ray photoh 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:-
E,=w-E, —¢ (TIL2)

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 (10° to 10*A) 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 iﬁcident
radiation and electron emission collection the surface selectivity of XPS can bé

enhanced.

The average distance that an electron can travel without being épattered inelastically is
defined as the inelastic mean free path length, A. Hence the relation between A and the

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

I= Ioe[’“;":“‘J _ | (1IL3)

Where,
I = the intensity at the surface
Iy = the intensity of photoelectrons from distance, d, below the surface

¢.= the angle of the emission relative to the surface normal
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As ¢ 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 spectrufn will show
distinct and separate peaks corresponding to these levels. XPS relies upon the
approximation that core ionisation energies are insensitive to the bbnds between atoms,
to produce XPS lines that are characteristic of the elémenté present. However, although
the approximation does work well to alldw the identification of the elements present, it
is not entirely true. The charge rcdistribution of the valence electrons that does occur
during bonding does induce small changes in the binding energies of the core electrons. o
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 é 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 4f;), electron. The ratio of the area of these peaks is an exceilent indication of

the level of oxygen contamination of the surface (figure 3).
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Figure 3: Plot of the U4f,; 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

53




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 Cls;; and Ols,,; orbitals.
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Sulphur was ignored since it was quickly removed from the surface by a simple anneal

cycle, and did not return to the surface once removed.
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Figure 5: These XPS peaks
correspond to
photoemission from the
Mo3ds,; and Mo3d;,;
orbitals. As the surface
becomes clean the
molybdenum peaks grow in
intensity and shift to lower
binding energies (blue

line).

Figure 6: This XPS peak
corresponds to photoemission
from the Ols,; 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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Figure 7: This XPS peak
corresponds to photoemission
from the Cls,,; 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 K for
anything between 5 and 60
minutes, the oxygen treatments
involved heating the sample to
1250 K in between 5%10°° and
1x10° 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
Isecond flashes to approximately

2100 K in UHV.

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

in relation to the Ols,; 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 3ds; and 3ds; 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 3ds,, peak at 227.8 eV and a 3ds3; peak at 231.0 eV
for the molybdenum metal, and at 228.7 eV and 231.8 eV for MoO; on the Mo(100)

single crystal surface, in excellent agreement with the Mo3ds, and Mo3ds, 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.

IIL.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 surfaée structure after nitfogen
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 podrly ordered surface or the presence of unordered inipurities.
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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 3™ 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 I11.4) relating the wavelength of a

particle to its mass and velocity.
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A= i = ﬁ ' _ (I1L4)

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

The charge of the electron is known (e~1 .6x10c) and this allows the calculation of the

effective wavelength of the electrons (A) using the voltage through which the electrons

are accelerated in the electron gun (®).
1, ‘ ‘

E, = Emv =ew ‘ ({1L5)

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

1 .
A= z(”o)z | | @)
2meawr @ _

The incident beam is scattered off the array of metal ion cores. The scattered beams
can interfere constructively or deétmctively where the path difference between
electrons scattered from adjacent atoms (with a spacing of d) is either nA or‘ /2
respectively.

This is Bragg scattering therefore the Bragg equation can be applied:-
n) = dsing : ' ‘ (L7
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:-

s

n) = d(sin@-sino) o , (1IL8)

The electrons diffracted by the surface that undergo constructive interference are

detected by the fluorescence théy 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).
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Figure 9: It can be seen from the above plot that electrons in the energy region

40<Exg(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

spacing, i.e. sing o« %

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(1x1) 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(1x2) structure and would show LEED spots, corresponding

to electron diffraction peaks, at 2 order positions along the k vectors.

The commonly observed strucfures on the clean Mo(100) surface are a p(1x1) structure
that reconstructs (reversibly) to what at first appeared to be a form of c(2><2)_struc'ture~
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(ﬁ x 2 )R45° , 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 (}%,%2) positions as seen in figure 10.

The full label for this structure was determined to be c(7«/§ x 2 )R45 ° [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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Figurel0: a) LEED pattern from the clean Mo(100) surface of Felter 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]. ¢) LEED pattern from the clean Mo(100) used in this thesis at ~125K. Beam voltage 38.5¢eV.
The pattern shows spots in the normal (1,1) positions, and faint spots in the (%:,%:) positions. d) The

same crystal at ~ 293K. Beam voltage 45.1eV. The pattern shows clear spots in the (1,1) positions

The LEED photograph shown in figure.10c 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 %2 order spots still to be present
although very faint, but after 20 minutes a further photograph revealed that the %2 order
spots had completely disappeared leaving only the (1x1) pattern (see figure 10d). 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 ihdication of a quartet of small spots in the % order
positions. Generally I can at best only identify faint large blurred spots in these
positions. Poésibly this is because it often proved difficult to obtain surface
temperatures much below 160 K. Felter reports the 2 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 (2,%)
Jor the clean Mo(100) surface as
observed by Felter. Figure taken

from [22].

Intensity

100 160 270
Temperature (in K)

II1.2.3 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 (t) will depend

(exponentially) on temperature.

-dé — |
=0%e X |
dt . , (I1L9)
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Where 6 is the surface concentration, E4 the barrier to desorption experienced by the
deosrbing surface species and x = 1, 2 for a 1* or 2™ order desorption process,
respectively. The main difference between 1% and 2™ order processes is the sensitivity
of the 2™ order process to surface coverage. This displays itself as a shift in Ty,ax (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 to.o high there will be a loss of clarity with the

peaks becoming less sharp.

Ideally a TPD will be carried out using a- Iinear 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 wés dosed onto the clean
molybdenum surface. This TPD appears to exhibit 3 clear peaks labelled vy, B; and B,.
This indicates two atomic chemisorption () 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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Figure 12: Temperature Programmed Desorption (TPD) showing nitrogen desorbing
from a cleaned Mo(100) surface that had exposed to 5 x] 0 mbar of nitrogen for 180

seconds.

[11.2.4 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 beenvperformed . |
concentrate on using the King and Wells (K&W) technique to measure the initial
sticking probability as a function of surface terﬁﬁérature 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 cfystal 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 Vérying the temperaiture
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 I1.2. The apérture 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. F inélly 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
perfofmed.
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. |
¢) 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, Py, 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 t,) 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 t) causes a drop in
pressure to P,. 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 ~P; 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, P;-P,, divided by the total pressure of gas from the
supersonic molecular beam incident upon the crystal surface, (P;-Pg)*(1-Fg). The term
1-F4 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 (P;-

Py) 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 1% and 2™, and 2™ and main chambers, once the flow is -
initiated, results in a stnall 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 Fy, the fraction of the beam not

directly incident upon the crystal surface.
Fy 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 Fg4 for this system was 0.21.

The initial sticking probability is written as:-

| (Pl - P, 2.)
S = (I1L10)
" (B-R-F)
Substituting in the value for Fq:-
__(r-r) : (IIL11)
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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 prbbability becomes:-

(IL12)

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

coverage, 0, is proportional to the area under the uptake curve.

!

) _“I(PI—P,)dt

6

“  [(B-B)ar
fl

(11L.13)

Dividing the area enclosed between the curve and P; 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.

IIL.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 0. 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 supporﬁng the laser so as to maintain its exact
orientation and position between alignment with the aperture and
alignment with the crystal

i1) 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 (E;) 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 copi)er suppert. This support remains cool when the cryst;al is heated
and therefore should provide a ‘dirty’, adsorbate covered, surface upori 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
pfobability 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. Sy is determined using the K& W method. (c), (d) and (e) show the type of K&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
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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 incidént upon' the crystal surface. The
explanation offered to account for the behavivour within region 2 is that sticking is
taking place on a mblybdenum film which coats the copper mount and support bars,
this film being evaporated from the crystal during high temperature flashes (as

observed in section II1.3)

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 safnple 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 givén 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. Sy is high while the beam is incident at points adjacent to the
length of the crystal (Sp = 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 1V: Hydrogen adsorption on Mo( 100)

IV.1 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 deséﬁbing the adsorption site,
coverage/temperature dependent surface structures and adsorption/desorption kinetiés.
However, as yet no experimental studies have been puialivshed describing the dynamics
of the system. This chapter examines the adsorption dynamics, investigating how the

- energy of an incoming H, 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.

1V.2 Literature Review

IV.2.1 Chemisorption of Hydrogen on the Mo(100) Surface

A TPD of the saturated H/Mo(100) surface tends to exhibit 3  desorption peaks [1-3].
However these peaks are not thdught 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 6n 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 symmetfic stretch mode of H on
various transition metals has been observed to be within the range of 525-750cm™
when adsorbing on the four-fold hollow sites, and >1300cm™ when on top [5], whereas
on Mo(100) it has been observed to vary between 1016cm™ and 1270cm™ (depending
on hydrogen coverage, 0y) [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 bloéking 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 GSSOV.SML 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
beblocked at 05=025ML.

The LEED picture of the H/Mo(100) system is a complicated one (see figure 1)
displaying a huge variety of LEED patterns with x}arying surface temperature (Ts) and

- coverage (0). 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 hydrpgen coverage and surface temperature.
These surface structure phase transitions aré 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.

Figure 1: Phase diagram of the
H/Mo(100) surface. The value of Y
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1V.2.2 Mo(100) 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]. |

Molybdenﬁm is very simil;a.r to tungsten in many ways. Both exhibit bcc structure, with
an almost identical\latti.ce spacing (3.16A for W and 3.15A for Mo) and a similar
electronic structuré dominated by unfilled d-orbitals ([Xc.e]4f145d46s2 for W and
[Kr]4d®5s! 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 adsorbtion systems [1,6,7,15],
ahd 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], thé 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 ¢(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 1** 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
covefage 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
evidenée, with the islands still showing oniy a very small local density). The small |
dipole moment and atomic radius associated with adsorbed H render the direct A-A
interections (such as dipole-dipole, Van der Waals, and orbital overlap) negligible. The
interactions are instead thought to be ihdirect, mediated by substrate phonons [6]. This
is supported by the appearance of the strong adsorbate-substrate interactions
manifested in the latge adatom induced substrate reconstructions. In essence the
diffefences 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 throﬁghout the surface even when {/ery 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 feafures of the two systems and noted the many
similarities, it is important to make soine comment on the features of the dynamics of

- the Hy/W(100) adsorption systerh, 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, S, as a function of .i_ncideht energy is non-monotonous. A
large and possibly non-activated direct channel has been identified, this channel being
accompanied by a low energy channel étretching well beyond those energies predicted
for a classical, fully accommodated, precursor channel to dissoeiation [11,12]. The low
energy channel has been attributed to a dynamic adsorption mechanism this being
sometimes identified as dynamic steering and ether times as a dynamic precursor, both

of which are described below.
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1V.2.3 Dissociation Dynamics:- Dynamic Steering

During the 90’s improvements 1n computing power made it possible to combine high
dimensional quantum dynamical calculations of the dissbciative adsorption of
molecular beams with reliable ab initio PES calculations (calculated within the DFT
slab nfodel). During recent yezirs these advancements have been put to use in the
performance of quantum as well as classical simulations of the adsorption dyhami-cs of
hydrogen as it approaches a wide range of mpdel potentials [17 and references
therein,18]. The H»/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 experiencéd by the molecule as it
appfoaches the surface are strong enough to allow the slow moving adsorbate to re-
orientate and translate across the surfacé (particularly in the case of molecules of low
mass such as Hy) in order to find the optimum dissociation position, and that as this |
steering becomes less effective with ‘increasihg E; the dissociation probability
decreases. In essence, according to the steering theory, Sy 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 takén 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 miolecule 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 rigI;t 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
depeﬁdence 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 EFI 50meV) on W(100). The steering theory offers

some testable predictions:




1y

2)

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. Rotétional 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 oriéntated
perpendicular to the surface a large barrier to dissociation will be
encountered [19]. At low rotational energies the moleculé can bé steered
into the favourable orientation, but at higher rotational energies this may
not be possible. This is known as rotational hindering.

The prediction was also made that if steering were responsible for the
low enérgy 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(111) 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 H, 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%ib) 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 H; molecule only has
two electron.s/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
interacﬁon between the surface and the first unocdupied antibonding orbital, since it
lies far above thé energy of the bonding orbital (~17eV), however, as the bond
léngthens there is a shift upwards in the occupied 1o, bonding orbital and downwards
in the first unoccupie(i antibonding 1o, this downward shift moving the 1o, to below

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

Muller’s modelling of the potential energy of the H; molécule as it approaches the
bridge site of a Pt(111) surface [22] predicts E%i» 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, E;<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’bé 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 vaicuum.
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Figure 3: A\model of the potential energy of a H, 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%ib).

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 inframolecular bond softening) Via a resonance with E; within the
realrﬁs of a non-adiabatic channel. Such an explanation has {n the past been used to
explain the resonant behaviour of F+H, gas phase collisions [24], and was put forward
by Halstead and Holloway in their theoretical study of a H,-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(111) 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 ‘ 135 Figure 4: A 2D cut of the PES of a 160meV H; molecule

approaching a transition metal surface, as a function of
molecule-surface distance and angle (0°=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

Distance from surface (A)

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°,;, of the free H, 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 examiﬁe the interaction, within which energy exchange with the
surface phdnons 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 H; is likely to experience dynamic trapping, with surfaces displaying onIy
actiyated 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(111) respectively, in agreement with this principle [28].

" Calculations revealed the Ts effect to be larger on a less reactive surface such as
Pd(110) than a more reactive surface such as Pd(111) 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 Sy on
Ts was observéd recently for H; sticking on the relatiVely reactive W(100) surface [.1 1]

- 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 trappihg at low energies and in a considerable drop in Sy with
increasing Tg [13] (the literature describing this surface will be consideredAin detail in
chapter V). Eaflier 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 dependeﬁt trapping values
measured by experiment to the trapping calculated using the rigid surface model
[30,31] implies that trapping into the dynamic precufsor 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 H,
remains an area of considerable uncertainty and interest and will be investigated further

within chapters IV and V.

Existence of a Ts dependence of Sy 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 H,.

