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Abstract

The aim of the experiments presented in this thesis is to study the interaction of
molecules on well defined stepped metal surfaces at various temperatures. To perform
these experiments, an ultra high vacuum (UHV) system with an operating base pressure
of below 2 x 107" mbar has been constructed. The UHV system is equipped with
infrared optics to perform reflection absorption infrared spectroscopy (RAIRS), a
quadrupole mass spectrometer for temperature programmed desorption (TPD), and
electron optics for low energy electron diffraction (LEED) experiments. To allow
experiments to be performed at various temperatures, a liquid helium cooled cryostat
and a resistive heating mechanism were also incorporated into the system. This
apparatus has been used to undertake an extensive study of the adsorption and reactions

of various molecules on the Pt{211} surface.

The initial system that was studied was the adsorption of CO on the Pt{211} surface
over a range of temperatures. This adsorption system has been investigated previously
and the results obtained here are in good agreement with earlier studies. However, the “
experiments described in this thesis also reveal additional experimental detail, not
previously observed. Experiments were also performed to investigate NO adsorption on
Pt{211} at 120 K and 300 K using both RAIRS and TPD . This adsorption system was
found to be strongly temperature dependent and several different species were observed
on the surface as a function of both temperature and exposure. A combination of
experimental results and theoretical calculations, performed by Z-P Liu and P Hu of
Queen’s University Belfast, has allowed this complicated adsorption system to be
understood for the first time. The final system that was studied was the co-adsorption
of O and NO on the Pt{211} surface. The results show that only a moderate exposure of
O has a large effect on the adsorption of NO on Pt{211}, inhibiting the formation of N>

and N>O as revealed in TPD experiments.
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Chapter 1: Introduction

Chapter 1: Introduction

Steps, kinks and defects at surfaces play an important role in the kinetics of surface

(1-4]

processes such as adsorption, desorption and the reaction of molecules ' ™. As a result,

a fundamental knowledge of the behaviour of molecules in the proximity of these
surface structures is crucial in understanding chemisorption processes on catalytically
active materials. Platinum is one such active material, as it is an important ingredient in
automotive catalysts, especially for the catalytic oxidation of CO and the reduction of
NO,. This realisation has stimulated a great deal of interest in the surface science of the
interaction of these molecules with Pt surfaces. These systems are also interesting from
a fundamental point of view, as to understand the nature of the chemical bond between a
molecule and a surface, and the adsorption process itself, a detailed knowledge of the

interaction of molecules with solid surfaces is needed.

The aim of the experiments presented in this thesis is to study the interaction of
molecules on a well-defined stepped Pt surface at various temperatures to try to
elucidate the role of steps in adsorption and reaction processes. RAIRS and TPD
experiments to investigate the adsorption of CO, NO and NO and O on Pt{211} were

performed during the course of the work presented in this thesis.

~ Experiments investigating the adsorption of CO on Pt{211} were performed initially to
help to test and commission the apparatus that was built during the course of this
doctorate. The adserption of CO on Pt{211} had been previously investigated ) and
hence this system was a good one to use as a test for the equipment. The experiments
showed that the apparatus worked well and also allbWed a higher level of detail than
had previously been observed to be obtained with RAIRS.

Further experiments were performed on the NO on Pt{211} system. There is a wealth
of information present in the literature for the study of NO on flat Pt surfaces . This
system is interesting to study from both a fundamental point of view, as well as from the

industrial perspective, due to its importance in the automotive industry. However there
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Chapter 1: Introduction

still remains a large gap in the literature for the study of NO on higher index surfaces.
Therefore, experiments were performed to investigate NO adsorption on Pt{211} at
120 K and 300 K using both RAIRS and TPD techniques. These experiments revealed
novel observations that have not previously been documented in the literature, and the

existence of both molecular and dissociated NO species on the surface.

To further the study of the interaction of NO on Pt{211}, and due to observations that
were made during the NO/Pt{211} study, further experirhents were performed to
investigate the co-adsorption of O and NO on the Pt{211} surface. These experiments
revealed interesting observations, supporting the previous assignments made in the
clean surface experiments as well as revealing the sensitivity of NO adsorption on

Pt{211} to the presence of pre-dosed O atoms.

A detailed description of the observations made for these three systems, and a
discussion of the results, is presented in Chapters 4, 5 and 6. A detailed description of
the ultra high vacuum (UHV) system that was constructed during the course of this

thesis is given in Chapter 2.

