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ABSTRACT

High resolution electron energy loss spectroscopy (HREELS) has been
used to investigate the interfacial properties of a series of molecules on
Ni and Cu (110) crystals. Polyimide precursors, pyromellitic dianhydride
(PMDA) and m-phenylene diamine (m-PDA), and smaller, related
compounds, succinic anhydride, phthalic anhydride, benzoic acid and
aniline were, separately, either chemisorbed at room temperature or
condensed at ~150K on Ni and Cu (110) surfaces. Results are presented
for subsequent HREEL spectra recorded. X-ray photoelectron spectroscopy
(XPS) data taken during collaborative work with a group at the
University of Maine for some of the systems is also presented.

The anhydride species were found to interact with both metal
surfaces through the anhydride unit, though for the dianhydride}
PMDA, the second anhydride unit remains intact. For benzene
- containing anhydrides, the benzene ring was found to be inclined
towards the surface normal, the extent of this tilting depending on both
anhydride and metal surface.

The amine species interacts through a nitrogen atom which
undergoes loss of hydrogen. The aromatic ring is aligned almost parallel
to the metal surface.
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CHAPTER 1

INTRODUCTION



INTRODUCTION

There have been numerous studies using surface techniques to investigate
simple systems which include single crystal metal and semiconductor surfaces,
with and without small molecules adsorbed on the surface. Until recently,
however, relatively little effort has been directed at understanding surfaces of
polymeric materials. This may seem surprising in light of the technological
importance of polymers, since characterisation of polymer surfaces is likely to
help us understand properties such as wetting, adhesion, grafting and surface
reactivity. Knowledge of atomic composition at the surface, even as a function
of depth, is not sufficient. Information about the polymer conformation near the
surface and about the nature of molecular groups preferentially present at the
surface is also needed.

During the last few years, many research programs were developed around
polymer-metal adhesion, conduction polymers, display panels, composite
materials etc., despite the difficulties encountered when working with polymer
samples. Firstly, it is very difficult to prepare clean polymers. Chemical
impurities are often trapped in the matrix during production of the sample or are
easily adsorbed from the environment. Recent developments have lead to the
possibility of forming polymers by ultra high vacuum (UHV) compatible tech-
niques including radiation polymerisation (polythiophene [1]) and chemical
vapour deposition (polypyrrole [2] and polyimide [3]). Polymers arealso poorly
ordered compared to the metals and inorganic solids that are the usual subjects
of surface studies. Many polymers do contain crystalline regions, but these are
normally small compared to a typical probe size. Electron beam based measure-
ments, such as low energy electron diffraction (LEED) and Auger electron
spectroscopy (AES) are likely to cause damage, even if a pure ordered polymer
sample could be produced, and are complicated by the insulating nature of most
polymers. Finally, the concept of a clean polymer surface must take into account
the detailed arrangement of chemical bondsin a fashion not usually encountered
with metals or semiconductors. -

Over the last ten years, research on the study of electronic and vibrational
3



properties of organic molecular crystals has been carried out by by means of
various surface sensitive electron, ion and photon spectroscopies. The use of
these techniques over the years 1975-85 have been reviewed by Pireaux et al. [4].
The only surface-sensitive electron spectroscopic techniques which were rou-
tinely used in early studies of polymers were ultraviolet photoelectron
spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) (for example,
polyimides [5], various polymers [6, 7], polythiophene [8], polystyrene [9],
polymethyl methacrylate, PMMA [10,11], polyethylene [12, 13], acrylic polymers
(13, 14], bisbenzotriazolato copper(II) [15]). However, in recent work by Pertsin
etal.[7], uncertainties in interpreting XPS spectra have been discussed. Differential
charging during XPS experiments is suggested to be possibly mistaken for
chemical bonding effects. Also, in XPS experiments where metal is deposited
onto polymer substrates (discussed later in this section), there may be problems
because of the small sizes of the metal particles in the early stages of deposition.
Therefore shifts may be attributable to chemical bonding, partical size or differ-
ential charging.

