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ABSTRACT.

ABSTRACT.

Dissociative chemisorption of Hj(Dj;) and O, at Fe(110) has been
investigated as a function of translational energy E;, internal energy,
incident angle 6;, surface coverage ©® and surface temperature T,.
Dissociation of D, is activated with no evidence for a threshold to
dissociation. Within experimental error there is no isotope effect or T
dependence, consistent with a barrier to dissociation in the entrance
channel. For E;<200 meV, momentum parallel to the surface inhibits
chemisorption, which is interpreted in terms of a localised surface site
for dissociation at low E;. No evidence for diffraction was observed,
despite the corrugation of the surface expected from the site
dependence of dissociation. Incoherent scattering dominates, with the
scattering distributions becoming asymmetric at high 6; and E;,

indicative of backscattering off a corrugated potential.

For oxygen, at E;>150 meV dissociation is a direct, activated process. At
lower E;, dissociation is hindered by translational energy perpendicular
to the surface, consistent with precursor trapping into a physisorption
state prior to dissociative chemisorption. The sticking probability S
shows a complicated © dependence which varies with T;. For room
temperature adsorption S shows a minimum at ©=0.5, with a slight
increase towards ©=1, prior to saturation at high exposures. STM
measurements show an ordered c(2x2) phase at ©=0.25 in agreement
with the observed LEED pattern. This is replaced at higher © by a
disordered layer with local features having a (3x1) periodicity, aligned
to the close packed directions, in contrast to the ¢(3x1) phase observed
by LEED. The onset of FeO nucleation coincides with a minimum in
S(©) of O, at ©=0.5. The growth of FeO is consistent with the kinetics

measured using the molecular beam system.
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Chapter 1. Introduction.

Chapter 1. Introduction.

Iron is one of the oldest known and probably most important metals
used by man. As well as its use in steel, iron plays an important role in
many chemical reactions of practical importance. For example, it is an
excellent catalyst for the synthesis of ammonia [1,2] and is used in the
manufacture of hydrocarbons and alcohols by means of the Fischer-
Tropsch reaction [1]. Less desirable and probably the most costly is the

interaction of oxygen with iron leading to corrosion or rust.

A knowledge of the surface science of iron and in particular its
interaction with simple gases (e.g. Hy and D,) is therefore important if
its role in catalysis and corrosion is to be fully understood. The
considerable interest into the iron system has been prompted primarily
by this reason. Due to its extreme reactivity however, it is only in
recent years, with the advent of UHV (ultra-high vacuum) systems,
that a clearer understanding of the detailed physical mechanisms in
many of these processes has become possible. For example, studies
with well-defined Fe single crystals have shown that in the mechanism
of ammonia synthesis, it is the dissociative chemisorption of nitrogen

on iron which is the rate limiting step [3].

In this thesis, two important interactions of iron are considered. The
chemisorption of oxygen and subsequent oxidation of iron and the
dissociative chemisorption of hydrogen on iron. In both

investigations, an Fe(110) crystal was chosen because it was the least
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reactive of the low index Fe crystals available and consequently was
easier to clean and maintain over the course of this study. A brief
introduction into nozzle beam systems is given in Chapter 2. This is
followed by a description of the UHV system and the instrumentation
necessary to perform the experiments. A short description on sticking

probability and reflectivity measurements is also included.

The chemisorption of oxygen on Fe(110) and its subsequent oxidation
has been investigated, the results of which are discussed in Chapter 3.
In particular, the dependence of the dissociation probability with
various experimental parameters is reported and based on this
evidence a model for oxidation is suggested. The initial chemisorption
of oxygen and oxidation at room temperature has also been studied
using scanning tunnelling microscopy. These results are discussed
with reference to the molecular beam experiments and agree with the
model for oxidation proposed earlier. Chapter 4 describes the
dissociative chemisorption of Hy and D; on Fe(110) and examines the
dependence of S (the sticking probability) with translational energy,
internal energy, surface temperature, surface coverage, azimuthal
direction and angle of incidence. Momentum parallel to the surface
inhibits dissociative chemisorption and this is discussed in terms of a
localised site for dissociation. Such a site dependence suggests that the
PES is extremely corrugated, indicating a strong possibility that
diffraction may occur. The corrugation has been investigated by
scattering He, Hy and D, from a clean Fe(110) surface under conditions
where D, dissociates and inhibition occurs. These results and a simple

analysis of the angular distributions are reported in Chapter 5.
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Chapter 2. Experimental Details.