1.1 Why study adsorption of molecules on surfaces?
The study of the adsorption of molecules on solid surfaces has greatly increased since

the early 1960’s. This is mainly due to the realisation of the importance of the
understanding of surface properties and the fact that the information acquired about
surfaces has an impact on the understanding of a wide variety of applications. This

[™131 " tribology, lithography and

ranges from nano-fabrication of atoms at surfaces
chemical vapour deposition to the study of astronomical events and the formation of
molecules in the interstellar medium 2%, Also, at the fundamental level, surfaces are
important as they represent a special kind of defect in the solid state. Much of the
understanding of solids is based on the‘ fact that they are, essentially, perfectly periodic
in three dimensions. The electronic and vibrational properties of a solid can be

described in great detail using methods that rely on this periodicity. Surfaces are

composed of atoms which do not have a full complement of neighbours. Hence, the
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Chapter 1: Introduction

introduction of a surface breaks this special periodicity in one direction. As a result,
this leads to structural changes as well as to the introduction of localised electronic and
vibrational states. As the bonding of the surface is unbalanced, surface atoms will
always want to react in-some way to minimise the surface free energy. This can be
achieved by the movement of other surface atoms to minimise the surface free energy or
by the adsorption of atoms and molecules. The binding, or adsorption, of gases is
strongly favoured at the surface. Adsorption at a surface can result either from the
formation of a chemical bond, resulting in the transfer or sharing of electrons between
the surface and the adsorbate (chemisorption), or from a weak, van der Waals type,
interaction (physisorption). The different types of bonding are usually easily
differentiated from each other by the enthalpy of adsorption, with that for chemisorption
being much greater than that for physisorption. Once the molecule is adsorbed, the

surface may enable the adsorbate to ﬁndcrgo reaction.

1.2 Stepped and vicinal surfaces
The chemical and physical properties of a surface depend upon its electronic structure.

This in turn relies on the nature and distribution of the atoms that form the surface. The
nature of the atoms arises due to the individual element(s) that make up the surface and

the distribution of the atoms is due to the surface structure.

Surfaces consist of flat regions known as terraces and so-called defects such as steps,
kinks and point defects. This can be seen in Figure 1.1. Flat surfaces consist of a single
terrace, for example the {001} surface ({001} represents {hkl} in Miller index
notation). Examples of point defects are adatoms or terrace vacancies, but surfaces can
also be intentionally stepped or have kinks in them. This can easily be achieved by
cleaving a crystal along the appropriate crystallographic plane. Figure 1.2 shows the
stereographic triangle for the various crystal orientations of an fcc crystal. The {111},
{100} and {110} planes are the high symmetry, high density, planes of an fcc metal,
while the {210} and {211} surfaces have a more open surface structure and possess

geometric sites of two of the high symmetry planes.
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Chapter 1: Introduction

the most stable adsorption site for NO on the Pt{211} surface is a step-bridged site. No
NO adsorption species are seen at room temperature on the terrace. This is due to the
presence of N atoms, from dissociated NO, on the terrace. However, when NO 1is
adsorbed on Pt{111}, no dissociation occurs and the most stable adsorption site is a
bridged species on the flat {111} terrace '), From these observations it is clear that
adsorption on stepped surfaces is more complicated than that on flat surfaces and
stepped surfaces should not just be considered as a composition of the low index

surfaces from which they are composed.

There are two important effects that occur due to the introduction of steps on a surface.

These are:

* Adsorbates exhibit a higher binding energy at step sites.

* There is a change in the electronic properties of the surface due to the step sites.

Since the concept of localized adsorption to particular sites on a surface, developed by
Langmuir P2, the study of adsorption on these sites has been the subject of many

[33], that metal atoms which have a

investigations. It was originally proposed by Taylor
low coordination number to other metal atoms on the surface significantly enhance the
activity of a site. The observation of higher binding energy at stepped surfaces
compared to flat surfaces can easily be seen for the adsorption of small molecules on a
stepped Pt surface. For example, it has been shown using single-crystal adsorption
calorimetery (SCAC) that the binding energy for CO on Pt{211} is larger at step sites

than terrace sites 4.

When small adsorbates, such as CO, interact with the stepped Pt{211} surface, the
binding energy at the step sites is always higher than at the terrace sites because the
centre of the d-band at the step sites is closer to the Fermi level, thus inducing a stronger
interaction with the 27* molecular orbital of CO. This can be seen in Figure 1.3, which
shows that the projected density of d-states at the step sites on a {211} surface is closer
to the Fermi level than that for the {111} surface. This is also seen for the adsorption of

oxygen on Pt{211} P31 However, the charge transfer between the metal and the
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Chapter 1: Introduction

heterogeneity compared with flat surfaces, which has a direct result on their properties.
The step structure is obviously different from the structure of the terraces. As a result,
this causes a disruption in the local electronic structure at the steps, as shown in
Figure 1.4. The electrons of the solid react to the presence of the step, by acting to
minimise the energy of the defect. This has the effect of causing the electrons to spread
out to make the defect less abrupt. This alters the chemical reactivity, thus making the
step sites attractive for the adsorption of molecules. The reduction in the work function
at the step edge that results from this change in electronic structure is seen to affect the

adsorption of CO on Pt{211} (as seen in Chapter 4 and other studies B,

)
~—

\_O

Figure 1.4: A diagram to show the Smoluchowski smoothing that occurs at a step site 431 The
electrons at the step attempt to smooth out the discontinuity between the step and terrace sites of
the surface.