Fourier transform infrared spectroscopy (FTIRS) (i.e., reflection-absorption
infrared spectroscopy, RAIRS) and Raman spectroscopy have been used to probe
vibrational properties of some polymers (for example, a study of polyethylene
using Raman spectroscopy [16] and polyester using RAIRS [17]). High resolu-
tion electron energy loss spectroscopy (HREELS) will be discussed later in this
chapter. Ion scattering techniques, for example, high and low energy ion
scattering spectroscopy (ISS), static and time of flight secondary ion mass
spectrometry (SIMS), have also been carried out on various polymer surfaces
([18], PMMA [11], acrylic polymers [11], nitrogen containing vinyl polymers [19,
20], polystyrene [21, 22], poly(alkyl methacrylates), PAM [23], polydimethyl
siloxanes, PDMS and similar polymers [24]). Electron loss spectroscopy has been
used to compare pristine and radiation damaged polyethylene [12].

The Pireaux group [25] summarised that polymers, which exist in different
amorphous and crystalline phases (no polymer can ever be 100% crystalline) are
almost fully characterised by the definition of their macromolecular unit, as most

of the time interactions between the different chains are weak. After such studies
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of normal alkanes, particularly hexatriacontane, n-C,;H,, [26], it was suggested
by the group that polymers be considered as molecular solids. These van der
Waals materials include also materials called molecular crystals. It is therefore
suggested that the conclusions drawn from the review on polymers [4] might be
extended to a much larger family of related materials.

Erley and Ibach [27] took HREELS vibrational spectra of tetracyanoquino-
dimethane (TCNQ) on Cu (111). Althoughnot polymeric, TCNQis considerably
larger than most of the adsorbates studied using HREELS previously. It was con-
cluded that EELS is useful to investigate ultrathin films (<0.1 pm, therefore far
away from molecular dimensions) of organometallic semiconductors, despite
resolution being poorer than in, for example, Raman spectroscopy. The behavi-
our of TCNQ on Cu(111) is reported to be complex; TCNQ was found to exist in
three different oxidation states, 0,1 and -3, dependent on coverage.

Generally, it was found that information of any significance necessitates an
instrumental resolution of about 10meV (full width at half maximum of the
elastic peak, FWHM). As the best instrumental resolution and the highest
counting rates are impossible to achieve at the same time, any practical study of
polymer surfaces was thought impossible. Fortunately, it has been observed ex-
perimentally that in general there are sufficient absolute counts in the loss peaks
for it to be possible to collect a HREEL spectrum from a polymer in a practical
time.

The brief report presented by Pireaux et al. [4] reviews early development of
electron-induced vibrational spectroscopy for studying polymer surfaces. It was
shown that electron-induced vibrational spectroscopic studies are possible on
poorly defined polymeric materials, and thata new finger-printing spectroscopy
isnow available to characterise the surfaces of polymers - namely high resolution
electron energy loss spectroscopy. Even though the interaction mechanisms
between electrons and polymer surfaces are not yet understood, it has been
shown that detailed information can be gained from the study of the interface
formation between metal and polymer, and thus HREELS could be developed

into an easy and powerful surface science tool for polymeric surface analysis.
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HREELS studies of Polymeric Materials

HREEL spectra recorded for polymers was achieved firstly by Pireaux et al. [26]
in their polyethylene and hexatriacontane surface analyses. The majority of
bands seen in the HREEL spectra taken for both long chain aliphatic compounds
could be assigned by comparison with infrared data. Bands associated with
vibrations of the methyl groups were found to be much more intense than those
for CH, groups indicating that the polymer surface differs from the bulk. The
C-C stretching vibrations were also intense. It was concluded that the long
hydrocarbon chain was not parallel to the surface. Subsequent HREELS studies
of commercial polymers include those for polycarbonate [28], polyethylene [25,
26], polystyrene (29, 30], polyimide [31], PMMA [11] and polypyrrole [32].

HREEL spectra of polycarbonate [28] were found to be similar to those
measured by infrared spectroscopy. Resonance scattering was found to play an
important role. Large energy dependences of the primary electron beam on the
intensities of some bands, that is, the asymmetric (OCO) carbonate stretch, and
(C-H) stretching modes for both aliphatic and aromatic parts of the molecule,
were found. It wassuggested that temporary negative ions were formed. Details
of proposed polymer orientation were not discussed presumably because of the
difficulties encountered with the intensity enhancements associated with the
resonance effects.