The equipment used in this work comprised a three stage differentially
pumped molecular beam system and a UHV scattering system,
constructed by V.S.W. Scientific Instruments Ltd. A general
introduction to molecular beams is given in section 2.1, while section
2.2 and section 2.3 describe the molecular beam source and UHV
scattering system respectively. The preparation of the Fe(110) sample is

described in section 2.4.

2.1 Molecular beams.

There are two types of molecular beam sources used in studying gas-
surface dynamics, an effusive source and a nozzle type source, which
have been discussed in several reviews [1-3]. The two types of beam
have different properties and because a nozzle type system is employed

in this study, the effusive source is only briefly discussed.
2.1.1 Effusive beam source.

An effusive beam is formed by collimating an effusive stream which
emerges from an aperture in an oven type source as shown in fig.
2.1(a). The pressure behind the aperture is kept relatively low to give a
source Knudsen number K, (the ratio of the gas mean-free path to the
diameter of the source orifice), greater than unity. The Knudsen

number is used as a criterion to determine the type of behaviour a gas
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exhibits at a given density. When K, >1, the gas atoms pass straight
through the region of the orifice without experiencing collisions with
other gas atoms. In this case, the beam properties can be calculated
from kinetic theory, the behaviour being described as “free-molecular
flow”. The effusive beam is described by the oven source temperature

T, and characterised by a Maxwellian velocity distribution of the form
f(v)dv = Cv3 exp-({v;)zdv Eq2.1

where a = (2kT,/ Mg)” 2 and M, and v are the mass and velocity of the
gas molecule respectively. The effusive stream spreads in a cosine
distribution about the aperture and needs to be collimated to provide a

directional beam. The centre-line intensity is given by the expression,

=Lnwn(d/2) L Eq22
ko= g B s 3
where n, is the number density of the molecules in the source,

v = (8kT,/ rng)U 2 is the average thermal velocity in the source, d is the

diameter and x is the distance from the oven orifice.
2.1.2 Nozzle beam source.

An alternative arrangement is that of a nozzle beam source, shown
schematically in fig. 2.1(b). Basically, a high pressure gas is allowed to
expand through a nozzle into a series of separately pumped chambers,
each having successively lower pressures. In this type of source, the
Knudsen number is less than one due to the reduced mean free path of

the molecules at high source pressure.
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Figure 2.1 Schematic showing a) effusive and b) nozzle sources used

in production of thermal and molecular beams, respectively.
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As the gas expands into the lower pressure region, the gas density
decreases with increasing distance from the nozzle. The corresponding
decrease in collision rate results in a transition from continuum flow
(K, <<1) into free-molecular flow. As the free jet expands random
thermal motion is converted to directional motion, the extent of which
depends on the number of molecular collisions in the beam, total
enthalpy converting into beam translational energy, producing a
velocity distribution corresponding to a temperature slightly lower
than that expected for the given nozzle temperature. At the transition
of continuum to free-molecular flow, there are insufficient collisions
to maintain the conversion of thermal to kinetic energy and the
residual internal energy of the molecule is considered as being
“frozen”. In this way rather narrow velocity distributions may be

obtained.

A conical skimmer lying on the same axis of the nozzle in the collision
free region, isolates that part of the beam moving along this axis as it
enters a second chamber. The positioning of the skimmer in the beam
is important since the temperature, density and stream velocity are
dependent on the extent of expansion before extraction. The beam is
defined by a collimating aperture situated between the second and third

chamber.



Chapter 2. Experimental Details.

2.1.3 Properties of Free-jet beams.

A theoretical investigation of nozzle sources has been made by
Kantrowitx & Grey [4]. As the gas expands through the nozzle into a
region of lower pressure it is accelerated. The molecular velocity
distribution is taken as that of a gas with Maxwellian velocity
distribution at a temperature T, superimposed on a mean stream
velocity ug. For an effusive beam the mean stream velocity is zero. A
comparison of nozzle and velocity distributions is shown in fig. 2.2.
The most probable speed in a nozzle source is higher than that of an
effusive source by a factor [2y/(3y-1)] 172 where Y is the specific heat
ratio. The Mach number is a measure of the ratio of the mean stream
velocity to the velocity of sound in the beam. For Mach numbers
greater than four, the centre line intensity downstream of the skimmer

is given by,

ds |2 2
In= nv:rt(—ﬁ-)—l—M Eq23
n %( Vel o2’ e q
where ng and vy are the number density at the skimmer aperture and
mean stream velocity, x and dg are axial distance from the skimmer
aperture and the diameter of the skimmer aperture, and My is the

Mach number at the skimmer.