1.3 The Pt{211} surface

Due to the complex nature of the adsorption of atoms and molecules at surfaces, most
previous studies have focused on well-defined flat surfaces such as the {111} and {100}
facets. However, real surfaces are composed of many different facets and surface
defects such as steps, kinks, vacancies and adatoms. As a first step towards a real
surface, such as that used in heterogeneous catalysis, the study of well-defined stepped
or vicinal surfaces is a significant movement forward to bridge the knowledge gap.
Hence this thesis presents work for the adsorption of NO, CO and O oﬂ the stepped
Pt{211} surface. A diagram of the Pt{211} surface is shown in Figure 1.5.

-22-
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Chapter 1: Introduction

first time. Hence, the initial results obtained for CO adsorption on Pt{211} could be

compared with those seen in the literature ) during the equipment commissioning.

1.4.2 Adsorption of NO

The study of the adsorption of NO on metal surfaces is an important topic from an
industrial perspective, due to the catalytic reduction of NO, to N, and O, and because
NO is a significant product of ammonia oxidation. It is also important from a
fundamental scientific viewpoint due to the low NO bond energy (8] (630 kJ mol™)
compared to other similar molecules such as CO (1076 kJ mol™"). This is due to the
fact that NO has an unpaired electron in the 27* orbital, hence it can either accept an
electron, to fill the partially filled 2z* orbital, or donate an electron from this orbital.
Therefore there is a high probability of finding both molecular and dissociated NO
species on the surface. As a result NO shows a tendency to undergo reactions at the
surface, forming species such as Ny, N,O, NO, and (NO),. The rate and probability of
these reactions also relies on the surface temperature, as some species such as (NO), [49]

are only observed at very low temperatures.

The possibility of NO reacting also relies on the nature of the surface. It was proposed
by Rhodin ez al P% that the susceptibility of NO to dissc;ciation varies across the
periodic table. This is shown in Figure 1.6. From this Figure it can be seen that NO
should not dissociate on a Pt surface. However, the probability of NO dissociating on a
surface also relies on the structure of the surface. As previously stated, experiments
presented in this thesis describe the adsorption of NO on a Pt{211} surface. There is
currently a disagreement in the literature for this system, as previous studies on this
surface and similar surfaces show that NO does not dissociate at room temperature, and

U However, Banholzer et al ® have predicted

dissociation only occurs on heating
that, due to the open structure of the Pt{211} surface, and the presence of the steps,
there is a break in the symmetry of the surface allowing it to interact strongly with NO
causing dissociation at room temperature. From this interpretation, and observations

that were made and presented in Chapter 5, experiments to investigate the adsorption of
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NO on an O pre-dosed Pt{211} surface were also performed, to elucidate the role of O

atoms in NO adsorption, and to observe the effects of NO adsorption on this system.

Sc Ti \4 Cr Mn Fe Co Ni Cu
Y Zr Nb Mo Tc Ru Rh Pd Ag
La Hf Ta \u4 Re Os Ir Pt | Au
Dissociative adsorption Non-dissociative

adsorption

Figure 1.6: A diagram showing the tendency of different metal surfaces to dissociate NO, depending
on the position of the substrate in the periodic table. Adapted from ref. 50.

1.5 Surface analysis techniques
To probe the adsorption process there are a multitude of different surface sensitive

techniques available, all providing information about the various aspects of the
interaction of the adsorbate species with the surface. Surface analysis techniques
consist of firing photons, electrons, ions or neutral species at the surface, and applying
heat to the surface, and then detecting any photons, electrons, ions or neutrals that are

emitted or reflected from the surface. This is summarised in Figure 1.7.

The chosen techniques used to study the systems presented in this thesis are reflection
absorption infrared spectroscopy (RAIRS) and temperature programmed desorption
(TPD). The RAIRS technique ¥ has played an ever increasing role in the
identification and characterisation of adsorbates and reactive intermediates and in the
study of surface reactions. The advantage of RAIRS over many other surface science '
techniques is that data are relatively easily interpreted in terms of the chemical species
present, since a simple observation of vibrational bands in the spectrum allows the
identification of both the nature of the adsorbate species and also its adsorption site.
RAIRS can also be used at various temperatures. This allows many interesting
observations such as the study of surface diffusion processes, the observation of
reaction intermediates, precursors to chemisorption and metastable species to be made

and, as a result, sometimes results in the observation of completely new phenomena. In
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addition, due to the high spectral resolution and sensitivity of RAIRS, the half-widths
and line shape of the absorption bands can be used as a measure of inhomogeneous
broadening within the adsorption system. This is as a result of inhomogeneity in the
distribution of the oscillator frequencies being measured. This is commonly due to a
lack of order in the adsorbate overlayer or can be due to the occupation of non-
equivalent adsorption sites. Also, like the line shape and half-widths, a measure of the
integrated intensity of the band can also lead to information about the interaction
between adsorbate species and may be used as a measure of the relative amount of the

particular species present on the surface.