The surface of polystyrene was found to differ with tacticity of the polymer
[29]. More phenyl rings were present at the surface for an isotactic conformation
(substituent groups all lie on the same side of the carbon chain) than for an atactic
polymer (substituent groups arranged at random around the carbon chain).
Again, band frequencies were found to be similar to those in infrared data, but
intensities differ. A mixture of deuterated and non-deuterated polystyrene gave
results that suggested that the surface was enriched with the deuterated compo-
nent [30], although it can not be ruled out that this is purely a result of incomplete
mixing of the components rather than a selection procedure.

Assignments of HREELS bands taken for polypyrrole samples [32] were
attempted by comparison with infrared data, although resolution of the HREELS

electron beam was only 15-20meV (FWHM). Similarly, resolution-limited
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vibrational information was obtained for films of PMMA [11].
Itis concluded that it will require considerable effort to extend the analysis
to all types of material, ranging from completely amorphous to hi ghly crystalline

ones. However, Pireaux et al. [4] discuss some peculiarities of HREELS.

EXPERIMENTAL CONSIDERATIONS

The principles of HREELS are dealt with in detail in the Ibach and Mills
publication [33] and will be discussed later in this introductory chapter. Basi-
cally, any high performance electron energy loss spectrometer is suitable to
study organicsurfaces. However, compared to clean or adsorbate covered metal
or semiconductor surfaces, polymers are characterised by the relatively high
complexity of their monomeric unit, and by the great number of vibrational
modes that might be excited. It is expected, therefore, that electron induced
vibrational spectra of such materials will contain many bands which will be
separated from each other only if the highestinstrumental resolution is achieved;
before the first EEL spectra taken for a polymer [34, 35 ] (although the first high
resolution EEL spectra (70cm™') were recorded some years later [26]) the largest
molecules which had previously been studied by HREELS were, for example,
cyclohexane [36], benzene [37] and pyridine [38]. Wandass and Gardella are
thought to have taken the first HREEL spectra from organised large molecules on
a non-single crystal surface in their studies of fatty acids in [39, 40] and stearate
multilayers [41] using Langmuir-Blodgett deposition techniques [42, 43]. The
Langmuir-Blodgett technique is a way of making ultrathin organic films with a

controlled layer structure.

Overcoming Charging Effects

Most analytical techniques for surface characterisation involve either
interaction of a sample with a beam of charged particles (e.g., AES, EELS, ISS or
secondary ion mass spectrometry (SIMS)) or the emission of charged particles
(e.g. XPS, UPS). Ideal systems for analysis with beam techniques should be a)
electronically conducting, b) should have smooth surfaces and interfaces, should

have sufficient large dimensions and ¢) should consist of only one homogeneous
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phase. For even such ideal systems, there may still be problems with limit of
detection, quantitative analysis, lateral and depth reduction, dynamic range of
the measured system and change of the sample by the analysis itself.

Insulators being ‘non-ideal’ systems cause additional difficulties because
charge build up can occur due to captured or emitted electrons or ions (see for
example [7]). These problems can very often be solved by instrumental means
[44] but if this is not possible, problems such as those encountered by Hahn et al.
[45] often occurred. In their XPS and UPS studies of thin polyimide layers,
charging of the surface due to the net photoemission current leaving the sample
was inevitable. Although it was kept relatively low (1-3eV typically), this finite
charging was comparable to the width of features in the spectra thus producing
some ambiguity in the detailed comparison of UPS and XPS spectra.

Previous methods of overcoming charging problems, each specific to one
single-surface analytical technique include a) deposition of metallic grids, but
this risks surface contamination and b) heating the sample to increase the bulk
conductivity, but this may lead to ionic conduction and consequent sample
decomposition and degradation of the spectra [46]. Liehr et al. [47,48] developed
a charge counterbalancing technique for analysis of thick non-conducting poly-
mers, known as “flcod-gun” charge compensation, which for HREELS consists
of irradiating the sample surface with the defocussed beam of an auxiliary
electron gun working in the ranges of voltage and current of a typical Auger
electron spectrometer gun and with electron beam energies of between 800eV

and 2keV. Using this neutraliza-
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Irradiation of a sample with two kinds of electron beams (from HREELS mono-
chromator and auxiliary high energy Auger electron gun) creates a complex
energy distribution of reflected electrons seen in the previous diagram [47). The
twoelastically reflected beams canbe seenand, superimposed, are backgrounds
due to interband and Auger transitions as well as the “true” secondary back-
ground at very low kinetic energies reaching down to zero kinetic energy (cut
off). The true secondary region represents the electron cascade distribution and
band structure-related peaks. Interband and Auger transitions, as well as nearly
all of the secondary background, originate from the auxiliary gun.