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 Sy with increasing Ts and E;, although }his behaviour can be
accounted for also within other models (such as a classical physisorbed or chemisorbed
precursor, or molecular steering). The dynamic precursor éhould however also produce
the following markers:

1) large molecular displacements parallel to the surface

ii) long residence times of the trapped molecule

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

1v) 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(111) surface most trapped H, moiecules go on to dissociate. However, the presence

of a cosgp component within the scatter (after taking into account time of flight

86




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 H, on Mo(100) for a range of H; incident energies, E;, and Mo(100) surface
‘temperatures, Ts. The initial sticking probability, S, has been recorded for a range of
Ts at both a low and high E;, and for a range of F; 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, 0y, over the range of conditions. TPD plots have been
produced after hydrogen has been doséd 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.

1V.3.2 H/Mo(100) 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 péaks
corresponding to dissociatively adsorbed hydrogén on the Mo(100) surface labelled on
figure 5 as By, B, and B; 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 B peaks, putting B; at ~285K, B ét ~325 and B; 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 méasuring 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 ﬂﬁctuating_ heating rate (of
between 1.5 and 3.5 K/sec), the use of electron bofnbardment (required to produce the
| high T required to clean the surface) rather than resistive heating making malntalnmg

a consistent heating rate at low temperatures more difficult still.
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Figﬁre 5: Temperature programmed deéorption curve examining the desorption of H,
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]

The B, and B3 desorption peaks have been shown to obey 2" order kinetics and By 1%
order kinetics [1]. This sﬁggests B> and P are associated with adsorption into the
reconstructing surface énd B into the static unreconstructed surface. Adsorption of
hydrogen into all 3 B 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 _ex/amined in considerable detail (see chapter Iv.2.1).

The saturation hydro gen 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 H, 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 stép—like in natufe

since desorption from differing sites would be expected to take placé 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.
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1V.3.3 Indicatidns of Hydrogen Migration Across The Surface

Figures 7a and 7b are typical of the K&W plots obtained here when a H, beam was
directed at the clean Mo(100) sample surface. During these experiments the surface
temperature of the molybdenum was held at ~181K, 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
préssure, 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
cnnsiderably 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 bé
considerably more difficult to position the beam so as to be incident upon only the
crystal and not upon any of the metallised snrroundings) 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 pre’ssure being
equal to the flag closed value (figure 7c¢). This provided a clear indication that the beam
was indeed incident upon the éample 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 suppnrt remaining cooled via the liquid nitrogen
reservoir) and thereforevany hydrogen stuck on the metallised support surfaces will not
be expected to contribute to the desorbing gaé 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 bealn 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 thanth'e quantity desorbed. However, the

~ calculations revealed the opposite to be true.
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Beam diameter | Area | Adsorption from K&W Desorption from TPD
(mm) (in langmuirs) (in langmuirs)
Large (7.5) A¥* 0.0212 0.0206
Medium (3.25) | A* 0.0269 0.0268
Small (1.25) A 0.0006 0.0118
Small (1.25) B 0.0048 0.0118
6e-10
(Figure 9)
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Table 1 & Figure 8: Comparison of the H, adsorbed onto the Mo(100) during a K&W
sticking with the H, 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 I11.3), 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 adsorb‘ed 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 bearh was not incident, also contributed

significantly.

A significant plateau effect Was observed at both high and low E;. That the effect is
present at high E;, where a H, 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 'm;ake 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 signiﬁcaht degree, via tunnelling at low temperatures
(Ts<140K) [36], with the mean square displacerrient 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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1V.3.4 Dependence of S, 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 I11.2.4 summarised here
by equation IV.1. -

__(A-R) wa
0= .
(P - P,)0.79 |
Where Py is the background pressure, P, the flag closed pressure, and P, the initial flag
open pressure. These are all illustrated in chapter II1.3 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,

Ei +/- 1meV for the 1% Hy/Ar |

E; +/- 3meV for the 1% H,/He

Assuming there are no problems in reproducing a good beam, errors for Sy of H; on the
Mo(100) depend preddminantly 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 S for a given E; and Ts (32meV and 165K respectively), removing
the highest and lowest value, and calculating half of the range: Sy +/- 0.01 for H, on
Mo(100)

Figure 9 shows the results of K&W type Sy calculations for a range of E; on a Mo(100)
surface held at low temperature (Ts=165K). So(E;) exhibits non-mbnotonous behaviour
with Sy initially dropping as E; increases, then entering a 2" regime at higher E; 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 presént, 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. N, 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

0.55 ~ E

(0]
0.50 - [P XC)

(a)

0.45 - (P (ON5) '

0.40 -

Initial Sticking Probability
&
o)
o
@)

0.35 -

0.30 T T T T T
0 20 40 60 80 100 120

Incident Energy / meV

06

0.5 ; 8e (b)

®
°
e %0 %8 %o ®°°

Figure 9: a) Initial sticking probability of
hydrogen on Mo(100) as a function of
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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 depih 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 compositibn of the
surface [44]) | |

and there being no evidence of a chemisorbed precursor state being present on this
surface (detailed calculations for Hy/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 cube§ 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 compietely 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
| L : W
the molecule towards the surface, increasing its velocity by ,/— (m being the mass
. m .

of the incident parﬁcle) and addfng to the velocity with which it moved within the

vacuum phase (Vvac)-

The trapping pfobability is modelled as the fraction of molecules for which sufficient
incident energy is lost during the collisibn 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 (E;), angle of incidence (0),
and surface temperature (T;) for a given well depth (U), molecular mass (m) and

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

e (‘“Vlim )2
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Where vlim='u2 - +‘u2 ‘/—-(E,. c0520+U) -~ (IV.3)

m
a= Mg V.4
AT, av.4)
m
U= (Iv.5)
M,

With vy being the impact vélocity of the surface cube below which trapping is
enabled, vy 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 p 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 H, 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). -

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 laige .
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 Sy increasing with increasing E;
once molecules are sufficiently energetic to overcome any minimum barrier to
dissociation, an increasé in the E; will allow-access to rion—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 Sy with increasing E;
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(occurring for E;<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 E; possibly acting to balance, to some extent, the correspondiﬁg 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 deéline (as is the case
for hydrogen adsorption onto the W(100)-c(2x2)Cu surface where the direct channel is
inaccessible below ~150meV [13,14]).

IV.3.5 Dependence of S, on Surface Témperature :

Compé.fing So(E;) 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 1s Ts independent. Figure
10 shows how the magnitude of the low enefgy 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. Ts=160 (black circles), Ts=364 (red triangles). ¢p=0

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 of H, on Mo(100) as a function of surface
temperature, p=0, E;=16meV. The thermocouple recorded values in mV with the
smallest measure recorded being 0.1mV. 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
Sy with Ty 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 Tgrange [e.g. 47,48]

The plot of So(Ts) at very low E; (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
-4.12x10™ K™ over the range 150<Ts(K)<500 observed here for a beam of E;=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 unrealiétically large potential well wc;uld 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,

[7)

k =ve - (IV.6)

- 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 vges could be
envisaged as being determined by the vibrational frequency of the bond being broken
between molecule and surface duﬁng desorption and vgiss the vibrational frequenéy, of
the intramolecular bond of the trapped I—I; 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 (kg¢es and kgjss respectively) and the initial trapping
probability ({),

acdfss

0= ‘ av.7n
k diss + k des
. It can be rearranged and be expressed in terms of v, E, and Ts:
é, — des :
< — 1+ av.s)
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Substituting in equatibn IV.6,

[ _Edes+Ediss j
__é; — 1 + U_des e RT;
S ———U (Iv.9)
0 diss -
Where AE=Ejes-Egiss,
_1.
< o [&)
0 _ des RT;
2 =1+ ¢ (IV.10)
g Udiss
‘ (_ AN
o _ Udes E
Sy =¢| 1+—*-e av.11

Udiss

According to equation IV.11, and assuming that v4es/V4iss remains independent of
temperature, the negative gradient of dS¢/dTs implies that Eges>Eqiss 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 E 4, can be estimated as
being equal to the molecular well depth. Ej~E 4 will therefore be the overall

i
activation energy along the reaction path. |

At an incident energy of 32meV this tefnperature dependence is seen to diminish
somewhat. Figure 13 showing a drop in the gradient to -1.4x10™ +/- 0.2 K. 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 Sy,
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 channelrdominates sticking. The alternative explanation to consider is that a
dynamic channel with little or no temperature dependence is making a significant

contribution to Sy at E;=32meV.
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Figure 13: Initial sticking probability of H, onMo(100) as a function of surface
temperature, p=0, E;=32meV. Ts +/- 8K when <293K, Ts +/- 4K when >293K

At E; = 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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Figure 14: Initial sticking probability of H, onMo(100) as a function of surface
temperature, p=0, E;=72meV. Ts +/- 8K when <293K, Ts +/- 4K when >293K

1V.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, Oy, for a range of incident energies stretching from Ei=13meV to
Ei=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 Ts.
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Figure 15: Sticking probability of H, as a function of hydrogen coverage on Mo(100)

for a range of incident energies. Beam diameter=7 mm, cp=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(0y) plots taken at a low surface temperature (Ts=165K),
where atomic hydrogen fully saturates the surface (0yiay=2ML), over a range of E;. At
low energies (13-32meV) S(0y) displays complex behaviour, the sticking probability
being largest at low coverage and S(8y) exhibiting an increasingly large negative
gradient, 8S/60y, 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 6y 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 probebility in a different manner to
the indirect, they could even be envisaged to be responsible for the variation of the S(6)
. plot as.a function of E;.(an increase in E; 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 aléQ strongly influenced by beam size
(see figure 16). Itvis 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(0) plot shape on beam diameter could, however, be offered

within the realms of the migrating hydrogen model.

109




Large Beam Small Beam
Diameter Diameter

>

T

._?_) 0.4 0.4 -

g 0.3 0.3 -

DE_ 0.2 0.2 -

o) 01 0.1 -

c

g 00 0.0 -

o

(V) 0.0 =05, 1w 1.5-w=20 00 05 10 15 20

Coverage / ML

Figure 16: Plots of S(0y) using both a large and small beam diameter. Large beam
diameter=7.5mm, small beam diameter=1.25mm. These result in the beams being

incident upon ~70% and ~2% of the surface respectively. Ts=1635K, ¢=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 0y 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 6y experienced by incoming H, 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 prc‘)minent 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(0) plot exhibiting a steeper gradient. This fits well with the picture, suggested
already during analysis of the Sy as a function of E; and Ts, in which an initially
indirect extrinsic channel at low E; is superseded by a direct channel as E; 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 expecfed to
exhibit either an S « (1-0) or S a (1-8)’ relationship (depending upon whether a single,
or two adjacent atomic adsorption sites, are required in order for a H, molecule to |

undergo direct dissociative adsorption).

As well as examining the S(0y) for a range E; 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 séturation 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(08y) curves for 245<Ts(K)<416.
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Figure 17: Sticking probability of H, as a function of hydrogen coverage on Mo(100)
for a range of surface temperatures. (p=00, E;=32meV, saturation coverage is surface
temperature dependent and calculated using figure 6 and assuming a saturation

coverage of 2ML at 245K.

At 32meV varying Ts appears to have little discernable effect on the shape of the S(8y)
curve, suggesting that, if trapping takes place at this E;, 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

1V.4.1 Dependence of S, on Incidence Energy

AY

The implications of the non-monotonous behaviour of Sy as a function of E; for H,
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 E;, a direct diésociation channel at high E;, and a
dynamic channel (either dynamic steering or a dynamic precursor) dominating the

dissociative adsorption at intermediate E;.

The large low energy channel of H, dissociative adsorption on Mo(100) (see figure 9),
was seen to extend to incident energies well above that expected for a typical fully
accommodatgd precursor channel for a H, 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 H, 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 Hy/metal
systems [46 and references therein] including the W(100) [10-12], Pt(533) [47,48],
W(IOO);C(Z x2)N [12] and W(100)-c¢(2%x2)Cu [13,14], and this behaviour is commonly

attributed to a “dynamic adsorption channel”.

The dynamic channel has been attributed tb both dynamic steering and a dynamic
precursor depending upon the surface. For example, ab-initio PES calculations for the
H,/W(100) system suggested steering as being responsible for the tendency of S to
continue to decrease as E; increases beyond the rénge of the accommodated
physisorbing precursor [19], with the presence of non-activated routes to direct
dissociatioh on W(100) thought to help encourage a strong dynamic steering channél -
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 glloyed W(100) surface observed Sy to remain constant up to
0cy=0.5ML despite the corresponding TPD’s showing a clear change in the surface and
chemical adsorption potential. If the low energy channel of H»/W(100) were of a direct
type character such as dynamic steering it was thought that a éhange in adsorption
potential would be accompanied by a change in Sy. Sp was observed to remain constant
with increasing Cu.coverage for 6c,<0.5ML at Ei=35meV (this E; being firmly inside
the region where the dynamic channel is expected to dominate the dissociative
stickir;g), 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 bé present, the shape of the Sy(E;) plot of
| H, on Mo(100) gives, as yet, no indication as to the character of the dynamic channel,
both dYnaniic steering and dynamic trapping having been suggested to produce this

long range low E; channel extending to E; far above that which is accountable by

means of a fully accommodated precursor.
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1V.4.2 Dependence of Sy on Surface Temperature

From the data repoﬁed in section IV.3 three channels were identified for H, adsorption
on Mo(100), occurring at low, intermediate and high E;. The low energy channel
demonstrated a clear Ts dependence, Sy 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 E; was observed to display little or
no Ts dependence, it being unclear whether Sy remained independent of E; or exhibited
a slight decline with increaéing E;, 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 pléce only
-via a physisorption well (~30meV), this falling well short of the >300meV required })y
the hard cube for the predicted Ts dependence of the trapping event to correspond to
the observed Ts dependence at E;=16meV. However, the implications drawn from the
data analysis of So(E;) and So(T’s) are that a physisorption channel éo'exists with a A
dynaniic 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 ~110meV as H, approaches a metal
surface (in the case considered by Muller this is a Pt(111) 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(lO»O)). 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 S, 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 tréj'ectory 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 H, 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(11 1). 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 i‘nitialvtrapping 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 Ves/Vdiss
and AE can be determined ﬁom the y intercept and the gradient (respectively) of a plot
of In(/S¢-1) as a function of 1/Ts.