Neutrals Neutrals - He scattering
TPD
Tons - REMPI
SIMS

Electrons - LEED
EELS
AES
XPS /UPS

Photons - RAIRS

Laser
spectroscopy

Ions

Electrons

Photons

Surface

T

Heat

Figure 1.7: Figure to show various surface analysis techniques. These techniques consist of firing
photons, electrons, ions, or neutral species, and applying heat to the surface, and detecting the
photons, electrons, ions or neutrals emitted or reflected from the surface.

In addition to the RAIRS experiments, TPD studies were also performed. This is the
most elegantly simple of all surface science techniques, however it is also regarded as
one of the most complex to interpret. Experiments are performed by adsdrbing atoms or
molecules on the surface, and then monitoring the desorption products with a mass
spectrometer as a function of temperature. Experiments are usually performed by

heating the sample at a constant rate. The most useful aspect of this technique is that it
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gives an instantaneous result, showing the desorption of the adsorbate or any reaction
products. However, the observed lack of a desorption product can also lead to
significant interpretation. In addition, using information from the Polanyi-Wigner
equation 54 or the Redhead equation 53] information about the strength of the bond
between the adsorbate and the surface can be found. Also, information about the pre-
exponential factor and order of reaction can be obtained. This allows information about
the desorption process, i.e. whether the adsorbate desorbs directly from the surface, or
whether associative desorption or desorption from multilayers occurs. In addition, from
the fact that different species have different binding energies on the surface, multiple
peaks can also be observed in the desorption spectra. This allows the identification of
different species present on the surface. TPD spectra can be compared to changes in the
RAIR spectra, as different species disappearing from the absorption spectrum
correspond to desorption peaks in the TPD spectrum. In addition, in the TPD
experiments, the area under each peak is proportional to the surface coverage and hence
an indication of the amount of the desorbing species present on the surface can be
obtained. Thus TPD provides complementary information to RAIRS, when studying

the adsorption of molecules on surfaces.

1.5.1 Reflection absorption infrared spectroscopy (RAIRS)
RAIRS is a powerful vibrational spectroscopic technique for the study of adsorbates on

metal surfaces. It allows the identification of the surface species, but also gives
information concemning molecular geometry and chemical environment. The application
of RAIRS to measurements on single crystal metal surfaces has been the subject of a

number of reviews 381,

There are two main groupings of surface vibrations for adsorbate-surface-interactions:
those between the surface and the adsorbate, and those within the adsorbate molecule.
Vibrations between the surface and the adsorbate cannot be seen with the RAIRS set-up
used in the experiments presented in this thesis. This is because the frequency of
vibration is too low to be observed with the detector used here. The lower cut-off

frequency of a typical RAIRS system using a mercury cadmium telluride (MCT)
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Chapter 1: Introduction

As a result, the s-polarised light cannot interact significantly with the intermolecular
dipoles of the adsorbed molecules. However, since the p-polarised component of the
light has a phase change and is enhanced, it can interact strongly with vibrational modes
of adsorbed species perpendicular to the surface. Hence RAIRS is ideal for studying the
a(isorption of small molecules that are adsorbed perpendicular to the surface, such as
CO and NO, which are of interest in the studies presented in this thesis. This effect is
more clearly illustrated in Figure 1.10. This diagram depicts the dipoles of an adsorbed
diatomic molecule oriented perpendicular and parallel to the surface. The resultant
image charges that are formed in the substrate allow the observed dipole moment of the
molecule that is perpendicular to the surface to be doubled. However, the dipole

moment of the molecule that is parallel to the surface is cancelled out.

\ ”~
AOL
i’ W
i1 W T T
i v Yo T Tl
]
WL Oy
\ 7 O 4 T‘(*
\v @: v’l's:-—’__z)\\
: .——“ib-_
-’ @ N
@E—0O

Figure 1.10: A diagram to show the formation of image charges within the surface as a diatomic
molecule is adsorbed perpendicularly and parallel on a metal surface.