It should be noted that whilst the majority of polymers are insulating
materials, conducting polymers do exist and have been studied; for example,
HREELS and Auger studies of polypyrrole doped with either BE, or CIO,
negative ions to increase conductivity [32]. Thus, it was not necessary to
simultaneously use a second electron gun to take HREELS spectra of these

samples.

Neutralization Mechanisms

1. The secondary electron emission has been measured for a wide range of
materials and is found to follow a universal yield curve. Different materials
generally exhibit different energies of maximum yield and a different maximum
yield, which is usually largest for insulators due to fewer deexcitation possibili-
ties for low-energy electrons. The general trend for an insulator surface under

electron irradiation is shown in the following figure:
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A low-energy electron beam with a total energy of several eV, as used in
HREELS, will therefore charge an insulator surface negatively up to the beam
energy. An electron beam with an energy exceeding the first cross over point
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where the yield becomes greater than unity and below the second cross over
point correspondingly tends to charge the sample positively by emission of
secondary low-energy electrons. To compensate, for a negative surface charge
via secondary emission, a second electron beam with an energy between these
two crossover points should be suitable.

A second mechanism that is suggested to contribute to a surface potential
stabilisation is the creation of a surface layer with an enhanced conductivity
which allows surface charges to flow to ground potential. The creation of such
a layer with an elevated number of non-equilibrium carriers is expected to take
place under irradiation with high energy electrons. The efficiency of this
mechanism will depend on the mobility of the non-equilibrium carriers, on their
lifetime and on the lateral extent of the conducting layer.

Therefore, the mechanism of surface-potential stabilisation has been found
to depend somewhat on the sample material i.e., on its secondary electron
emission coefficient and its hot carrier conduction mechanism. Surface potential
stabilisation is obtained either by creation of a conduction layer close to the
sample surface which permits accumulated charges to flow to ground potential
or, somewhat less efficiently, by enhanced emission of secondary electrons close
to the sample vacuum level.

2. Alternatively, Pireaux et al. [4] found that when a very thin film (thickness in
the range of 50 - 200A ) of polymer is deposited on a conducting substrate (e.g.
by spin coating or by casting from a solution), conductivity to the substrate was
sufficient to eliminate the charging problem. This, however, was not found to be

successful in early polyimide studies [51].

CONCLUSIONS FROM HREEL SPECTRA OF POLYMERS

Pireaux et al. have looked at various polymer surfaces with HREELS including
polyethylene and hexatriacontane [26], which was the first use of EELS to
characterise polymer surfaces, polystyrene [29] and polyimide [52], and the
major conclusions that were reached, and which do not seem inconsistent in
other studies of polymer systems with HREELS, were as follows ;

1. HREELS is a technique that could be extensively used in the future to
-8-



fingerprint the surface composition of polymers. The detected vibrational losses
correspond to bands identified by infrared and Raman spectroscopies. The very
large data bank available for those optical spectroscopies can then be used to help
with the interpretation of the HREEL spectra.

2. The -CH, stretching bands are very intense in the HREEL spectra. Extending
in the region between 2800 and 3100cm! they allow the distinction of aliphatic
methyne, methylene and methyl groups and aromatic species; this constitutes a
unique identification of hydrogen-containing molecular groups compared to the
other surface sensitive electron spectroscopies.

3. In the loss region between 1000 and 2000cm™, most of the vibrational bands are
related to deformation modes in the polymer, which are the best potential
candidates for studying the conformation and morphology of the polymer chain.
In the specific example of polystyrene, it was shown that films of atactic and
isotactic polymers have different surfaces, the latter being mainly composed of
phenyl rings. Results also suggest that chain ends are preferentially exposed at
the surface.

4. The probing electron beam excites individual vibrations of molecular radicals
or groups, and of the carbonaceous skeleton. This indicates that at first sight the
polymers behave like “condensed gases” (like adsorbed macromolecules on a
substrate) with weak intermolecular interactions. For some polymers however,
low energetic vibrational bands appear below 500cm™ , which might be attrib-
uted to collective modes.