_é; 1= kdes o o
SO v kdiss _ | ' a1
AE
£ _1 — Udes e_R_Ts )
AY: U giss i
ln(g_ljﬂn(ﬁj_& ' av.s
S, Vgss ) RT '
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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 Sp 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 E;, the direct channel contribution must first be deducted from
the data and a plot describing Soaccom)(Ts) produced. Syirect) i €stimated as being
~0.15 at E=16meV, and ~0.25 at E;=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 Sy value by 0.05 brings the values in line with those observed when

having recorded Sy(E;) (see figure 9a).

08 Figure 18: A “by sight” estimation of
=ik . e, the accommodated/dynamic channel
% e gt using a simple exponential decay and
-g 04 \\ o ast assuming a fit which converges with
oé, - . k S the data points as E—0, and falls
3 3 * away to a sticking probability of 0
2 e when E;=93meV. It should be noted
E el 8 o that, according to

e accommodated/dynamic channel
- 2 - - % - g -4 model predicted to be responsible for
Incident Energy / meV the decay in Sy with increasing E,, the
= Ho/Mo(100) true curve will not be a simple
—— estimated fit of the accommodated/dynamic exponential decay, but the sum of 2
low energy channel
s deduction of the fit from the Ho/Mo(100) data decays corresponding to sum of the

accommodated and dynamic channels.
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Figure 20 shows a plot of Sg(accom)(Ts) at 16meV with the appropriate corrections. This

plot is used to make an estimate of {, So(accom)—C as Ts—0, provided Eges>Egiss. 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 { with E;
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 { and plotting In((&/So(accom))-1) against

1/Ts figure 19 is produced.

0.2
0.4 - Qe
0.6 - °
. .
: [ J
e '0.8 ﬁ .. .
A ' * "o
o 104
5 .
o -1.21 ° b
£ °«
-1.4 -
161 .
| yintercept = 0.36 +/- 0.09 ®
1.8 gradient = -390 +/- 30 ®
2.0 T T T T
~ 0.001 0.002 0.003 0.004 0.005 0.006
T /K

Figure 19: In({/Sy-1) versus 1/Ts, at E;=16meV, 0=0°, for 180<Ts(K)<460. The errors

are calculated from the deviation of the data points from the linear regression

Measuring the gfadient of the plot as being -390 +/- 30 K a value for Eges-Eqiss is

determined:

AE=3.2 +/-0.2 kJmol

118




Similarly after meaéuring the y-intercept as being 0.36 +/- 0.09 a value for Vges/vaiss is

determined:

Dis 14 +/- 04

Udiss

The errors described here for AE and vges/vgiss 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 épeciﬁc Ei.

Substituting the calculated values for AE, vges/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, E=16meV, 9=0° (black circles).
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Black line is So =& 1+ with £=0.47, Vges/Vaisc=1.4 and AE=3.2

kJmol™, plotted as a function of surface temperature.

A value of AE=3.2 +/- 0.2 kJmol™ is equivalent to 33 +/- 3meV. Eqs 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 Hy
physisorbing on a transition metal surface. This implies that the contribution from Egiss
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 { 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 { would be a

120




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). Modiﬁcaﬁons to this have already been discussed in terms
of deducting the direct channel contribution, Soirect), Which, due to the non-activated
nature of the channel, will contribute to So(totalj even at low E;. 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”, Soynamic), to the total initial sticking

probability.
S O(total) = SO(accom) + SO(dynamic) +S O(direct) (IV.15)

The partition function of equation IV.11 in reality only describes the fully
accommodated precursor channel, Soccom), 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:

SO(acc"om) = ,SO(tolaI )T SO(@n_amic) -5 O(direct) (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(gynamicy=0 at E;=16meV. The contribution from a dynamic channel may
introduce a further error to the calculation of AE and Vges/Vdiss-

The uncertainty in the nature of the dynamic chénnel,. 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 E; 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 fheoretical calculations have suggested that
the enhanced interaction time of the dynamically trapped hydrogen on Pd surfaces may
result in the dissociation probability 6f the dynamic precursor exhibiting a significant
Ts dependence [30]. At the véry least it seems likely that a paﬁition 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 y, describing the extent to which the molecule is able to

accommodate with the surface temperature (see equation IV.17).

(accom.) — IV.17
Udiss ( )

Where y —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 E; regime is also observed for
hydrogen adsorption on the Pt(533) surface at similar E; (dS/dTS=-4x10"* K™)
[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




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 dS¢/dTs also recorded as being -4x 10* K" on CO/Pt(533) at the
corresponding E; [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 E=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 S is seen to
diminish from that observed at 16meV to just dSognay/dTs=-1.4x10" +/- 0.2x10™ K™
(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 =0 in equation IV.17, as is suggestéd
to be the case on Pt(533) [47,48]. . A weak or ngn—existent Ts dependence of the
dynamic channel would agree with either the pi,cture 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 cxchanging 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 H, 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 whiéh has been suggested as being
responsible for the H,/Pt(533) system [47,48], the hard cube model predictions
estimate the physisorption channel contribution to Sy 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 Sy 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 Y4 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 Witil actual observatiohs. 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 Sy 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 (0y)

The results from the S(8y) plots have been interpreted as being indicative of an indirect
channel to dissociation being replaced by a diréct dissociation channel as E; is
incfeased. This is in agreement with the picture presented by the data describing So(E;)
and Sy(Ts)- |

At E;=32meV the shape of the S(6y) curve did not change in character with Ts (see
figure 17). This lack of Ts dependence suggests that,‘ if trapping takes place at this E;,
then increasing the surface temperature of the crystal doeé 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(By) 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 E;, i.e. two low energy channels are present,
one accommodated (dominant at the lowest E;) and one dynamic and independent of
Ts (dominating the intermediate E; region). This is consistent with a typical

. accommodated physisbrbing 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 H; 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 Sy with increasing E; and the reach of the low energy
channel to unusually high incident energies with respect to what is predicted fbr a

physisorbing accommodated precursor.

1V.4.4 Comparison Of H,/Mo(100) and W(100) Adsorption Dynamics

The considerable similarity between Mo(100) and W(100) (the bec bulk structure, the
lattice spacing, the electronic structure, and the 1ow temperature reconstruction), and
the kinetics of hydrogen adsorption upon the two (hydfogen 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 unsurpriéing to find that the adsorption dynamics
of the Hy/W(100) system in particular [10-12] shares many characteristics with those
observed here for the Hy/Mo(100) adsorption syétem. 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: Sy(E;)) of H; on Mo(100) at Ts=165K (red circles), and on W(100) (black
squares) at Ts=300K (S, shown to be Ts independent on W(100)) . Both beams are

directed perpendicular to the surface (p=0°)

The influence of the direct channel appears to be somewhat larger on the Mo(100)
surface. Ab initio PES calculations of the H,/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 H,
dissociation on W(100) implies that, with its larger direct channel, this is also the case
for Mo(100). The greater contribution to Sy 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(100) (ﬁgure‘9b) and

attributed as strong evidence of the presence of a dynamic channel to dissociative

_ adsorption. The reach of the low E; channel of H, ads<orption on the W(100) surface
extends to higher still E; values than were observed for Mo(100), with the channel
making a significant contribution to Sy ﬁp to ~150meV, double the E; to which if
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 E; 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 H;, 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-bondihg orbitals of the H, 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 H, 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 H, molecules than
that of the Mo(100) surface.

The S¢ values-appear in general slightly lower on W(100) (see figure 21), although
theré 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 Sy with
decreasing E; [10]. In this case Sy does not entirely follow the trend displayed by the
Mo(100) sﬁface with S, values rising well above those of Mo(100) at low E;, 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 E; 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(l1—6) relationship, as illustrated in figure 22b and 22¢

(below).
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Figure 22: Coverage dependence of the
dissociative sticking probability of H, on
W(100). a) Ts=300K, E;=63meV,

b) Ts=375K, E=13meV, c) Ts=150K,
E;=13meV. Taken from [11].
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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 H, 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 thét the maximum sticking probability (Spyax), caused by the
initial rise in sticking from the S value as the coverage increased, exhibited a Tg
dependence. It was suggested that the lack of Ts dependence of Sq and the relative Ts
dependence of Syax might be accounted for by the intrinsic and extrinsic channels
“respectively, with the intrinsic channel accounting for Sy and being Ts independent, -
. and the extrinsic channel having a Ts dependence and being responsible for Syax. The
better mass match within the extrinsic channel of H; colliding with a hydrogen adatom,
_as opposed to that of the intrinsic channél where H; 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)-(1x1)H surface, scattering data revealing the collision of the H, with
this surface to be dominated almbst 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(lOd) 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 B state. Using a thermal source
hydrogen has been adsorbed' separately into the B; and B, states on the W(100) surface,
with adsorption into ; observed to display a linear coverage dependence and 3> a clear
coverage independence [50]. Adsorption into the B, state corresponds to the creation ‘of
the c¢(2x2) structure and adsorption into B, its destruction [16,50], with 0.5ML being'
the coverage at which the ¢(2x2) 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 (v;) as a function of
hydrogen coverage for a) W(100) and b) Mo(100) .v, depends on the local substrate
arrangement (i.e. the Mo-Mo or W-W dimer length), with larger symmetric stretch
frequency indicative of shorter dimer length.. Both (a) and (b) are taken frbm [6]. The
smallest dimer lengths for these reconstructed surfaces has been estimated as being

\ 2.74 A and 2.734 for the W and Mo hydrbgen 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
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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 8y for the H,/W(100)
system, with Sy,ax occurring at ~0.3ML, the same value at which the surface
reconstructed (as measured by v;) is greatest (figure 23a). In this respect W(100)
should differ from the Ho/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<8y(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 v, wavenumber varying by as much as 40cm™ on the W
surface but by only ~5cm™ on Mo. This is coupled with Mo(100) lacking the increase
in S with 8y seen for H, adsorption onto W(100) (figure 24).

The plot of S(6y) for the Mo(100) system displays a maximum sticking probability at
lowest coverage (i.e. Smax=S0) 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 6y the complex coverage dependence switches

off to be replaced by a linear decrease in sticking probability with increasing coverage.
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Figure 24: Sticking probability of H, on a) Mo(100), and b) W(100), as a function of
coverage at low incident energy, E;=13meV, and low surface temperature (Mo(100)

Ts=165K , W(100) Ts=150K)

It seems unlikely that this correlation between the reconstruction of the adsorption site
and behaviour of S(0) 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 récohstruétion of the favoured bridge adsorption site and
the dlssoc1at10n of the H, precursor at this site.

The production of a larger substrate atom displacement around the bridge site, as the
favoured c(2x2) reconstruction is approached (analysis of IR frequency shifts putting
the smallest dimer length at 2.74A 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 1D
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 (85<0.1) on the W substrate from that experienced at ~0.3ML when
the ¢(2x2) reconstruction is complete [16].

E

Precursor Well

Figure 25: A simplistic 1D 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 (Eysy). The precursor well and dissociative adsorption
well (B) are labelled. E;y denotes desorption ﬁom the atomically adsorbed state, E 4,
indicates desorption from the dynamic precursor state and E 4 dissociation
adsorption of the precursor. This type behaviour is the basis of the Bronstead Evans

' Polbnyai relationship (used to produce volcano type plots dej‘ining a catalysts relative

activity).
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The evidence presented here has strongly suggested that the coverage dependence of
the indirect channel to H; 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(8y) 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 n
order phase transition occurring across the entire W(100) surface sees the surface only
gradually reconstructing with 0y, 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 1% 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

sectioan.2.2).

The Sy of H, on the Mo(100) surface displays a negative Ts dependence at low E;
(dS¢/dTs=-4.1x10"* K! at E=13meV). No such dependence is observed on the W(100)
surface with Sy recorded as being Ts independent at this energy [11]. However
precisely this relationship is observed on W(100) for Spmay(Ts), with dSma/dTs=-
4.1x10™* K! at E=13meV. This similarity is not surprising since Smax on W(IOO) refers
to adsorption into the fully reconstructed bridge site, equivalent to So on Mo(100). In
fact in the case of Mo(100) So=Snax. |

For H, dissociation 6n both W(100) and Mo(100) Spax only displays a Ts dependence
at very low E; (this having been already examined earlier in this chapter where
-dSy/dTs was seen to drop by % between E; of 13meV and 32meV). In the case of
Mo(100) this was presented as evidence of a fully accommodated physiso'rBing
precursor channel dominating hydrogen adsorption at low E;. It seems reasonable for
the same conclusion to be drawn here for the channel responsible for adsorption into
the fully 'reéonstructed bridge site of W(100), i.e. that at E;=13meV, Spax of H> 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.coul_d
significantly affect the initial trapping probability of the physisorbing H, molecule.
Therefore it seems reasonable to conclude that the change in Ts dependence from the
independence of Sy, to the dSy/dTs=-4.1x 10* K™ of Spax 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 partiﬁon function then the lack of Tg
dependence of Sy implies that in the case of adsorption of the précursor intc; the
unreconstructed bridge site Eges~Eiss. 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 prodube has been described above (illustrated by figure 25) and would fit
well with this picture, with the negative Ts dependence of Spax (according to equation

IV.11) implying that E4e>Ediss for H, adsorbing into the reconstructed bridge site.

In the pastv the lacIk of Ts dependence of H; adsorption on W(iOO) 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 Hy/W(100) with H,/Mo(100) and the above analysis of
the two has lead to the conclusion that a fully accommodated channel coritributes
significantly to the dissociative adsorption probability of hydrogen on W(100) at

E1 6meV and that the lack of Ts dependence is due predominaﬂtly t0 Eges~Ediss Within
the context of the partition equation (equation IV.11) describing the dissociation or

desorption of the fully accommodated physisorbed H, 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 ddne by comparing So(E;) with Spax(E;) over the intermediate energy range
(roughly 32<E;j(meV)<150) at which the dynamic channel of H»/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 H, molecules, temperature of the

. Mo(100) substrate, and hydrogen coverage.