Not all molecules are adsorbed perpendicular to the surface and some may instead be
adsorbed at an angle (¢) to the surface. These molecules may also be observed using
RAIRS, as long as they have a component of the intermolecular vibration that is
perpendicular to the surface. Figure 1.11 shows a molecule adsorbed at an angle ¢ to
the surface. The vertical component of the molecular vibration may be seen in a RAIR

spectrum. The intensity of the absorption due to this vibration is a function of cos¢, as
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Chapter 1: Introduction

1.5.2 Temperature programmed desorption (TPD)
Desorption of adsorbed atoms and molecules is one of the most fundamental surface

kinetic processes and can prdvide information concerning the strength of the interaction
between the surface and the adsorbed species. The monitoring of the desorption process
as a function of temperature is one of the most simple techniques used for studying
surface phenomena. This technique is known as temperature programmed desorption

(TPD) or thermal desorption spectroscopy (TDS).

As already stated, TPD can be used to estimate the strength of the interaction between
the adsorbate and the surface. As the system is heated, enough energy is acquired to
allow the adsorbate-surface bond to break and the molecules to desorb from the surface.
However, as molecules are often adsorbed in different sites, this can lead to multiple
desorption peaks. The strength of the bond to the surface can be described by the

Polanyi-Wigner equation 4 (Equation 1.1):

RT.

Vs = —%—f =v,0" exp(—E;"ej] Equation 1.1
This equation relates the rate of desorption (rss) to the surface coverage (6), pre-
exponential factor (v), order of desorption (n), the temperature of the surface (7;) and
the energy of desorption (Ezs). The order (n) of the equation relates to the path the
molecule takes as it leaves the surface. In first order desorption, as the molecule is
heated 1t leaves the surface in a one-step process. However, desorption is rarely this
simple with desorption occurring via other surface processes, such as diffusion,
recombination of atoms at the surface or surface mediated reactions. These desorption
processes are second order or higher in nature. Equation 1.1 can be re-written for first
order desorption, as in Equation 1.2, where 7, is the temperature at which maximum

desorption occurs, and S is the applied heating rate.

-FE

des

RT

p

Edes v
s = —€Xp
RT> B

p

Equation 1.2 [54]
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Equation 1.3 shows the same equation, rewritten for second order desorption:

2
Ba _ &/—6 exp( —E—@—J Equation 1.3 B

2
RT? B RT,

These results may be applied to theoretical calculations and the desorption of different
species can be compared to the disappearance of vibrational bands in RAIRS
experiments to identify desorption species. These equations require the knowledge of
the desorption temperature, the heating rate of the experiment, the surface coverage and
the pre-exponential factor. In the studies presented in this thesis, the pre-exponential
factor and the surface coverage for each experiment are not known. Hence, as a first
approximation, the Redhead equation > has been used to obtain approximate values for
the desorption energies as shown in Equation 1.4. In this equation the pre-exponential

factor is represented by A4, and for a first approximation is assumed to be 1087,

_ AT, _
E, =RT,|In 5 3.46 Equation 1.4

It must be noted that this equation is only valid for first order desorption, as lateral

interactions between adsorbate molecules and diffusion of molecules on the surface are

not taken into account in this model.

1.6 Summary

The two main surface sensitive techniques that are used for the experiments described in
this thesis are RAIRS and TPD. Collectively, the two experimental techniques can be
used to determine surface structure and the adsorption sites of the molecules being
studied. This information can be used to build up a picture of how the particular
adsorbate interacts with the chosen surface, and as a result allows us to build up an
image of the potential energy surface of the system. RAIRS is particularly useful as it is

able to identify molecules at particular adsorption sites at very low surface coverage.
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The band shape and intensity can give information about the ordering of the molecules
on the surface, dipole coupling between molecules and the molecular orientation.
Coupling this technique to TPD allows information about the bond energies at the
particular sites to be found. If all of these techniques are performed at various
temperatures, further information on adsorption sites and chemical processes that occur

at the surface as a function of temperature may be found.

This thesis describes experiments that use these techniques to study the adsorption of
molecules on a stepped metal surface. These results provide information on the role of
the step sites in the adsorption of molecules on high index surfaces and also provide a
stepping-stone towards understanding adsorption on more complex surfaces, and the
role of defects in the adsorption processes. This thesis presents a comprehensive
description of the UHV chamber and associated components needed to perform RAIRS
and TPD investigations on the Pt{211} surface. Studies of the adsorption of CO, NO
and NO and O on the Pt{211} surface are also described in this thesis.
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Chapter 2: The design of the ultra high vacuum
apparatus

2.1 Introduction
This chapter describes the design of the ultra high vacuum (UHV) apparatus that was

assembled and commissioned during the course of the research described in this thesis.
The UHV apparatus itself was not designed during the course of this work, however the
sample mount, which allows efficient sample heating and cooling, and the infrared
optics system were designed as part of this research. Hence the designs of both of these
features are described in detail in this chapter. The apparatus described here was used

to perform all of the experiments detailed in Chapters 4, 5 and 6.