Quantitative Spectroscopy

As Pireaux suggests [4], it would certainly be of major interest for electron
induced vibrational spectroscopy applied to the study of polymer surfaces to go
beyond a fingerprinting technique and to quantify the number of chemical
groups present on the surface of the polymer and to determine their relative
orientations. To succeed in these applications, textbook references related to
adsorbate-covered surfaces suggest the use of cross section curves of angular
measurements (variation of electron impact energy of sample orientation and of
electron collection angle). These experimental procedures allow to disclose the

electron-vibration coupling mechanisms, i.e., dipolar, impact and resonance
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scattering [53], and to deduce structural information, as for example, formate on
Ni(110) studies [54]. Such approaches were attempted for polyethylene [26] and
polyimide surfaces [52], but the conclusion reached from these preliminary
studies is that for polymer surfaces, all the cited interaction mechanisms play a
significant role; some vibrational bands are selectively enhanced for a given
electron impact energy; angular dependence of the elastic and inelastic scatter-
ings can be rather broad (the “specular” beam is 30° or more wide whereas it is
only 1° wide for the case of an ordered layer of smaller adsorped species). Also,
resonanceenhancement effects increase the difficulties in deducing orientational
and morphological details from spectra.

These observations prevent any direct application of symmetry rules, and
the distinction between dipolar, resonance and impact scattering is not straight
forward. However, the major fact to keep in mind when studying polymer
materials is that their surface is far from being well defined; by comparison with
an adsorbate deposited on a clean single crystal surface, a polymerisaroughand
amorphous surface with (almost) no periodicity (despite the intramolecular
simplicity of the periodicity of therepeat unit). It does notinduce a sharp electron

specular reflection, but the scattering is diffuse.

SUMMARY

It seems to be widely acknowledged that HREELS will contribute towards
studies of electron induced vibrational spectroscopy of polymer surfaces with
ever improving quality of spectra as it is expected that better resolution will be

achieved.
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HIGH RESOLUTION ELECTRON ENERGY LOSS
SPECTROSCOPY (HREELS)

Vibrational frequencies have been used as a means of identifying bonding
arrangements in molecules for many years. The first vibrational studies of
adsorbed molecules was by Eischens and Pliskin [55] who used infrared spec-
troscopy to study chemisorption on supported-metal samples. It was noted then,
and is still a problem, that interpretation of spectra of such adsorbate systems
presents difficulties because the surface compounds formed during chemisorp-
tion often have no exact counterparts among conventional compounds. How-
ever, ahuge database of infrared and Raman spectra is in existence for vibrational
data for gases, liquids and bulk solid state compounds which can be used for
comparative purposes.

The number of degrees of freedom of an N-atom species is 3N. For such a
species in the gas phase, these are distributed as 3 translational, 3(2) rotational,
and 3N-6 (3N-5) vibrational degrees of freedom. The numbers in parentheses
refer to linear species. After adsorption at a surface, an atom which in the gas
phase had three degrees of translational freedom, is no longer free to translate or
rotate and these modes are converted to vibrations.

Theexperimental instrumentation required for HREELS is described in detail
elsewhere [56]. A monoenergetic electron beam is focussed onto the surface of
the sample. The backscattered electron energy distribution is analysed with
respect to energy at various, known scattering angles. The majority of electrons
scatter elastically, with no energy loss. However, someinelastic scattering is also
found to occur, seen as smaller peaks in the secondary electron distribution at
specificloss energies. These energy losses correspond to the vibrational frequen-
cies of modes of vibration of the sample. Vibrational excitation of a vibrational
mode from v=0— to v=1, where v is the vibrational quantum number, is the most
likely transition, thatis, the “fundamental”. Because of the anharmonicity of the
pétential well of the electronic ground state, the first overtone has a frequency
which is slightly less than twice the frequency of the fundamental. Although
much less intense, bands assigned to overtones and combinations, processes
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whereby more than one normal mode of vibration is excited, can often be seen in
HREEL spectra, symmetry permitting.

The first observations of the vibrational excitations of small molecules (H,,
H,0, CO and N,) chemisorbed on W(100) were reported in 1967 by Propst and
Piper [57] who detected the vibrational states of the adsorbed gases by low-
energy electron scattering. However, their work was hindered by poor instru-
mental resolution, ~50meV. Ibach [58, 59] succeeded in improving the beam
energy resolution to ~10meV in work investigating surface phonon excitations
atpolar ZnO and Sisurfaces. Now, spectral resolution is routinely ~6meV. Work
has continued resulting in ever improving resolution, Ibach has reported re-
cently achieving ~ImeV resolution [60], and refined techniques, including

digital data acquisition techniques and Fourier Transform smoothing [61, 62].