The initial sticking probability of H, varies non-monotonously with incident energy. -
This is typical of coeXisting direct and indirect channels (e.g. N 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 ihcident 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.
.o ! .

A fully accommodated indirect channel exists for the dissociative adsorption of H,
molecules with low incident energy. This channel exhibits a complex coverage

dependence and substraté surface temperature dependence characteristic of a fully

accommodated indirect channel to dissociation of H; on other transition metal surfaces
[14,48]. The surface temperature depéndence 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 H, 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
. picturé 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 Hy/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 H, 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 Hy/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 br@dge 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.1 Introduction

H, 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 E;, and what appears to be a non-

. activated direct dissociation channel contributing to S even at the lowest E;.

The Mo(100)-c(2x2)N surface is well documented and rélatively simple to recreate.
This surface is seen to shift the direct dissociation channel present onMo(l 00) up
considerably in energy while appearing to leave the accommodated/dynamic low
energy channel (which extends to E;>60meV on Mo(100)) intact. This increase in the
barrie'rf. 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 Mo, N catalyst.

V.2 Literature Analysis

V.2.1 Creation and Characterisation of the Mo(100)-¢(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

| Mo,N catalyst in which half of the octahedral voids are filled by nitrogen atoms [1],
with Mo,N having been shown to display excellent catalytic activity in a wide variety
of reactions', including NHj3 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

Figure 1: The ideal LEED pattern produced upon formation of a complete
Mo(100)-c(2 x2)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 1100K and 1170K [2,3], this treatment resulting in a sharp
c(2x2) LEED pattern characteristic of the structure.

Initially, saturating the surface with nitrogen is reported to result in a (1x1) 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 (1x1)
structure above 1300K [3]. This behaviour was interpreted as the creation of a
disordered surface upon initial nitrogen adsorption, the attainment of a ¢(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 sufface 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 desorption peak at 1310K
(figure 2). This agrees well with the observed destruction of the ¢(2x2) LEED pattern

. above 1300K.

1310
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Figure 2: A thermal desorption spectrum of nitrogen from a prepared Mo(100)-
c(2%2)N surface. The small desorption peak at 930K is attributed to N desorbing from

© areas where residual oxygen is present at the surface (taken from [3]).

.~ V.2.2 H, Adsorption Studies on the Mo(100)-¢(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 Baftali and Bell and their use of TPD to
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elucidate the sticking coefficients and maximum adsorption capacities of H, and NH3
on the Mo(100)-¢(2x2)N surface [1]. Their comparison of TPD studies of hydrogen
adsorption on the clean Mo(100) and the Mo(100)-¢(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.
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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(2x2)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 ha_rd to envisage
bridge site bonding resulting in Op(sa=0.SML while nitrogen occupies half of all four-
| fold hollow sites since if the presence of a nitrbgen-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 05=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
1.0ML. The simplest adsorption site to enviszige providing saturaﬁon covérage of
0.5ML would be for hydrogen to adsorb in the remaining vacant four-fold hollow sites,

those unoccﬁpied by nitrogen atoms.

The similarity of the § hydrogen desorption peaks, reported by Bafrali and Bell [1],
from Mo(100)-c¢(2x2)N with those of Mo(100) 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.
inCompleté ¢(2x2) structure with some areas of the molybdenum surface remaining
clean of nitrogen and allowing hydrogen bridge bonding to take blace, 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)-¢(2x2)N surface, where the same change in adsorption site is réported (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 desdrption peak occurring at ~150K [10], associated with hydrogen |
desorbing from the c(2x2)N stfucture, this peak being considerably lower than the
400<T S(K)<600 peak range reported for desorption from the W(iOO) surface [11]. The
TPD of Bafrali and Bell for H, desorption from Mo(100)-c(2%2)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

for the W(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 adéorption on the W(100) surface at room temperature results in a stable B,
state associated with the c(2x2) étructure and a less stable P, state above 0.SML. The
c(2x2) pattern isvmost clearly identified at 0y=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 B, state is, howéver, somewhat unclear.

The specific W(100)-c(2x2)N surface is prdduced in a very similar manner to that
already described for the production of an Mo(100)-c(2x2)N surface; a prolonged N>
dose, followed by annealing the surface to a temperature just below that at which the
principal B peak (in this case the f2) begins to desdrb, producing a sharp ¢(2x2) LEED
pattern [12]. On the tungsten surface this anneal corresponds to removal of the B,

adsorbed nitrogen.

No equivalent B; state has yet been observed on the molybdenum surface. Ren and_
Zhai [3] did observe a small peak to appear at 930K, a few hundred K lower than the B
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 930K and
"1310K, and interestingly the relative position of one peak with respect to the other is
fnuch the same as was seen to be the case for the B; and B, 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(lOO) is
merely due to oxygen contamination or whether it might relate to the B, 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  peak and therefore the
strength with which the nitrogen is bound to the surface, the four-fold hollow

adsorption site occupied by nitrogen at O5<0.5ML, and the ¢(2x2) LEED pattern
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associated with the nitrogen layer at 6x=0.5ML coverage, so it might perhaps be
surprising if a state equivalent to the B; of N/W(100) did not also exist for the
N/Mo(100) system. The B, 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‘vO.SML 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 Hy 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) 'rhe 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 detnnnine [11], bnt, upon adsdrption of nitrogen to create
the W(100)-¢(2x2)N surface, the barrier to direct dissociation of H, was shifted to
sufficiently high E; so as to be well removed from the accommodated and dynamic
channels, apparently without significantly diminishing the size of the lower energy
nhannel. 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(lOO)-c(ZXQ)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], suggesti_ng the same adsorption site to be responsible on
* both surfaces. Ab initio calculations of the PES of H/W(100) détermined the bridge to
be the most favourable site for .atomic hydrdgen adsorption, with a calculated
adsorption energy of 1.9¢V / 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 -hns
- already been suggested regarding hydrogen adsorntion onto a Mo(iOO)-c(2 x2)N
(chapter V.2,2), a saturation coverage of 0.SML 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 x2)N was seen to exh1b1t 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 Tg (~1 50K)
[10] (as has already been mentioned). There is a correspondence here between the,
decrease‘in activation energy for desorption (associated with the desorption -
" temperature seen in the TPD) and the increase in the minimum potentlal energy bamer
| to direct dlssoc1at1on between W(100) and W(lOO) c(2x2)N (associated with the
incident energy at which the direct channel first begins to manifest itself), a trend -
observed also for the Ho/W(100)- c(2><2)Cu adsorptlon system [16]. There appears to be
a proportional relat10nsh1p between the activation energy for desorptlon and the '
activation energy for direct dlssoc1at1on, with the W(100)-c(2x2)N surface exh1b1ting:
the lowest temperature desorption peak and greatest barrier to direct dissociation, the
W(100)-c(2x2)Cu a désorption peak at a higher temperature and lower direct
'Idisso.ciation barrier, and the clean W(100) the highest temperature desorption peaks
while only exhibiting a very small (or possibly non-existent) barrier to direct
d1ssoc1at1on (figure 25 of chapter IV presents a 51mpl1st1c plcture of how thlS m1ght be

envisaged as taklng place).

No such lower temperatnre ahsorption peak was observed by Bafrali and Bell in their
B study of the H/Mo(100)-c(2 ><2)N system [1], however, it is possible that they were |
unable to search to low enough temperatures, with the TPD beginning only at ~2OOK
(the hydrogen desorptlon peak of the H/W(100)- c(2 x2)N system be1ng observed to
appear at ~150K [10]). Given that the barrier to direct dissociative adsorptlon of Hz on
thevMo(lOO)-c(2_><,2)N surface appears to vbe shifted upwards in energy from that
experienced by hydrogen adsorbing on the clean Mo(100) (this shift being examined
shortly), in a manner .sirnila.r' 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 feasonable to expect that a desorption peak should be present at lower

' temperatlires than those observed for hydrogen desorption from the Mo(100).
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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 B; is observed.

Comparisons are drawn between this state and the By 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 adsorptlon on the clean

Mo(100) and the W(100)-c(2x2)N surfaces.

V.3.2 Creation of the Mo(100)-c¢(2%2)N surface

The Mo(100)-c(2x2)N structure was produced .by-ﬁrst dosing nitrogen on to the
surface at Iow temperature (~160K) to produce 6x>0.SML. 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)-¢(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 N») was intrdduced to the chamber either from a
I;ure 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 showh in figure 4 for a variety of coverages.

148




——0.74ML
] Y 0.67ML
——0.32ML
——0.21ML
——0.21ML
——0.2ML
——0.14ML

Nitrogen Partial Pressure / arb. units

T : L ; £ §
0 250 500 750 1000 1250 1500

Surface Temperature / K
Figure 4: TPD of N, 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 f peaks, f; at ~1080K and f5; 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 of EB
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 B3; and B, corresponding to desorption peaks observed at ~1080K and
~1320K, and one molecularly chemisorbed state labelled vy, corresponding to the
desorption peak at ~205K. This is the first time (to the best knowledge of this author)

clear evidence for the f3; state has been presented. The 3, peak observed here has been
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previously characterized in the literature [3] and is associated with a ¢(2x2) structure
with nitrogeh bonding in half of all four fold hollow sites giving a saturation éoverage
of 0.5ML [2,17]. The position of the B, peak, observed here as being at 1320K, is in
go_od‘ agreement with that reported in the literature of 1310K [3]. Table 1 makes a
comparison between the various temperatufes recorded for nitrogen desorption peaks
from W(100) and Mo(100). |

- The ratio between B, and B, for the W(100) surface was reported as being 2:3 (although
 this measurement was made while noting thét 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 prbposed by Sellidj and Erskine [13] for
the saturated W(100)-N surfac_e,» based on EELS and LEED measurements, does
predict a 1:2 ratio (i.e. 50%) between the B; and B, states. This ratio equates to a
0.75ML saturation coverage of atomic nitrogen on the Mo(1 OO) surface (based on the

saturation of B; 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
N, adsorption and subsequent anneal to 1100K or 1150K ([3] and [2] respectively).
The TPD of figure 4 indicates that heating to around these temperatures will tend to
remove the ; peak while leaving the B, nitrogen untouched. Indeed, by hea;ting the
crystal surface to 1170K the B; peak was seen to be completely removed while leaving
the B, peak entirely intact (see figure 5). This was confirmed by examining the ratio of
the integral of the P state (figure 5b) and the Bzvbstate, with the B, state being initially
desorbed, followed by a TPD, }performed after re-cooling the surface, that removed the
B2 peak (figure Sc). Coniparison of the TPD finds the B peaks to retain very close to a
1:2 ratio. It 1s also noted that after annealing to 1170K for a few seconds the B; peak
does not return. This indica_tes there is no transfer from the B, to Bl state during heating

as was also noted to be the case for nitrogen adsorbed upon the W(100) surface [12].
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previously characterized in the literature [3] and is associated with a ¢c(2x2) 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 B, peak, observed here as being at 1320K, is in
good agreement with that repbrted in the literaturé of 1310K [3]. Table 1 makes a
comparison between the various temperatures recorded for nitrogen desorption pééks

from W(100) and Mo(100).

The ratio between B and f, for the W(100) Asurface was reported as being 2:3 (although
this measurement was made while noting that it was limited by the maximum dose
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saturation of B; 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
N adsorption and subsequent anneal to 1100K or 1150K ([3] and [2] respectively).
The TPD of figure 4 indi;:ates that heating to around these temperatures will tend to

- remove the B; peak while leaving the [3; nitrogen untouched. Indeed, by heat'ing the
crystal surface to 1170K the B; peak was seen to be. completely removed while leaving
' the B2 peak entirely intact (see figure 5). This was confirmed by examining the ratio of
the integral of the B, 'state (figure 5b) and the B, state, with the B; state being initially
desorbed, followed by a TPD, performed after re-cooling the surface, that removed the
B2 peak (ﬁgﬁre 5¢). Comparison of the TPD finds the B peaks to retain very close to a
1:2 ratio. It is also noted that after annealing to 1170K for a few seconds the 3; peak
does not return. This indicates there is no transfer from the B2 to B 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 8, and 3, after a saturating dose of
N> (~240L). In figure (a) a multiple lorentzian peak fit finds f; to be 0.46 of the size of
P Figures (b) and (c) use a Lorentz peak fit area calculation to determine the areas
of the B; and f3, desorption peaks respectively, the TPD plotted in (c) being performed
directly after the TPD shown in (b) has removed [,. The ratio remains approximately

constant with the isolated f; peak having an area 0.49 that of the isolated f>.

In the case of W(100) the c(2x2) structure has also been associated with the removal of
a B state[12]. In the case of a W(100) substrate, annealing the nitrogen covered surface

to temperatures just above the §; desorption peak was noted to result in the formation
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of large domains of the perfect c(2x2) structure via 1nter-lsland coalescence

ehmmatmg out-of-phase boundaries.

As -feported in the l.iteraturev, saturating the Mo(100) surface with nitrogen was seen to

result in a (1x1) LEED pattern. Removing the physisorbed nitrogen by anneal to 650K |

‘Was seen to leave this (1x1) pattem intact, while an anneal to 1170K was seen to résul_t

in the p_roductidn ofa c(2 x2) structure. This also compares well with the literature,

where Ren and Zhai '[3] observe a (1x1) pattern upon saturation at low temperatufes,

and the (1x1) pattern persistihg up to a surface temperature of 1000K, with a clear

¢(2x2) pattern then becoming visible between 1 100K and 1300K, this c(ZX2) reverting

back to a (1x1) structure above 1300K, _presumably corresponding to the associative

desorption of the nitrogen from the B, state on the surface at around this temperature.