Comparing the centre line intensities of effusive and nozzle beam
sources, the centreline flux provided by a nozzle source is higher by a

factor of (7M212+%) for equal orifice flows.
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Relative Intensity

Relative Velocity

Figure 2.2 Comparison of velocity distributions for effusive and nozzle

beam sources where M is the Mach number.
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Using a nozzle source rather than an effusive source provides an
intense, directional molecular beam which has a much narrow velocity

distribution (i.e. it is essentially monoenergetic).

2.2 The molecular beam scattering system.

The vacuum system is shown schematically in fig. 2.3 showing both
the three staged molecular beam source and the main scattering
chamber. A schematic of the pumping system is shown in fig. 2.4. The
first stage, containing the nozzle source and skimmer is pumped by a
baffled 9” Edwards (E09K) oil vapour diffusion pump, backed by a two
stage rotary pump. The second stage, housing the chopper, is pumped
by a smaller 6” Edwards (E06K) oil diffusion pump backed by a two
stage rotary pump. When the beam is running the diffusion pumps
are backed separately, leaving the third stage Edwards 6” Diffstack and
the main chamber 9” diffusion pump (E09K) to be backed by a common
two stage rotary pump. In this case, the pressure is reduced from 10-3
Torr in the source chamber to <10-8 Torr in the third stage. Isolating
one of the rotary pumps allows the beam source gas line with
molecular sieve and also the argon supply line to be roughed out. A
collimating aperture after the second stage defines the beam geometry
prior to it entering the main experimental chamber via the third stage.
Although the molecular beam is well defined, there is an effusive
component arising from collisions with the skimmer and collimating
aperture in the third stage, evidenced as residual background gas in the

main scattering chamber.

10
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Figure 2.3 Schematic showing the molecular beam system and UHV

scattering chamber.
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Most of this component is removed by the third beamstage whose

aperture is chosen to be just larger than the molecular beam.

2.2.1 The nozzle source.

The nozzle source is shown schematically in fig. 2.5. The nozzle is
machined from a molybdenum tube giving a wall thickness of 100um
with a 25-75 pm hole spark eroded in one end. The nozzle is attached
to the gas line via thin stainless steel tubing and held in place by a
water cooled copper block. The nozzle can be resistively heated via two
cooled copper support rods, to temperatures above 2000 K. The nozzle
temperature is determined by a W type thermocouple situated at the
nozzle tip. The nozzle typically operates at backing pressures of
between 3 and 7 bar for hydrogen and oxygen. The translational energy
of the beam can be varied by a combination of heating the nozzle and
the use of seeded beams. The nozzle assembly is mounted on a x,y,z
translator allowing fine alignment to the skimmer at the entrance to

the second stage.

2.2.2 The Skimmer.

A conical skimmer is located between the 1st and 2nd beam stages. It is
commercially manufactured by Beam Dynamics and has a 0.8 mm
aperture. Once aligned the skimmer is normally left in position
together with the collimating aperture before the third stage, the nozzle
position is altered to allow optimum gas flow into the main

experimental chamber.

13
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Typically, the nozzle and skimmer have a separation of 20 mm, the
optimum position is determined experimentally by maximising the gas
flow into the scattering chamber while minimising the effusive

background.

2.2.3 The Chopper.

A chopper disc manufactured by V.S.W. Scientific Instruments Ltd, is
housed in the second stage, situated just behind the skimmer. It is
made of an aluminium alloy and has a diameter of 220 mm. The
chopper, which can be driven in and out of the beam has three sets of
apertures in it. These allow the chopper to reduce the beam flux to 0.2,
0.5, 50 or 100%. The chopper is used to provide short gas pulses,
typically of At>3us FWHM, for time of flight (TOF) measurements of
the translational energy distribution in the molecular beam. The TOF
distributions were obtained using resonance enhanced multiphoton
ionisation (REMPI), by scanning the delay of the probe laser relative to
the chopper opening. The chopper is operated at various speeds. For
sticking experiments, the chopper is used to reduce the beam flux and
hence runs fairly slowly. However, when measuring the translational
energy of a molecular beam the chopper typically operates at 260 Hz,
giving gas pulses with a FWHM of 3us and resolution for TOF

measurements.