2.2 Overview of the experimental system
The apparatus consists of a UHV chamber equipped with a liquid helium cooled

manipulator, Fourier transform infrared spectrometer, infrared optics for RAIRS, and a
resistive heating system. The system is also fitted with a quadrupole mass spectrometer,
electron optics for LEED experiments, an argon ion gun, and a fine control leak valve.
The chamber comprises two experimental levels: an upper level for sample preparation,
TPD and LEED experiments, and a lower level for RAIRS experiments. The chamber

has a typical base pressure of 1.2 x 10 ~'* mbar.

The experiments presented in this thesis are centred on RAIRS and TPD spectroscopic
measurements. The RAIRS optical system consists of a set of infrared mirrors, which
are used to focus infrared light from the FTIR spectrometer onto the sample. The light
that is reflected from the sample is then collected and refocused into the infrared
detector. A photograph of the experimental system used for the experiments described

in this thesis is shown in Figure 2.1.
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Chapter 2: The design of the ultra high vacuum apparatus

The gas manifold is evacuated using a 55 1 s air-cooled turbo-molecular pump
(Leybold, Turbovac 50), which is backed by a 2.5 m® hr'' rotary pump (Leybold,
Trivac D2.5E). Gas is leaked into the vacuum chamber using the fine control, high
precision, leak valve. This allows the entry of gas to the vacuum chamber to be

carefully controlled.

2.4 Sample mount design
An integral part of the experiment is the capability to take the sample from its annealing

temperature down to the temperature required for experimentation. This should be
done in as short a period as possible to prevent residual gases in the chamber adsorbing
onto the clean sample surface. The sample manipulator was designed to operate at
liquid helium temperatures, although only liquid nitrogen temperature experiments are
described in this thesis. Hence designing the sample heating and cooling system was a

non-trivial process.

There are many criteria that are of importance for a very low temperature sample
mount. The most important factor is the ability to take the sample between the base
temperature of the system and the annealing temperature of the sample in the shortest
possible time, so that it can be cleaned whilst maintaining UHV. Another aspect of the
sample set up is the ability to maintain a well controlled and constant heating rate, so
that TPD studies may be performed. The heating system used here employs a resistive
heating mechanism. Resistive heating consists of passing a large current through
filaments that are directly attached to the sample. The large current causes joule heating
within the filaments, resulting in the filaments getting very hot in a short period of time.
With this heating method, the filaments heat only the sample so that gas that evolves

from the surface may be analysed in TPD experiments.

To allow the achievement of low temperatures, a continuous flow liquid helium cryostat

(A.S Scientific products Ltd.) is used. This is shown in Figure 2.4.
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Chapter 2: The design of the ultra high vacuum apparatus

Figure 2.5 shows the arrangement of the copper blocks used to heat sink the power
cables to the cold finger. The heat sink blocks consist of four OFHC blocks. Two of
the blocks are directly attached to the cold finger to provide the basis for thermal
contact. To each of these is attached a second copper block. The positive copper
heating cable is attached to one of the copper blocks, and the negative cable to the other.
The cables are firmly attached to the blocks to provide maximum thermal contact. The
copper heating cables are then fed out through the lower half of these blocks to the
sample. The copper blocks to which the cables are attached are insulated from the cold
finger, and each other, via Sapphire washers and top hat ceramics. The Sapphire

washers are used as they allow heat transfer, but are electrical insulators.

To allow achievement of the minimum base temperature, the liquid helium supply is as
close as possible to the sample mount which is mounted on the end of the heat
exchanger. This is because thermal transport is best in the liquid. However, the set-up
also has to tolerate exposure to sudden massive heat loads that may have to be

maintained for prolonged periods, for example during the annealing of the sample.

At the end of the heat exchanger, a temperature of approximately 4.2 K is expected.
However, this depends on the flow rate of the liquid used. The head of the heat
exchanger is coupled to the sample via the sample mount. As mentioned above in the
design of the sample mount, a conflict between good and poor thermal conductivity
exists. Good thermal conductivity is needed to achieve good sample cooling, but at the
same time poor thermal conductivity is necessary to prevent the heat from the sample
transferring to the end of the cold finger. Most significantly, low temperatures and fast
cooling are required as well as ease of sample heating without causing strong heating
within the cryostat. In addition, the necessary electrical insulation of the sample has to
be combined with good thermal contact. Another important consideration is the easy
accessibility of the sample to the other components within the vacuum chamber. It is
usual in a liquid helium cooled system to use a radiation shield to help the achievement
of very low temperatures. However, using a radiation shield would restrict, or even
prevent, the ease of sample manipulation and for this reason it was decided not to use a

radiation shield, at least for initial experimentation. This lack of radiation shield leads
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to the sample experiencing room temperature radiation, which makes it necessary to use
a larger cooling power to attain and maintain the base temperature of the sample. Using
a radiation shield can also lead to longer sample cooling times (up to 90 minutes) and
can be detrimental to the stability of the UHV environment, as the large area of the
radiation shield acts as a cryopump and any temperature fluctuation can lead to strong

fluctuations in the UHV base pressure.