Substrate

Anneal temp. to

| produce c(2x2)N /K

Reference

Mo(100)

1170

This thesis

Mo(100)

1150

[2]

Mo(100)

| ~155 (2 states)

“11100- 1200

[3]

Mo(100)
‘W(100)

170 & 180

11173

[1]

ooy

Table 1: Comparison of data currently available examining nitrogen desorption

temperatures Jrom the Mo( 100) and W(. 1 00) surface. (* temperature of desorptzon

peak maximum is dependent on coverage)

Although the B, peak hasnot been previously repdﬁed,,itsQ existence is hardly .

surprising given the observation of a f3; state appearing on W(100) after high nitrogen

~ doses (12, 18] and ta1<ing account of the Varieus other similarities observed to be

present between the two surfaces [19] (as discussed above in section V.2.3).

152




The saturation of the B, peak associated with the ¢(2x2) surface, and the creation of

complete Mo(100)-c(2x2)N surface, was determined by calculating the amount of

the

nitrogen desorbed during a TPD following an anneal to 1170K to remove all nitrogen

from the surface not involved in the c(2x2) structure (see figure 6).
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Figure 6: Nitrogen desorbed from B, peak during a TPD as a function of the dose
time. Nitrogen is dosed using a pure N, beam, the beam diameter being set to
approximately the same of that of the crystal, and the crystal then annealed to 1170K
to remove the f§; 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%2)N structure.

Zhu et al. report saturation to take place after a >2L dose of nitrogen at low surface

temperatures [2]. Saturation of the B, 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 N, from the molecular beam. This is approximately equivalent to a 10L

dose.
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V.3.3 The adsorption site of Hydr;()gen on the Mo(100)-¢(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(lOl)) surface. Taking the saturation value of hydrogen on

: Mo(lOO) 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 x2)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(lOO)-c(2 x2)N surface (section V.2.2), with the four—fold hollow being expected
to be the second most stable adsorptlon site on the Mo(100) surface (from comparlson '
with theoretical calculations performed for the very similar H/W(lOO) 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 i -
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(lOO) c(2x2)N surface) is somewhat uncertain Bafrali-
and Bell [1] report two peaks at ~3 65K and ~53 5K, however itis 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 obseryed‘foer _desorbing from the clean"Mo(lOO), 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 ata similar |
temperature to the ~150K reported for hydrogen desorptlon from the W(100)-c(2 X2)N
surface [1 0]

- V.3.4 Dependence of Sy on Incident Energy
The creation of the Mo(l OO) c(2 ><2)N was. seen to act to remove from the energy range
-examined (<80meV) the large direct channel to hydrogen’ dissociative adsorptlon

which was observed to be present-upon the clean Mo(100) surface (see chapter V).

The removal of the direct channel to dissociation on the Mo(lOO')-lc(2>.<2)N surface sees
So continuing to drop with increasingEi, Sy falling from ».~0,4 at’ 13meVl 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(lOO)'surface (figure 18 chapter IV), S¢ on Mo(100) ceasing
its decline and beginning to increase between 70.and 80meV indicative of the low
energy channel disappearingvat around this energy. The magnitude of So(Hy) on
Mo(lOO)-c(2_><2)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 Sy values associated with the low energy

~ channel(s) are slightly lower on the-Mo(lOO) c(2><2)N than on Mo(100), with So at the .

lowest recorded E; (13meV) measured as be1ng ~0.55 on Mo(lOO) while only ~0.4 on
Mo(lOO) c(2><2)N however the non—actlvated nature of the d1rect channel means that
its contribution may still be sizeable at even this low E; and might account for some or

all of this dlfference in the So values recorded for the two surfaces
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Figure 7: Initial sticking probability of H, on Mo(100)-¢(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.
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Error calculations are made in the same manner as with the H»/Mo(100) system (see

chapter IV.3.4). The errors on Sy are estimated to be +/- 0.02, double the size

calculated for the Hy/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 Sg on Mo(100)-¢(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(2x2) structure. If the surface is annealed to slightly too high a temperature

loss of nitrogen from the f3; adsorption state will tend to result in an increased So,

whereas annealing to too low a temperature may fail to remove all the p; state nitrogen,

and this was seen to tend to result in a decrease in the Sg value.

156




The presence of nitrogen adatoms on the Mo(100) surface provides a better mass-
match for the incident H, 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 fhé accommodated trapp'ing probability at a

given E;.

" V.3.5 Dependence of S, on Surface Temperature

On the Mo(100)-¢(2x2)N surface, at E;=32meV, an increase in T is seen to correspond
to a decrease in Sg of H, 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 aé Ts rises above 300K. Across the range 165<Ts(K)<300 the gradient appears
to remain relatively constant and is calculated as being ~1 4x107 K" an order of
magnitude larger than the gradient re.cordved at the equivalent E; for H, adsorption on

the nitrogen free Mo(100) surface (1.4x10* K™, see chapter IV.3.5).
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Figure 8: Initial sticking probability of H, onMo(100)-c(2x2)N as a function of
surface temperature, p=0, E;=32meV. Ts +/- 8K when <293K, Ts +/- 4K when
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only, where dSy/dTs =-1.4x10° K.

The route to dissociative adsorption of H, thought to be responsible for the decrease in
So with increasing E; on various metal surfaces (including W(100) [11],
W(100)-c(2x2)Cu [16,21], Pt(533) [22,23], Pd(111) [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 E; 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(E;) on
the Mo(100)-c(2x2)N surface of two temperatures at opposite extremes of the range
over which the Sy is seen to fall (i.e. at 165K and 302K, see figure 8). Upon the
Ha/Mo(100) system two Sy(E;) 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
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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 Sy(E;) data points taken for

H,/Mo(100)-c(2%2)N system was seen to occur until Sg—0.
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Figure 9: Initial sticking probability of Hy on Mo(100)-¢(2%2)N as a function of
incident energy. Ts=160K (black circles), Ts=302K (red triangles). ¢=0

At 72meV what little sticking remains was not seen to exhibit any more than the very

most minimal of temperature dependencies. The small magnitude (Sy<0.1) 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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V.3.6 Dependence of S on Hydrogen Coverage ‘(Gn)

At both E;=13meV and 32meV a complex coverage dependence clearly exists. This is |
illustrated in ﬁgﬁre 11 by the plots of S(8y), 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 6y increases, and this drop becoming more and more rapid as 6y

increases towards saturaﬁon coverage. This is consistent with an adsorption

" mechanism where the molecule does not require a vacant site for the initial trapping

event tQ occur.
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Figure 11: Sticking probability of H, on Mo(100)-c(2%2)N as a function of
hydrogen coverage for E;/=13meV and E;=32meV. Ts=165K, qo=00, and saturation
coverage is 0.5ML.

V.4 Analysis

V.4.1 Dependence of S; on Incident Energy

The initial sticking probability of H, adsorbing on to the Mo(100)-c(2x2)N surface was
observed to fall as E; was increased from an initial value of 13meV, and to continue to
decrease across the full range of measured incident energies (E;<72meV). Such
behaviour is consistent with the removal of the direct channel be present for the
H2/Mo(100) system across this range of E;, 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 E; 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 Sy with increasing E;, 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 E; 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 accomrﬁodated physisorption precursor channel. Such an
interpretation has also been suggested for hydrdgen adsorption onto the Pt(533) surface
[22]. However, in the case of H, adsorp’uon on Mo(100)-¢(2x2)N the reach of the
channel to high E; cannot be automatically equated to the coexistence of a ﬁJlly

- 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 s1gn1ﬁcant sticking taklng

place up to almost 70meV must first be 1nvest1gated

A hard cube fit describing H, accommodated trapping upon a clean Mo substrate
estimated the trapping probability to approach 0 by ~‘3 OmeV (figure 9b chapter V),
this fell well short of what is required to account for the reach of the low energy

" channel of H, on the Mo(100)-c¢(2x2)N surface (up to ~70meV). Nitrogen adatoms,
however, provide an enhanced mass-match for the light H; 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 So(E;) d_ata measuring H, 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
durmg the collision. This scheme pictures the colliding particle as generating an
impulse dur1ng 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 ae being proportional to the distance
which the impulse propagates into tﬁe 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)v. 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.

0.8
N
\ ® H, on Mo(100)-c(2x2)N data points
B \ effective surface mass = 1/3N+2/3Mo
N ——— effective surface mass = 1N
N N ——— effective surface mass = 1Mo
0.6 - \ ——— effective surface mass = 1IN+1Mo

Initial Sticking Probability (data)
Trapping probability (hard cube model)

0 20 40 60 80 100 120
Beam Energy / meV

Figure 12: Comparison of the Sy(E;) values for Ts=165K, obtained via molecular beam
K&W [27] type sticking, for H, 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 H, 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.

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
Hj, 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 isl'making the assumption that all initially trapped molecules
will go on to dissociafe_. 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 H; on both Mo(100) and Mo_(1>00)-c(2 x2)N the
drop in S, 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 Ty for which the So(Ei) 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 frapped
molecules going on to dissociate. These conéiderations 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 Sé, with increasing E;, of H, on the Mo(100)-c¢(2x2)N

surface occurring up to, Ei=70meV.

'Alternatively to the hard cube model the improvement in energy exchange éould also
be envisaged in terms of an improved interaction time of the H, with the surface. The
important role playved by interaction time between proj éctile and surface was
highlighted in a recent paper by Busnengo et al. [28] examining the interaction of H,
with Pd surfaces using a surface oscillator model (as oppose to the rigid surface model
commonly used to examine the PES of a Hy-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 H; to D; or T,) or by reducing the mass of the surface
atom (while maintaining the surface oscillator vibrational frequency). If mass-matéh
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(lOO)- surface significantly alters the
vibrational frequency (and therefore time period ef Vibration) of the surface atom
which the H; projectile encounters. HREELS has been used to elucidate the surface
phonon mode for a Mo surface (250 cm™) [29] and the stretchlng vibration mode of

Mo-N (512 em™) [2].

Equation V.1 defines the relationship between wavelength (and hence wavenumber)

and vibrational frequency (Vfreq)-

" C
Orea =75

(v.1)
" The time period of a vibration being 1/vgeq, thus giving a time period of vibration of
1.3x10 s for a Mo atom from the clean Mo(100) surface, and of 6.5x10™* s for a N
atom from the Mo(lOO) c(2 x2)N surface.

An estimate of the evolution time of the projectile molecule-surface collision is made
assuming a distance of 0.5A over which the interaction takes place (roughly equivalent
to the repulsive portion of the PES encou_ntefed 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:
=1/2mv>, : (VY
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Lvoo= == (V.3)

The interaction time for a 40meV beam thereby calculated as being ~3x10™* s for H,.

Figure 13 illustrates how the change in substrate from Mo(100) to Mo(100)-c(2x2)N
can result in a time period of vibration much closer to the evolution time of the H;
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 N, molecule has been included to illustrate how the increased

mass of the projectile acts to greatly increase the evolution time.

t (Ho projectile)

?— 1/f (N adatom)
%— 1/f (Mo substrate atom)
%é— t (N, profectile)

r ® I I
0.0 4.0e-14 8.0e-14 1.2e-13 1.6e-13

time period /' s

Figure 13: The evolution time of the molecule surface collision for a H, and N,
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¢(2x2)N surface.

Were a classical accommodated channel to account entirely for the low energy channel
observed <70meV for H, adsorption upon the Mo(100)-c(2x2)N surface it would also
be necessary for the presence of the ¢(2x2)N structure on the Mo(100) surface to

account for the disappearance of the dynamic channel.
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Two possible dynamic channels were suggested for H,/Mo(100), dynamic steering ora
" dynamic precursor. A steering channel is typically thought to require a non-activated
path to dissociatien to be present and, although such a path appears to be present on vthe
" Hy/Mo(100) PES, it is clearly not for Hy/Mo(100)-c(2x2)N where the initiation of the
direct ehannel is seen to shift to E;x>70meV. Because of this the disappearance of a
dynamic steering channel is easy to account for and would, in fact, be eipected. 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%;-as the melecule 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 Hy/Mo(100)-¢(2x2)N has been performed,
however the presence of the dynamic well formed by the lowering of E% i requires a
significant softening of the intra-molecular bond to take place. This softening occurs as
the antibonding orbitals of the H, molecule shift downwards in energy as the surface is
approached and the metals d-band electrons begin to interact with them as the bend
with the surfaee 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 a'nd 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 ¢(2x2) structure. The similarities in the
magnitude of the S, and the energy range encompassed, by the low energy channels of
H,/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 ects 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 chennel 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
HQ/MO(IOO) systeﬁl is goveméd by a steering mechanism (a dynamic precursor also
being a reasonable interpretation of the results). It remains a possibilfty that the
increase in the accommodated channel caﬁsed by the presence of nitrogen adatoms is
only small, and thaf a dynamic precursor channel remains largely responsible for the

low energy channel of the H/Mo(100)-c(2x2)N system.

V.4.2 Dependence of S, on Surface Temperature
A plot of So(Ts) taken at 32meV for H; dissociative adsorption on the
Mo(100)-¢(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 jumi) in E;.
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 E; of the H; projectile
improving the chances of the initial accommodated trapping event taking place,
thereby enhancing the accommodated indirect channel to H, dissociation. Because of
this it is reasonable to expect thaf, aﬁplying the same pfincipals as have been used to

explain the fall in Ts dependence between 32meV and 13meV on Mo(100) (i.e. thé

‘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 accommeodated 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 E=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




explanation may lie in the trapping probability still being considerably larger on
Mo(100)-c(2x2)N at 32meV than on Mo(100) at 1.3meV,' 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(1 00)
while a sticking probability roughly double fhis is recorded on Mb‘(IOO)-c(Z x2)N. If
this sticking probability is due entirely to an accommodated channel (unlike Mo(100)
where Sg is derived from a combination of direct, dynamic as well as the
accommodated channcls) the increase in accommodated trapping probability may be

sufficient to account for the steepér gradient.

Another factor to affect the Ty depéndence will be the difference in the barrier to
desorptioh 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 »
dependehce 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
enefgetically favourable four fold hollow on the Mo(100)-c(2x2)N would be expected
to be accompanied by juét such a drop in AE.