2.2.4 Measurement of velocity distributions by TOF techniques.

Measurements of the velocity distributions in molecular beams are

15
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conceptually simple. From the time t, required for a particle to travel a

distance s, the velocity of the particle is determined.
v=s/t Eq24

As the molecular beam flight path is known, the flight time is
measured in what is commonly called a TOF (Time-of-Flight)
measurement. Experimentally, s is the distance between the chopper
and the focus of the probe laser. After the chopper is opened there is a
delay before the probe laser fires. This delay time is controlled using a
computer. By averaging over thousands of laser shots as well as
scanning the delay time, a flight distribution is obtained. From this
flight time, the velocity and hence the energy of the molecular beam
can be determined. The Hy/D; is detected by resonantly enhanced
multiphoton ionization (REMPI) via the E,Flzg state. Two photon
absorption to the resonant state is immediately followed by ionization
by absorption of a third photon. The ions are then extracted using the
time of flight optics described in section 2.3.3. By using REMPI and
tuning the probe laser wavelength the detection scheme is vibrational

and rotational state selective.

2.2.5 Translational energy of the molecular beam.

Using the TOF technique allows accurate determination of the
molecular beam translational energy distribution. A typical TOF

measurement is shown in fig. 2.6(a) for a pure D, beam at a nozzle

temperature of 1100 K.
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From the TOF distribution (N(t)), the flux weighted energy distribution
(P’(E1)) can be obtained simply by scaling the number density N(t) with
t2, i.e.

P’(Eq) o 2.N(t) Eq.2.5

since N’(Et) a t3.N(t) and P’(E1) = (s/t).N’(Et), where s= flight path and
N’(ET) is the number density. As the flight path is known, the TOF
distribution can be transformed into an energy distribution as shown

in fig. 2.6(b).

The mean energy, Er, of a pure D, beam, measured by time of flight
(TOF) techniques, is plotted in fig. 2.7 as a function of nozzle
temperature, T. The increase in Ep with translational energy varied as
E1=(5.45/2)kT compared to 7/2kT indicating that under the mild
expansion conditions employed here rotational cooling is inefficient.
The energy distribution broadens as the nozzle temperature is
increased, reflecting the redistribution of energy due to increased
collisions within the beam. Anti-seeding of the D, beam (mixing with
a heavier gas) is commonly used to separate the roles of internal and
translational energies. For example, the translational energy is reduced
while the internal temperature of the molecules is kept constant.
Anti-seeding of the D; beam leads to a broadening of the TOF
distribution as illustrated in fig. 2.8 for pure and seeded (30% Ar, 30%
Ne) D, beams at a nozzle temperature of 1143 K. This increase in width
limits the range over which the translational energy of the molecules
can be varied by seeding and still maintain a well defined translational

energy.
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Figure 2.7 Mean beam energy of D, as a function of nozzle temperature

as determined using TOF techniques.
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Figure 2.8 TOF distributions for a pure and seeded (30%Ar, 30%Ne) D,
beam at a nozzle of 1143 K illustrating the broadening with heavier

carrier gas.
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2.3 Scattering chamber.

The UHV system is shown schematically in fig. 2.3. It is pumped by an
Edwards 9” diameter oil vapour diffusion pump via a large area liquid
nitrogen cold trap in conjunction with a titanium sublimation pump.
After baking the base pressure of the chamber was better than 3x10°!!
Torr although a pressure of 1x10-1° Torr was typical while the chopped

beam was running.

The main chamber contains an Argon ion gun for cleaning (VSW
AS10), a combined LEED/AES Omicron Vakuumphysik GmbH,
Spectraleed unit used for surface characterisation and a fixed
quadrupole mass spectrometer (see section 2.3.1) used to measure the
partial pressure of gases in the chamber. A second quadrupole mass
spectrometer, which is differentially pumped (see section 2.3.2), is
mounted together with an ion TOF detector (see section 2.3.3) on a

rotatable table and used for molecular scattering measurements.

2.3.1 Fixed Quadrupole Mass Spectrometer.

The fixed VG Sensorlab quadrupole mass spectrometer (QMS) is
mounted on a FC38 port in the main chamber and is used to monitor
the partial pressure of gases in the chamber, for use in measurements
of sticking coefficients by the King and Wells direct reflection technique
and to monitor thermal desorption fluxes. It is also used to optimize

the beam flux into the chamber.
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