INELASTIC SCATTERING MECHANISMS

There are thought to be three mechanisms describing the inelastic scattering of
the incident electron beam from a surface, namely dipole, impact and resonance
scattering [63-66]. In each case, an adsorbate-covered surface will be discussed,
but clean surfaces could also be considered since elementary excitations include
phonons, plasmons, excitons in addition to adsorbate vibrations, depending on
the nature of the vibrating particles (ions, conduction or valence electrons,

adsorbed molecules, etc...).

Dipole Scattering
Dipole scattering is a long-range interaction between the electric field of the
incoming electrons and the dynamic dipole of the adsorbate [67]. The electrons
undergo forward-scattering in this inelastic collision through a small angle and
are therefore backscattered from the surface
in a near specular direction. The plane-of-
incidence intensity distribution of electrons

inelastically scattered due to image dipole

field excitation of a molecular vibration can

be seen in the diagram opposite.
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If electrons in the substrate are considered to be able to move almost instantane-
ously to counteract any charge brought near the surface, “image” charges are set
up in the substrate, screening surface charge. This is illustrated in the following

figure:

OnS)

(a)///f"///// (b_)/////////

":f_-“ Image charges set Gt o
up In the metal Near s e
T substrate,

(a) Any mode of vibration which has a dynamic dipole moment perpendicular
to the surface causes image charges in the substrate which increase the net dipole
field of the system. There s, therefore, an increased electric field associated with
vibrations of such modes.
(b) If there is a dipole parallel to the surface, there is no net dipole and therefore
there is no electric field for the incoming electron beam to interact with.

The mathematics involved with the theory of dipole scattering will be dealt
with briefly, but can be found in more detail elsewhere [63-66]. If interactions

between adsorbed molecules are neglected, the differential cross-section for

dipole scattering can be obtained from the following equation:

do dme)? k' _1 : ' 5
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where n = number of molecules
k, k” = wavevectors of incident and scattered electrons respectively
o = angle of incidence
@, D, = initial and final vibrational wave functions respectively
u, = dipole moment operator associated with dipole moments
perpendicular to the metal surface
V,, ¥, = wave functions of the incident and scattered electrons respectively.
Dipolescattering requires the cross section to be non-vanishing only if the matrix
element <@ |y |J> transfers symmetrically with respect to all of the symmetry
13



operations of the point group of the system. By definition, ju, has the same
symmetry properties as a translation in thez direction. Thisis found to transform
totally symmetrically, with reference to group tables. Only vibrations which
belong to the totally symmetric representations of the point group of the
substrate-adsorbate system, A, A’ and A, are observed as fundamentals in
dipole scattering. Symmetry arguments with relevance to vibrational spectros-
copy are discussed in detail by many groups including those in the following
references: [68-70]. Symmetry regarding polymeric materials has been discussed
at length, and with comparisons to smaller molecules [71].

This therefore implies that only infrared active modes will contribute to
dipolar scattering. Therefore, only changes in dipole moments during vibration
are detectable by HREELS, irrespective of the molecule having a permanent
dipole or not. These selection rules may seem so stringent that appearance of
spectral features is severely limited making it difficult to identify the surface
species and its bonding. However, it is true that assignment of the bands which
appear to originate from dipole active modes of vibration can immediately give
orientation details of the adsorbate [54].

From the dielectric theory discussed by Thiry et al. [72] which is shown to be
a remarkable tool for the interpretation of dipolar scattering, the following
concluding remarks are made: Dipole scattering is favoured with low energy
incident electrons. The energy should not be too low because of image problems
but not too high for intensity purposes. Smooth reflectivity should be checked
for in the primary electron beam energy range. Angles of incidence which are
grazing (that is, at large angle to the surface normal) ought to be avoided.
Electrons which have undergone dipole scattering should be detected in, or close

to, the specular (or in any Bragg) reflected beam.