=)
S, =a 4 Daes o\ RTs. V)

U giss
The large dependence of Sy on Ts at E;=32meV displayed by the Hy/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, dS¢/dTs=1.4x10" K™!, can be accounted
for if the low energy channel of the Hy/Mo(1 00)-c(2x2)N system is considered as
being due entirely, or almost ehtirely, to an accommodated precursor channel where
trapping t‘élkes place via the accommodation of the projectile moIecuIes 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 -

169




with the temperature at which all hydrogen will desorb from the Mo(100)-c(2x2)N

surface.

Bafraii and Bell [1] reported twb 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 whiéh dS¢/dTs was measured. However doubt has already been
cast over the validity of these peaks in deécribing 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 Baftrali and Bell recorded their TPD.

V.4.3 Dependence of S on Hydrogen Coverage (0y)

In chapter IV a comparison between the 6y dependence of H; 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 Oy determining
the degree of bridge site reconstruction. This dependence on bridge site reconstruction
" made the behaviour of S with respect to 6y somewhat complicated to analyse, with O
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 ¢(2x2)N structure upon

the molybdenum surface, removes this uncertainty. What remains is a cofnplex

coverage dependence whose behaviour can be clearly vassigned to the inﬂ}lence of an

indirect channel to dissociative adéorption. The sticking probability of H; on the
Mo(100)-c(2%2)N surface initially appears relatively insensitive to Oy. As 0y 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 By 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.
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The strong similarity between the S(0y) 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(6y) 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 Sy of H, with

increasing E; over the entire energy range on the Mo(100)-c(2x2)N surface.

0.4
— 13meV

Sticking Probability

0.0 T T : T
0.0 0.1 0.2 0.3 0.4 0.5

Coverage / ML

Figure 14: Sticking probability of H, on Mo(100)-¢(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 ~0.1ML and is not seen when using an E;=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 0y as the already adsorbed
hydrogen provides a better mass match than the molybderium atoms of the substrate for
the trapping of subsequent H, molecules (before the lack of vacant sites for
dissociation itself .becomes limiting), and the intrinsic channel always acting to
decrease S with Gﬁ as 'Fhe concentration of vacant sites drops. The importance of the
extrinsic channel might be expected to bécome more evident at higher.Ei (i.e. at
32meV as opposed to 13meV), where accommodation ofa larger quantity of E; is
required to allow the trapping event to take place aﬁd collision with the poorly mass
matched mblybdenum substrate atoms may begin to become insufficient. This might

| well be expected to result in an incréase in S with Oy occurring for E;=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 B and B, occurring at ~325K and ~550K respectively, and with a ratio
of 1:2. This is the first time the ; peak has been identified, but its presence should be |
expected given the presence of the 2 B, 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 ¢(2x2)N structure on the Mo(100)

surface is identified with the removal of the f3; 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 H,

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
H, 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 ¢(2x2)N structure.

The low energy adsorption channel of'H; on Mo(lOO)-c(2>\<2)N is characterised by a
falling initial sticking probabilityiwith increasing. H, 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(2%2)N accommodated precursor channel over that of the
Mo(100). The hard cube predictions are supported by a considerable Ts dependence
indicative of a large accommodated trapping contribution to the'ihitial 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(100)

V1.1 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 No/Mo(100) adsorption system has remained almost entirely
untouched. The dynamics of the No/W(100) adsorption system, on the other hand, has
been the subject of 'ext_énsive 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 siﬁlilarities, a comparison of the dynamics of the two is performed to help
shed light on the mechanisms responsible. This chapter‘éxamines how the sticking
probability of N, on Mo(100) varies with the incident energy 6f the N; molecule, the

temperature of the Mo(100) surface, and its level of nitrogen pre-coverage.

VL2 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). Fora
description and analysis of the structure and kinetics of this System please refer back to

chapter V.
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V1.2.1 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, B, states exist, one (B,) relating to the
formation of the ¢(2x2) structure, and the other (1) only occurring after
large doses of N,. | |

v b) B2 Saturation occurs-at O.SMIT.

c) Complete B saturation (of B; and B,) occurs at 0.75ML.

d) Atomic nitrogen tends to bond into the. fourfold hollow sites.

e) The two desdrptibn péaks occur at 1080K and 1320K (for B; and B»,
respectively). ' |

f) - Two molecularly chemisorbed states exist, labelled v" and y’, these are
thought to correspond to molecular chemisorption with the molecule
bonded perpendicular and parallel to the surface respectively [1].

2) The strong similarity between the adsorption states nitrogen forms upon the
Mo(100) and thOO) is noted: both displaying B, and B, peaks at similar
temperatures, both bonding into the fourfold hollow sites, with similar
saturation covérage values, both surfaces also forming the c(é %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 N; bonding perpendicular and
parallel to the surface with King et al. having first identified the v and y as
having different bonding geometries [3]. Desorption from these states was
observed to take place at very lc;w surface temperatures, well below room
temperature, observed on the W(100) surface at 170K and 180K
respectively [2] and observed in thi; study to both occur at around 205K on
Mo(100) (although a lack of accuracy in the low temperature readings

meant that no observation of peak separation was possible here).
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VIV.2.2 Combarison of the kinetics and sfructure with N/W (100)

Given the similarity between nitrogen adsorption upon the MO(IOO) and W(100)
surfaces and the lack of data regarding,‘ in partieuiar, the dynamics for the Mo systern,'
it seems pertinent to carry out an analysis of the dynémics of nitrogen adsorption on
W(100), this system having r‘ecei'vedextvensive attention and being.considered tobea

model adsorption system.

To -add to the description of the kinetics and structure of nitrovgenv adsorption on

- W(100) described in the above comparison of the two itv is also worth noting the studies
ef Grunze et al. [3]in ident_ifying a mobile extrinsic physisorbed preeursor to-the
chemisorbed v state, this condensed phase physisorbed state being ObserVed when Ts is
held at 20K and areas of ¥ already exist on thevsurface. No intrinsic physisorbing
precurs_or was observed, the potential energy surface therefore being thought to lead
smoothly into the potential rninimum of the linearly bonded conﬁguration without any
appreciable actlvatlon barriers between phy51sorpt10n on the bare metal and

chemlsorptlon [3]

The overall suggested picture'fof N, adsorption on W(100) is of molecules going

| through a number of precursor states on the way to diseociation [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 51te reonentatlon 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 perpend1cular to the bridge site (but st111 in
~ the plane of the surface) to allow the molecul_e to dissociate into adjacent hollow sites
[4], this being found {0 be the most exothermic diséociation’_site_[4,5,6]. There was
céieulated to be a barrier to dissociation of the molecule in the bridge-hollow
configuration [4], so the dissociation at the lowest ene_rgies from the precursor states
may well be dominated by surface defects, as, for example, is suggested for the N,/Fe

system [7].

For the N precursor bonding perpendicular to the surface at an atop site the picture

~which has been presented is that of 56 and 2n orbitals of »the' molecule being localised
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on the outer atom and the 4c localised more on the inner, and the 17 having

components on both atoms, with rehybridizationvof the 17 and 27 orbitals giving a lone

pair on the outer atom (%out) and metal-N bonding through the 27 component (mi) on

the inner atom. This picture was first suggested by Niléen et al. for N, on Ni(100) [8],

being found to be accurate also for the N2/Wf state [4].

VI1.2.3 Dynamivcvs of the N,/W (‘10Qad.s@ption_5vstem

The initial sticking probablhty of mtrogen on the W(lOO) surface d1sp1ays

non-monotonous behav10ur 1n1t1ally decreasing with increasing incidént energy up to

about 450meV, thereafter dlsplaymg amore gradual increase in Sq. w1th 1ncreasmg E;

L [9 11] This is indicative of at least two channels to adsorptlon being present
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Figure 1: Reproduvction' of plot of
So(E;) for N, adsorption on-a W(100)
surface, ¢=0°, taken fqr surface’

temperatures of 300K and 800K ‘as

" indicated. This plot is taken from

[

178




i) The Precursor Channel

-

a) Incident energy dependence

o
The initial decrease in Sy 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 greéter fraction of E; must be acc_:ommodated in order for the

molecule to trap.

: ' I o Figure 2: Reproduction of plot of
0.80 X T T ! 1 o . P ’

; N,/ W(100)
Ts=300 K -8§= 00 -

~'So(E;) for N, adsorption on a
W(100), 9=0°, Ts=300K. The

crosses indicate the overall S,

3
|

“values obtained directly from
measurements. The diamonds
represent an estimation of the

indirect channel contribution to S,

3

and this indirect channel has been
provided with a fit of the form
So(ndirecsy=(a)exp(-Ei/b). The
dashed line is a fit to the

Refative Probability

0.20

difference between the solid curve

and the crosses and is a prediction

of the direct dissociation channel.

0.00 ,
0.0 02 0.4 0.6 08 1.0 1.2 This plot is taken from [11]
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This behaviour is supporfed by a strong Ts dependence; a‘chplex Ct)verége
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 bqing the vddmina.mt 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 In((&/Soaccom))- 1) against 1/Ts, (this
relat1onsh1p 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 vdeg/udiss to be calculated [9], the values
determined as being 0.16+0.01eV and 18+3 respectively. The ratio of ud;.,s/vdisfl 8
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 probabiliiy exhibiting a slight tempefaturc dependence, with { recorded by
monitoring the fraction of scattered flux not accounted for in the direct elastic
scattering channel, the plot of { as a function of Ts was seen to display a slight
curvature, varying by as much as 20% over the range 150<Tg(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 vges/vgiss values [1 l]. .This weak dependence of { on Tg
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..

Sy =¢ 1+%e(_%] _1

Udiss
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As well as examrmng the variation of trapping probab111ty with Ts, a hard cube fit is
also able to prov1de close agreement with the dlsappearance of the trapping channel by
0.5eV observed by exper1ment [11] (using a cube mass, m, of between 1 and 1.8
surface atoms and a well depth, U, of 0.27¢V, this value based on the estimated well
depth for the No/W(110) 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 whetheror 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/(Ei+U).
«¢) Coverage dependence

The sticking probability of N on W(1 OO) was found to be initially_'independent of the
level of nitrogen coverage (within the lovv 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 typrcal

' behavrour 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 sticki_ng probabillty appeared to be relatively independent
of Ty within the energy range at which the precursor channel dominates, with the -
.exvception 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 I.SML [10]-; vsubse.quent heating of this saturated surface
was seen to produce a desorption peak 1n the region of l80K corresponding to |
desorption from the y molecular state, indicating that at low surface temperature

_ population of both 'the atOmic and m‘olecularly 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 compbnent for the clean
~ surface under these condltlons indicating that all trapped species did 1ndeed stay on the

surface [1 0].

1.0F ! — o ! ¥ = . .
N,/W(100) - o Figure 3: Reproduction of a plot of
_ ' . » : S(6x) of N, adsorption on a W(100)
08 i E, = 0.03eV - 7| surface for E;=0.03eV, incident

angle (denoted in figure as 6, not to

-1  be confused with coverage) 0=60°,
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. E=1.2eV, ¢=0°, Ts=800K (lower

Sticking Probability

0.4 E;=1.20eV 7 _ |
curve). This plot is taken from [9]

0.2} -

00k ] 1 [ s |

60 02 04 06
: _Atomic Coverage (ML)

The flatness of the sticking coverage plot suggests that the trapping probabilities into
the extrinsic and intrinsic precursor states are Viftually identical at low energies and
surface temperatures. This might be considered rather surprising since the adsorbed
nitrogeneither in the B, atomic fofr'n, ory, molecular form, would be expected to
modify the interaction potential and the effective surface mass. An explanation offered
was that trapping occurs at dlstances well beyond the plane contalmng the adsorbates
- Such a plcture being supported by the fact that the stlckmg probablhty was seen to
become more dependent on the coverage as the E; is increased (w1th1n the realms of the
indirect channel, i.e. Ei<400meV) [10], with the flat reglon of plots taken at 0.03, 0.088
and 0.26eV becoming 1ncreasmgly less flat. The sticking probability of a 0.03eV plot
(TS—SSK) was seen to remain essentially constant (at S= 0.88+0. 03) with i 1ncreasmg
coverage, whereas a plot of S(8) at 0.26eV and 85K saw the stlckmg 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
cleser approach of the metecule 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 {3 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).

| — T T
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ona W(100) surface for
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d) Theoretical investigatiohs -

Most of the experimental data _regarding the No/W(1 OO) adéorption syétefn has now
stood for well over 10 years, allowing the system to be considered :as émode‘l system
for typical accommodated precursor mediated dlssoc1at1ve 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 N, w1th the frozen W(100) surface, has suggested
that, as has already been demonstrated to be the case for hydrogen adsorp‘uon systems
[14-19], dynamic trapping might play a cruc1al role in the precursor mediated

adsorptlon of nitrogen on the W(100) metal surface.

Most molecules were predicted to fol'low,a complex route to dissociation, undergoing
multiple encounters with the surface, the average number of rebounds before A
dissociation being 21 at OmeV, 7.7 at 200meV and 3.1 at 1eV [6]. Such behaviour

might correspond todynamic trapping, with multiple collisions occurring before
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| * dissociation takes place typically corresponding to a dynamically trapped molecule.

- The dynamic trapping behaviour postuiated [6] is explainéd 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 dynamicv

precursor might be expected to trap more readily than the typical accommodated type.

Whereas the form of dynamic trapping responsible for the dynamic ;;recursor 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
degrées of freedom, resulting in the prediction of trapping taking piacé with little or no
' dependence on Ts, accommodation of the much heavier N; prdj ectile is not a problem,
energy being exchanged readily with the surface, particularly after multiple encounters.
The result of this is a dynamic precursor channél to dissociative adsorption thét is
likely to display the same strong Ts dependence éxhibited for the typical

accommodated precursor equivalent.