The sample mount used here is based on an original design by Schlichting and
Menzel P, with further modifications by F. Scholes®. A diagram of the sample mount
used in the experiments described here is shown in Figures 2.6 a & b. The sample
mount is made of a 28 mm diameter OFHC block. The block is composed of two
halves separated by a thin ceramic plate. This allows 2.5 mm diameter copper wires to
be attached to each of the blocks to allow current to be passed through the sample for
the resistive heating. The copper block is bolted to the heat exchanger via three

molybdenum screws and insulated from the sample mount with top-hat ceramics.

Many of the components used are compressed together, and spot welding is kept to a
minimum, as it can lead to deformation of the metals and reduce the thermal
conductivity of the welded components 2 Between the heat exchanger and the sample
mount 1s a 1 mm thick Sapphire disc. At very low temperatures, the thermal
conductivity of Sapphire increases to a maximum of ~50 W cm™ K™ at 25 K. This can
be seen in the graph, Figure 2.7. However, as the temperature of the Sapphire increases
the thermal conductivity decreases to approximately 0.1 W cm™ K at 1800 K. These
properties are ideal for protecting the heat exchanger and the liquid helium when the
sample is heated, whilst allowing the sample to be cooled to the cryogenic »temperatures
that are required. 0.05 mm thick silver foil is sandwiched on either side of the Sapphire,

to improve the thermal contact between the sample mount and the heat exchanger.
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Chapter 2: The design of the ultra high vacuum apparatus

A tungsten rod of 3 mm diameter and 30 mm length is attached to each of the copper
blocks. These rods provide support for the heating filaments that are attached to the
sample, as well as providing thermal contact with the sample. Each tungsten rod has
two small tantalum studs of diameter 1 mm attached to them. The studs are spot welded
to the heating wires, which are flattened to improve the surface area in contact with the
sample and thus improve the thermal conductivity. The studs are used to reduce the
contact of the heating filaments with the tungsten rods to prevent heat transfer back into
the cold finger. In addition, as they are made of tantalum, they are easily welded to the
heating filaments. The sample is spot welded to the heating wires via a 0.05 mm thick
piece of tantalum foil which helps to further improve thermal conductivity, as shown in

Figure 2.6a.

Table 2.1: A table of common materials used for making heating filaments. The table compares the
thermal conductivity, melting point and electrical resistance of various materials 18,

Thermal Melting point Electrical
conductivity /K resistance
/Wm'K! /p_cm
Stainless Steel 16.7 1708 85
Copper 401 1356 1.69
Tantalum 57.5 3269 13.5
Tungsten 173 5933 5.4
W/ Re 39 3373 29
(75%/25%)
Inconel™ 11.2 1533 125
(Ni 72%/Cr 16%/ Fe %/
Nb/Mo/Ti)
Constantan™ 19.5 1498 52.2
(Cu 60%/Ni 40%)

The sizes, dimensions and materials from which the heating wires and the various
components of the sample mount are made, are governed by the thermal and electrical
properties of the materials used. Table 2.1 shows a list of pure metals and alloys that
are often used as heating filaments. Alloy materials are often avoided in UHV systems

as they outgas.
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Tantalum was chosen for the heating wires, as it has a high melting point and low
vapour pressure. It is also very malleable, making it easy to flatten to improve the
thermal contact with the sample. It also has a relatively high thermal conductivity and
electrical resistance in comparisoﬁ with other materials seen in Table 2.1. The wires
therefore require a smaller current to attain the required temperature during the joule
heating. Tungsten and a tungsten/rhenium alloy (W75/Re25) were also tested as
heating filaments. However these materials proved unsuccessful. The tungsten was too
brittle, and as a result could not be spot-welded easily, and thus good thermal contact
was not achieved. In the case of the tungsten/rhenium alloy, although the electrical
resistance was high and it could be spot welded easily, it has poor thermal conductivity
compared to the pure metals, and thus prevented the sample from cooling in an

acceptable time.

A large diameter tantalum wire (1 mm) is used to support the sample, as it was found
that wires of thinner diameter were unable to cool the sample sufficiently. As a result,
the resistance of the heating filaments is quite low. It is therefore necessary to use high
currents to achieve the required annealing temperature and it is for this reason that the
copper cables which provide the current to the heating system are 2.5 mm in diameter.
The large currents would cause too much heating in thinner wires. Calculations were
performed to estimate the current required to heat the sample and the resistive losses
that were incurred whilst heating the sample. Figure 2.8 shows the circuit diagram for

the various components of the sample heating system.