In the case of hydrogen a dynamic precursor ié 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
behavioﬁr could struggl_e to account for the variation of the cbverage dependeht
behaviour of the sticking probability with E; described above, the suggested
explanation for which reliegi upon a picture of trapping at low E; 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 N,, where the suggesfed mechanism is instead associated with
the standard physisorption/chemisorption poténtial wells and the requirement that the
Iﬁolécule be in a.specific orientation in order to penetrate a pbtenﬁal 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 H, dynamic precursor mediated adsorption system.
The main obsetvable effect of the N, dynamic trapping channel is likely to be a
somewhat greater degree of successful trapping for a given incident energy and thereby
a precursor dlssoclatron channel reachrng across a greater range of Ej, (and
correspondlngly small trapplng desorpt1on component in the scatter as most trapped
molecules will tend to go on to d1ssocrate even at high Ts) than might be predicted by .

typical precursor dynam1cs

. Although the peculiar energy'dependence of the coverage within the precursor -
dominated E; region is shown to be consistent with the suggested N, dynamic precursor
mechanism, the lack of any,large discrepancy between the actual data and hard cube
| model (as was obServed for the HZ/W( 1‘0(‘)) and Hy/Mo( 100) systems), the hard cube
model trajectory studles prov1d1ng semrquantltatlve agreement with the behaviour of
the N/W(100) system recorded by the molecular beam studies [10] and the strong
temperature dependence are both factors countlng against the dynamic precursor
picture. Clearly the ex1stence of a dynamlc precursor to nitrogen adsorptron might

therefore merit further mvestlgatlon

ii) The Direct Channel
'a) Incidence energy dependence

Above 0. 5eV So is seen to gradually rise with increasing E This behaviour is comm0n
among systems where a dlrect channel dommates dissociation (e. g Nz on W(110) [1 3] _
N3 on W(100)-¢(2x2)Cu [22]) with the initial sticking probability increasing as the
increase in E; allows the molecule greater access to non—optlmrsed trajectories to
dissociative adsorption. Theoretical investigation of the N2/W(100) system predicted a
lowest barrier to direct dissociation of 0. 5eV [4], although the results of molecular
beam experlments appear to predict a somewhat lower Value (approx1mate1y 0.1eV
[11]), this value bemg somewhat more drfﬁcult to pmpomt than is typlcally the case for
a purely direct dissociative adsorption syster_n, such as Nz/W(lOO) 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 of no temperature dependence is reported within the E; range (>0.5eV) thought to
be dominated by the direct adsorption channel, with Sy remaining constant (within the
predicted error limits) over the température ‘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.
¢) Coverage dependence

Saturation co.verage is reported to be ~0.6ML from the direct beam, consistent with
saturation of the B atomic chemisorption states but not the Y molecular chemisorption
states. Within the direct channel (>5 00meV) the sticking probability is seen to fall
almost linearly with coverage [10], as is typicél bf 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 fo adsorb). The saturation coverage, however, remains

cbnstant at around the 0.6ML mark.

V1.3 Results and Analysis

VL1.3.1 Summary

After obtaining a clean Mo(lOO) surface (as described in chapter III), a range of K&W
type experiments (alsb described in chapter III) were performed examining the sticking
of N2 on Mo(100) for a range of incident enérgies, E;, and Mo(100) surface
fe_mberatures, Ts. The initial sticking i)robability,. So, on a cold Mo surface has been
recorded and analysed. The variation of S 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, Oy, 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(lOO) system has already been
presénted 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
B;and B, at 1080K and 1'320K, respectively, are identified, these

| exhibiting a. saturation ratio of 1:2, as well as what appears to be a
- molecularly chemisorbed vy state oécurring at ~205K,

c) and the corresponding surface structures observed using LEED, where
the saturation of the B, state was associated with a progression from
the initial (1x1) pattern to a c(2x2) pattern, reflecting a structure where
nitrogen is bonded in half all the fourfold hollow sites, and where the
subsequent filling of the [3; state résulted in a return to the (1x1)

pattern.

VI1.3.2 Dependence of S, on Incidence Energy -

The plot of Sy(E;) 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 increésing E;, 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 N, than was the

case for H, and this has been taken into account when determining P; in the calculation
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of Sp (see equation I11.11) by tracing the trend of the plot back to the flag open value
(labelled trin ﬁgure 13 chapter III)
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Flgure 5 So(EY) of nitrogen on Mo(lOO) Ts=181K, ¢=0°. Data taken usmg an argon
(upward pointing triangles) and helium (downward pointing triangles) seeded beam. A -
drift multiple of 1.4360 and 0.6860 was apphed to equation I1.54 for the argon seeded
and helium seeded beams respectively to account for the deviation of the velocity

from that predlcted by equation I1.51, large mass differences, requiring large chianges

in velocity, resulting in the real behaviour deviating sigﬂiﬁcantly from the ideal. The

drift multiples were calculated using previous TOF data recorded for 1%N,/Ar and

*1%N,/He beams on this system [24].

This form of non-monotonous behaviour'i$ 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 pr_obable since a greater
fraction of E; must be accomrhodatedv in order for the molecule to trap, and a direct -
channel to .dissociati‘on dominating in the higher E; region where the sticking

probability increases as the. increas_c in E; allows the 'molcculé gre?ter ac_ces.s 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 No/W(100) system.

VI1.3.3 Dependence of S, on Surface Temperature

The indirect and direct channels exhibit markedly different dependencies on surface
temperature. Whereas the direct channel exhibits no Ts dependence the precurébr
mediated channel exhibits a strong Ts depe'ndence. This is seen cléarly in figure 6
where a plot of So(E;) 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 ( 1 8v1 <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 (Ei=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 of N, on Mo(100) as a function of incident
energy, taken with the surface held at a variety of temperatures (181, 450 and 665K),
¢>=00. The increase in the error on Ty, as the Tsvalue 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 E; Sy is seen to decline considerably when the surface temperature is
elevated, the Sy 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 E;>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 E; 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 N, on the
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Mo(100) 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 uhless 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 functionv 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 temperaturé dependence is obsérved towards both
ends of the E; range over which the indirect channei is dominant, is an indicator that
the mechanism responsible for the indirect channe] remains the same throughout. This
is as opposed to a typical a'ccbr'nmo_dated precursor 'operatirllg within the lower energy
regime and some sort of dynamic channel super-seding it at higher energies, such as is
the case for H, adsorption upon Mo(100) (see chapter IV) and various other metal
surfaces (e.g. W(100) [25], W(leO)-c(2><2)Cu [16], Pd(1 10) [19], Pd(111) [26] etc.)
where the initial reduction in Sy with increasing E; was explained in terms of two.
distinct channels, a typical accommodated precursor channel at the lowest energi'es 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; diéappearing
while still remaining within the regioh where Sg feduces with increaSing E; (i.e. not yet

in the region where direct dissociation dominates).
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Figure 7: Initial sticking probability of N> on Mo(100) as a function of surface
temperature, p=0, E=68meV. Linear fit of the data produces a gradient of
-8.5x10™ £0.5x107K".

The gradient of So(Ts) produced at the lowest recorded E; (68meV) is approximately
double that seen for H, adsorption onto the Mo(100) surface, but almost identical
(within the margins of error) to the gradient from the equivalent plot of N, adsorbing
onto the W(100) surface (dSo/dT= -8x10™* for E=88meV and ¢=0" for the No/W(100)
system) [10].
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Figure 8: Initial sticking probability of N> on Mo(100) as a function of surface
temperature, p=0, E;=288meV. Linear fit of the data produces a gradient of
-2.2x107 +0.1x107K".

1600

The gradient of the Sy(Ts) plot at Ei=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 E;=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 Sy=0.2) the

presence of a direct dissociation channel.
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Figure 9: Initial sticking probability of N, on Mo(100) as a function of surface
temperature, p=0, E;=767meV. '

Rearranging equatioh V1.2 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 Udes/wod,sS can be

calculated from the gradient and the y- 1ntercept respectlvely

-1
AR
RT,

So=51+&’£e( - | - vz

Udiss

Rearranged into y=mx+c format where (assuming ¢ to be constant with Ts)

y=In({/S¢-1), m=gradient of the plot, x=1/Tg .an,d c=y-intercept.

ln _g__ :—(SA_E_J_I_ +ln ﬁ. » . -
v \ R TS: Udissv '

0
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E=68meV

In(0.75/S0-1)

y intercept =2.1 +/- 0.3

*7 - gradient = -960 +/- 100 K °
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Figure 10: In(U/Sy-1) versus 1/Ts, at E;=68meV, p=0°, for 180<T(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

By substituting the gradient and y-intercept values derived-from the plot of figure 10
(for an E;=68meV beam) into cquation V1.3 and assuming a constant trapping
probability values are derived for the difference between the barriers to desorpti'on and
dissociation experienced by the precursor and the ratio of frequency factors for

desorption and dissociation. These are as follows,
For E=68meV:

" AE = 8.0 +0.8 kJ/mol
= 83 +9meV

- Vdes/Vdiss = 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 |
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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].

E=288meV

In(0.5/So-1)
4 o

24 . '
| yintercept=1.3 +/-0.2
gradient = -700 +/- 80
'3 T i - . 1 T 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006
‘ 1/Ts |
Figure 11: In((/Sy-1) versus 1/Ts, at E;=288meV, p=0", for 180<Ts(K)<1370. A linear .

Jit 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

Figure 11, illustrating the beﬁaviour of a 288meV beam, exhibits even clearer deviation
from linear behaviour than was obsérved from the equivaleht 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 V1.3 (in the same manner shown above for the E=68meV beam) to

the data obtain from the linear fit shown in figure 11 results in the following values for
AE and vges/Vdiss,
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For E;=288meV:

AE = 60 £7meV
= 5.8 £0.7 kJ/mol

Vges/Vaiss = 3.7 £0.6

Many of the data pointé deviate considerably from the linear regression and therefore
thesé values for AE and vges/vdiss are likely to be inaccurate. Indeed given that there is
no reason why an increase in i'nc'ident eﬁérgy should affect the barriers to desorptibn
“and dissociation experienced by the precursor (the ‘diff_erence 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 VI1.4.2).

VI1.3.4 Dependence of S on Nitrogen Coverage (0x)

i) Saturation coverage

The variation in sticking probability with nitrdgen surface coverage has been recorded
for a range of surface temperatures and incident energies. From thesé plots of S(0y) 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 (~3.1x10'? s.mbar) and its saturation at 197K<Ts<700
(~1.1x107° 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 E; 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, vy,
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 T (as evidenced by
subsequent TPD spectrum). Saturation of the atomic (B; and ;) states was recorded as
taking place at 0.75SML (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: S(0y) for nitrogen adsorption onto an Mo(100) surface for E;/=68meV
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 vy, as well as j,
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states, for the Mo(100) surface maintained a_t 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 E; encompassed by the indirect -
channel, implying that within the entire indirect channel nitrogen dissociation is able to
take place via adsbrption into the y precursor state (as opposed to dissociation
occurring via a dynamic potential well created by a drop in the vibratioh ground state
of the molecule as it approaches the surféce [21] as was suggested might be the case

for hydrogen adsorption upon the Mo(100) surface (see chapter IV)).

Similar behaviour was noted for nifrogen adsorption upon the W(100) surface [10],

\ whére, within the E; region in which precursbr mediated dissociation takes place, fhé
saturation coverage was seen tb 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 T 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 E; the plot of S(8x) exhibits a complex coverage dependence, the sticking
prdbability 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.

200




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 E;
region in which the indirect channel is dominant was seen to remain relatively
unaffected by changes in Ty, the sticking probability remaining virtually independent

of changes in coverage, until saturated coverage is approached (see figure 14).
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Figure 14: S(6y) for nitrogen adsorption onto an Mo(100) surface for E;/=68meV and
0=0" at Ts=197K (red), 261K (green), 311K (blue) and 445K (black).

At high E;, 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 15¢). The
complex coverage behaviour observed at lower E; is replaced by an almost linear

decline in S with increasing 6x. 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 éite in order for the
initial dissociative adsorption event to take place. That S(6) displays a linear decline -
as oppose to a quadratié decay indicates that only a single vacant adsorption site is
required for the initial direct dissociative adsorption to take place with the reméining

_ nitroge_n atom presumably able to migrate across the surface to locate a second

“adsorption site.
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Figure 15: S(8y) for nitrogen adsorption.
onto an Mo(100) surface for p=0° at
Ts=165K, with a) E;=637meV, b) 300meV,
¢) 46meV
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V1.4 Discussion

C

VI1.4.1 Dependence of Sy on Incidence Energy

The implications of the non-monotonous behaviour of Sy as a function of E; for H,
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 Sy

with increasing E;, and a direct dissociation channel becoming prevalent >400meV and
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resulting in a steady incline in Sy 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 dissoéiated 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 traﬁped 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 Sy. 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=1 65K, and using a surface cube
mass of 1Mo 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 6f a fully
accommodated indirect precursor. It was, ho\rwever,vnoted 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 experienéed 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 invesﬁ'ga‘tions of N, adSorption on W(100). Within their research
they suggest that a particular orieﬁtation,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 circumstanqés 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
203




-molgcule, with the molecule steered into the favourable orientations required to access
this well without the need for overcomiﬁg 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 mote 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 No/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 diésociation,- and its good agreement with the data
is a good indicator that a fully éccommodated precursof channel is responsiblé for the
initial decline in Sy with increasing E;. 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 Hy/Mo(100) system).
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Figure 16: Plot of So(E;) of nitrogen on Mo(100). Ts=181K, ¢=0°. Two hard cube fits
have been performed using an effective surface cube mass and trapping potential well

of 1Mo atom and 50meV (black), and 2Mo atoms and 170meV (blue).

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 100meV, with the direct channel being inactive at E;<50meV.
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Figure 17: Sy(E) data points (black triangles) with hard cube fit (effective surface
cube mass of 1Mo and potential trapping well depth of 50meV) (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 N»/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 Sy with E; 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 No/W(100) surface (see figure 1).

V1.4.2 Dependence of S, on Surface Temperature

Figures 10 and 11 show the plots for In({/Sp-1) as a function of 1/Ts for E; 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 vges/vdiss- As was already 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,
¢, 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 Ei=68meV plot equal to that calculated

from the E;=288meV plot within the predicted error margins.
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Figure 18: In(/Sy-1) versus 1/Ts with linear fits recalculated ignoring the data points
most clearly deviating from linear behaviour (denoted by red squares), for
a) E=68meV and b) E;=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 vges/vgiss calculated while
ignoring the most obviously non-linear points, originating from the low Ts data points,

are as follows:

At 68meV:
Gradient = -1600 £100K
y-intercept = 3.2+0.2
AE =138 £t9meV
- =13.3 £0.8 kJ/mol .
Vges/Vdiss = 25 £2
At 288meV:

Gradient = -1700 £200K
Y-intercept = 2.6 £0.3.
AE = 146 £17meV

= 14 +2 kJ/mol

Vdes/Vdiss = 13 :l:2 .

Given that the E=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 S
measurements taken for low Ts, was noted on the No/W(100) 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 ¢ value for the plot of In({/S¢-1) as a
function of 1/Ts, allowing { 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 No/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 dep.endenc_e to that observed for the No/W(100) system [11] (see figure
1(9),' 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 { varies with Tg, 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 deviéting most significantly from the most obvious line of best fit).
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It has already been noted that the W3-type thermocouple used to record the
temperature during these experimehts 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 recordihg the scatter from the surface, which could be used -

to confirm the behaviour of the trapping probébility 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 In({/So-1) as a function of
1/Ts from linearity is the presence of a stable molecularly chemisorbed, v, state. The
presence of this vy state could be expected to result in 6=S; below a certain critical

temperature at which the y state begins to desorb. This should result in In({/Se-1)—-o
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if the sticking were entirely indirect. However; a small contribution to S from a direct "
channel is still expected even at incident energies as low as 68meV, and therefore S
never approac'hevs . 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 In(¢/Se-1) with decreasing Ts below a cértain
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 change's in the saturation coverage value, see chapter V1.3.4) of the
critical temperature, above which the y state ceases to remain stable on the surface,
puttihg the value at ~197K, but the plateau in the In({/Sy-1) value occurring here at
~230K and ~310K 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.

V1.4.3 Dependence of S on Nitrogen Coverage (0y)

As has been made clear when ihiti‘ally 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 adsbfption at higher
energies. The lower incident energy is shown to allow access to a molecularly |

chemisorbed state, labelled v, which is thought to act as a precursor to dissociation.

Within the E; range associated with the precursor channel (Ei<400meV) the lack of any
initial increase or decrease in S with nitrogen adsorption upon the clean surface
(excluding the i_riitial jump in S as the ﬂaé is opened which is due to the response time
of the QMS) suggests that the trapping pfobabilities into the intrinsic and extrinsic
precursor states are virtually identical (see. figures 15b and 15c¢). This is surprising
since pre-adsdrbed nitrogen might be expected to modify the interaction potential,
howevér, such behaviouf has already been observed for the No/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.

VI1.4.4 Comparison of Nitrogen adsorption on the Mo(100) and
JIOO) surfaces

During chapter V it was noted how similar the surface structure and kinetics of
nitrogen adsorption onto Mo(l_QO) and W(IOO) 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 Nz/Mo'(ll 00) was seen to be almovst identical in size and reach
to that expérienced by the No/W(100) system [9,10,11] in terms of the variation in the
initial sticking probability as a ﬁmction of incident energy of the N, projectile. For
both surfaces the channel exhibits a high S; at the low E; (both exhibiting S¢=0.6 at

' Ei=80meV) falling with increasing energy and, acc'drding to the fits performed for both
systems data sets, becomi'ng negligible (S¢<0.1) by ~350meV and ~450meV on
Mo(100) and W(100) [11] respectively. Both déta require a fit to be performed due to
the overlap of the direct and indirect channels, with S, gradually ceasing to decrease
and beginning to 1ncrease with E; as the direct channel comes to prominence. This
crossover in dominance between the 1nd1rect 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 ~1 00meV on W(100) [11] and within the
energy range 50-100meV here on Mo(100) (see figure 17)). The gradient of So(E;) on
Mo(100), within the region where the direct channel is predicted to be almost entirely
responsible for sticking (Ei>500meV), is found to.be almost identieal to that on
W(100) over a similar enérgy range, éuggesting that the direct channel behaviour on
Mo(100) is likely to cause S 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 No/W(100) system.
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Given the similarities between the dynamics of Nz/Mo(IOO) and Nz/W( 100)
illuminated by examination and comparison of the initial sticking probability as a
function of the incident energy of the N, molecule, with both exhibiting very similar
direct and indirect channels, it is perhaps unsurprising that both systems also exhibit a
very similar Tg 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 Sy(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 Sy(Ts) data
obtained during the current study, when the calculation was made while ignoring the
apparently poorly fitting low T data points, where AE was calculated as being 138
+9meV. ‘

A cornparison 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 Sp with 8 within the direct channel

~ energy region as is typical of a direct channel.

VL.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 N 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 N, on Mo(100) \raries 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 Sy(E;) 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 N, 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 N»/Mo(100) and
NZ'/W(IOO) systems display a similar threshold enérgy to activation of fhe direct
channel and both display indirect channels of similar magnitude and with a reach
stretching across a similar energy range. Dissociative adsorption of Nj taking place via
the precuréor 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 éxperience very
similar conditions, the difference between the barriers to desorption and dissociation

experienced by the Nj precursor being almost identical on each surface.
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Conclusion

A detailed knowledge of the unde)rly'ing reaction mechanisms can be useful in the
design of better catalysts. The dyriamic, kinetic and surface structure UHV studies
detailed within this thesis provide valuable insight into just such underlying reaction
mechanisms. This thesis concentrates main_ly upon the dynamics of H, and N,

adsorptibn upon the Mo(100) surface.

Analysis of the hydrogen adsorption dynamics of the system indicétes 3 distinct

- channels to dissociation. These were: a classical accommodated channel, where the
initial sticking probability reduces rapldly 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 |
Chanhels exhibited complex hydrbgen 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 deta11 of this
relationship being clouded somewhat by the m1grat1on of adsorbed atomic hydrogen

. across the surface.

The addition of nitrogen to form an Mo(100)-c(2x2)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, tﬁe 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
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N, 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 dépendence 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 terrhs 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 pvotential 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 providedvby the current mulif—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 provided here regardine the dvnamics of hvdrogen and nitrogen




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 ¢(2x2) diffraction pattern as being due
to a substitutional surface structure Due to the prox1m1ty 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 H; and Nz adsorption upon
Mo(100) might be used as a platform to ;timulate 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 betweeﬁ the Hy,/Mo(100)
and H,/W(100) adsorption systems [10-15]. With all current studies relating to the
kinetics and surface structures, and with the Hy/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 H»/Mo(100) system to

this field acts, in some ways, as the final piece in the picture of this comparison..

By comparing the H, 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 chanhel (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 itselfin
terms of a reduction in the surface tenﬂperature 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 allbwing a greater range of non-optimised
trajectory barriers to be sﬁccessfully overcome for a given molecular incident energy.
The dynamic channel on the other hand appears to be more prominent for the
H»/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 H,/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 domiﬁate, 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,v with hydrogen
adsorption upon Mo(100) immediately causing the bridge site to change to its most |
strongly reconstructed form, buf 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), this is not the case on W(100). An area-
of interesft for future investigation might be the comparison of Spaxe) for the two

adsorption systems as oppose to a comparison of So.

A comparison of lthe 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 pfobability 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 H, and N2 upon

molybdenum (100), has been achieved. |
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Appendix A

Derivation of the hard cube tr@'pingﬁrobabiliw

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 shortcdming, basing it on the following assumptions:

1) 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:

i) 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 oriehtated 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 éurface atoms are represented by independent particles. (cubes) confined by
square well potentials (vrigid boxes). A gas particle interacts with a single
sﬁrface atom by entering the “box”, co]iiding withi 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 1D 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 (vyen)

The velocity of the molecule (vy,) before entering the square potential well (of depth U),

will be accelerated by Vaga @s a result of the well:-

v = — =L Al

U="Yaaa | | A2

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:-

Vwell == (VZ +2—U) v A.3
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The Molecular Velocity after Collision with the Surface (v’ yen)

From conservation of momentum:-

it '
m V.well + Meﬁ'vcube— my +Me[fv cube

A4

Veube 1S the velocity of the surface cube before impact, v’cuve the velocity after impact, and

M the mass of the surface cube.

From Newton’s Law for elastic collisions:-

' ' — _
v well -v cube — chbe Vwell

' ) N
V ocube = v well chbe + Vwell

By combining equations A.4 and A.6 the following equation can be produced:-

‘ _ ' '
mv . en + Mej_’fvcube =MV +Mejj"’ _(V well "V cube + Vwell)
' ' —_—
MV en +Meffv well =V e — Meﬂ‘vwell + 2Meffvcube
Dividing by Mesr gives:-

cube

' ' _
_,UV well +v well — Iuvwell - Vwell +2v

V'well (:u + 1) = Vwell (lu - 1)+ 2chbe

-

A5

A6

A7

AS

A9

A.10
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Hence:-

V'well = Vwe” (/u — 1)+ chbe ’ A.ll
| (u+1)

p 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:-

T , : - . AdL2

escape
m

To remain trapped in the well the following condition must be true,

\4 we11<Vescape

Therefore:-
Vwell (/u B 1) + chbe < _g_q_ | v . A'13
(u+1) m
e —(ﬁ—ﬂ-) 20, (uo) (Vfac +3q) | | A.14

2 m 2 m

If it is stated that:-

Vlimil =M E +£‘/{———1) (vvzac +2—Uj A15
2 Vm 2 m '
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Then for trapping to occur:-
chbe < Vlim it . - . » A.16

Fraction of Surface Cubes Capable of Collision and of trapping a Particle

(i.e. verifying equation A.16): P.(v)

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 P¢(v) being the probability of colliding with a

surface site of velocity v, hence:-

P()= TE(V).P(V)dv | | - ALT

—00

The probability of a surface cube having velocity v(P(v)) is:-

Meijz
v 2kT

Pv)=5— | | |
v) 0 | A8
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Where Q.is the partition function:-

Meﬂvz

Q= +Tce(_Wch’v

Using the standard integral:-

feray =2 \/E
J 2\

And substituting in equation A.19:-

az — Me/?’
2kT
Hence:-
+00
—av? 1 |n
Ie(“ Jav == —
; 2Va
Therefore:-
oo [ Meﬁvzj \/_
2kT T
0=2 je Jdv =32
’ a

A.19

A20

A2l

A22

A.23
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Finally resulting in:-

Py =)

Jr .

A24

If the surface is receding from the impinging molecule the probability of colliding with a

surface site of velocity v (P.(v)) will be small, falling to zero when the surface is moving

away with the same velocity as the incident molecule (Vyen). The maximum probability

will be when the surface and molecule are moving in opposite directions.

Hence:-

] PC(V)= Vet ~V =1- 4

well

v

well

Now substituting equations A.24 and A.25 into A.17:-

pW)= |1 (7“_;6<-azvz>)dv

-0 <7 well
. _ Vli;:r: (ie(_azvz)jdv_ VIiTI_Y_(_a_e(—azvz))dv
-0 \/7[_ : —© vwell ‘/;

. Then using the identity:-

—0

i[dv = (i.-dv + Zj'dv
—o0 0

A25

A26

A27

A28
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| e("‘z){o,oo} is a reflection of ¢ {0,-c0}, and therefore:-

And hence:-

[
——e gy ==
JJE 2

Using the identity:-

2 z
erf(z)=— Ie(_xz )dx
V7 ; |
and by substituting in u=av:-

2 @ ad
5[6( Y = Je( )d—:du

Therefore:-

Viim it -
ey = I (v

2a

A29

A30

A3l

A32

A.33
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Using equations A.29 and A.33; equation A.28 becomes:-

Tl L)

1 1 : ,
= ’Z'f*'ze’”f(avlimn) A34

Vh:[' :ell (T . 2))61 \/—V I Vi‘;':(ve( aZVZ)}IV .A-35 |

By substituting u=-a?v* and i‘i =2a’v
y g T

“ U ) T oo dV
‘/—Vwell -i(ve }1 ‘/—Vwezl —3[ i du a

2
~a Vimit

a J‘ Vv
B NE Y —2a’v
T well -0

2
—@ Viim it

e'du

J-e"du

1
B 2a«/;z_vwe,, e

= bt A36
2a\/;‘/well : ) .
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By substituting equations A.34 and A.36 into equation A.26, the trapping probability can

be written as:-

. (—azvlzimit) .
])c(v) — l+ erf.(avlhmit)_i_ € . . A 37
' 2 2 2a VTV [imit

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.1.

5 m(rcacl)
E:(reacl) o kBTn (B-l)
2 Zx,m,

This drift from the ideal behaviour is recorded in table.1 where the values calculated
using equation A.1 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 Tyo.2=312K. The period
between pulses was 4500us and the pulse width 22.5us (0.5% duty cycle chopper
disk). The flight path from the chopper to mass spectrometer was 0.303m.

Beam Ei(reacty (calculated | Time of Eigreact) (calculated | Drift in E;
Composition | using equ A.1, Flight(us) from TOF data, from ideal
T.=312K) taken from [1] | T,=312K) values
1%H,/He 34 133+5 3543 +0.03
1%H,/Ar 3 239+10 13+1 +3.33
1%N,/He 444 185+10 288+16 -0.35
1%N,/Ar 47 409+10 67+2 +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 K-type Temperature /
thermocouple |thermocouple |K |
/ mV / mV

0 798 293

-100 -157 277

-200 -662 261

-300 -1600 245

-400 -2347 229

-500 -2821 213

-600 -2920 197

-700 1-3461 181
1-800 -3997 165

-900 -4330 147

-1000 -4669 134

-1100 -4889 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 15921822 {2177 | 2527
which Mo sample
is heated / K -
Vapour pressure 10% [10° {10 |10
produced / torr
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