To calculate the significance of the different sections of the heating circuit, the
resistance of the circuit was calculated. The calculations were based on the dimensions

and the physical properties of the materials used to make the heating circuit, as shown

in Figure 2.8.
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Chapter 2: The design of the ultra high vacuum apparatus

Table 2.2: Dimensions of the wires used in the heating circuit described here and the calculated
resistances.

Material ¢ A L Jo, R
/ mm / m? /m /Qm /Q
Copper
heating | R; 2.5 4.9 x10° 1 1.69x10% | 3.4x 103
wires
T“;%ssten R; 3.0 701x10% | 30x10° | 54x10° | 54x10°%
Tantalum | o 1.0 785x107 | 30x10° | 13.5x10% | 5.2x 103
filaments
Single
crystal -5
sample | Rs | fazx1) | 120197 1 00510% | 106x10° | 1.8x 107
(e.g. Pt)

§ - The sample is a rectangle of dimensions 12 mm x 1 mm

The energy (E) required to raise the temperature of the sample through a certain
temperature range is related to the dimensions of the sample and the specific heat

capacity of the sample:

E = specific heat capacity x AT x mass of sample Equation 2.2

For the platinum sample:
Specific heat capacity of platinum = 133 J K kg™
Density of platinum = 2.1 x 10* kg m®
. The mass of the sample =5.04 x 10° kg=5g
Hence, the energy (F) required is
E =133 x 1000 x 5.04 x 10° = 670 J

If the sample is to be heated in a 60 second period then

The power required (P) = —66—709 = 11W
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This 11 W of power needs to be generated by the two tantalum filaments. Therefore,
approximately 5.5 W is required from each. The power generated in the filament can be

calculated from Equation 2.3
P =FR; Equation 2.3

where 7 is the current in the circuit, and R; is the resistance of each of the tantalum

heating filaments. Hence the current required, I, is given by

1=‘/—i;~32.5,4
5.2x10

The voltage across this circuit required to drive the current to heat the sample is directly

related to the total resistance of the circuit R.
R=(2R;) + (2R3) + (2R3) + (Ry) = 2.8 x 107 Q

Thus the voltage across the entire circuit is
V=IR=325%x28x%x102=09V Equation 2.4

Hence, to raise the sample from very low temperatures (approximately 10 K), through
to the annealing temperature of the metal (1050 K for platinum), a current of
approximately 32 A at 1 V is required. All of the above calculations assume perfect

heat transfer, without any heat loss from the system.

Figure 2.9 shows test data for the sample heating and cooling. The graph (Figure 2.9)
shows that if a current of 33 A is passed through the heating circuit, it is possible to heat
the sample from 100 K to 1050 K in 1 minute and 20 s. Figure 2.9 also shows that it 1s
possible to cool the sample back to 100 K in approximately 18 minutes. These time
constraints are within practical limits. Figure 2.9 also shows the heating and cooling

times for the sample flashed from room temperate to 1050 K. The Figure shows that the
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Chapter 2: The design of the ultra high vacuum apparatus

Table 2.3: List of common materials used for infrared windows.

Material Frequenc)_rlrange
/ cm
L85 )¢ 400-4,000
KRS-5
(Thallous bromide / thallous iodide) 250-40,000
CsI | 200- 40,000
ZnSe 720-17,000

To allow light from the infrared spectrometer (Research series, Mattson Instruments) to
be incident on the sample, it is initially focused via a polished flat aluminium mirror
(Aero Research Ltd.), a 90°off-axis parabolic mirror (Aero Research Ltd.), and finally
through the KBr window assembly onto the sample. The reflected light from the sample
then passes through a similar KBr window assembly and is then refocused using another
similar 90°off-axis parabolic mirror and a 75°off-axis parabolic mirror onto the infrared

detector. The optical path of the infrared light is shown in Figure 2.13.

The intermolecular vibrations of adsorbed molecules generally have vibrational
frequencies of above 800 cm™. Therefore a detector with this frequency response was
required. Table 2.4 shows a list of detectors commonly used in infrared spectroscopy.
The detector chosen was a liquid nitrogen cooled narrow band MCT (EG&G,
Optoelectronics) detector. It was chosen for both its high sensitivity and frequency

response between 700 — 4000 cm’.

Table 2.4: List of infrared detectors commoniy used in infrared spectroscopy.

Frequency range
Detector type / em™!
Narrow band MCT 700-4000
Wide band MCT 500-4000
Bolometer Below 1000

Once the infrared signal from the sample is detected by the MCT detector it is passed
back to the FTIR spectrometer. Using the Win-First™ software (Mattson), an infrared

absorption spectrum can be produced.
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