Impact Scattering

Bands assigned to “dipole-forbidden” modes of vibration can appear in specular
HREEL spectra, but these are only very weak bands. Another scattering
mechanism was invoked when such bands were seen by Ho et al. [73]. The

hydrogen wagging mode at ~80meV was identified from HREEL spectra taken
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for H on W(100) and was seen more clearly when off specular scattering
geometry was used. The peak intensity was found to remain constant for all
angles of analysis and did not show alobe profile in the specular direction. These
characteristics hold for modes of vibration which undergo what is now known
as impact scattering. Impact scattering is a much shorter-range scattering
interaction than dipole scattering. Theimpact scattering mechanismisrelated to
the scattering of theimpinging electrons by the atomic potentials of the substrate
or adsorbate atoms. Scattering is not confined to the forward direction and
therefore losses are best observed away from the specular direction so that the
stronger dipole loss features no longer dominate. Representations of possible
scattering pathways which take an electron from initial state k, to a final state k_
can be seen in the following diagram. This mechanism is responsible for the

drastic momentum change associated with the backward scattering of electrons.
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Although less restrictive than those for dipole scattering, there are certain
selection rules which apply under the impact scattering mechanism (74]. If a
plane of symmetry of the adsorbate/substrate system is chosen as the scattering
plane, i.e., both incident and detected electron beams lie in this plane, then a
vibration which is antisymmetric to reflection in that plane will be forbidden. It
could, however, be observed in directions away from the incident plane. In
addition, for specular reflection impact scattering, selection rules reduce to the
dipole selection rules, if the system has a twofold axis of rotation perpendicular
to the surface or a symmetry plane perpendicular to the plane of incidence.
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Therefore, in principle, all modes of vibration should be observed if the correct
scattering planes are chosen.
Asdiscussed by Lietal. [74] impact scattering is expected to be relatively more

important for high-energy, short-wavelength electron beams.

Resonance Scattering

Resonance scattering [64, 72,75, 76] is fairly common in the scattering of electrons
from gas phase molecules [77] but has been observed for few adsorbate systems.
Resonance scattering occurs when the incident electrons have a particular impact
energy comparable to that of some unoccupied electronic state of the molecule,
thusresultingin anenhancementin the vibrational mode intensity and alsoin the

presence of relatively strong overtone excitations.
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At the particular electron energy commonly referred to as the resonance energy,
the incident electron becomes temporarily trapped in the vicinity of the target
molecule. The electron is captured by a quasi-bound or virtual molecular orbital
forming a temporary negative ion (A, in the diagram). These are short lived,
~107°t0 10"®s, but this lifetime, T, is considerably longer than the transit time for
unhindered propagation across the molecule which is why relatively strong
bands due to overtones of the fundamental vibration can be seen on spectra. Due
to the resonant behaviour of the electron trapping mechanism, the vibrational
excitation cross section exhibits pronounced maxima as a function of electron
impact energy. Two types of resonances are possible depending on whether the

ground state of the ion lies above (shape resonance, as seen in the previous
16



diagram) or below (Feshbach resonance) the ground state of the neutral mole-
cule. Thereview by Palmer [76] deals with the resonance scattering mechanism,
characteristics and examples of resonance scattering for both physisorbed [78]

and chemisorbed species [54, 79-81].

Comparison of HREELS and RAIRS

Both HREELS and RAIRS are vibrational spectroscopic techniques which can
provide details of structure, bonding and orientation of adsorbate-covered
surfaces. However, the information which may be obtained and the ease of
achieving results differs for the two techniques [82]. For studies over wide
frequency ranges HREELS can give sensitivities of between at least one order of
magnitude greater than those at present obtainable by RAIRS. Also, as has been
discussed earlier in this section, the electron spectroscopic technique has another
significant advantage over infrared spectroscopy, it is not confined to observing
vibrations with dipoles perpendicular to the surface. However, HREELS is much
more resolution limited (~50cm™) in comparison with infrared spectroscopy, al-
though the new spectrometer designed by Ibach [60] is capable of considerably
lower resolution still. This is not a severe limitation when investigating spectra
of adsorption complexes with relatively few atoms which have few modes of
vibration. The much higher sensitivity of HREELS has enabled many systems to
be studied, such as adsorption of hydrocarbons, for which there is very limited
infrared sensitivity. As with other electron spectroscopies, ultra high vacuum
conditions are necessary [see Chapter 2]. A photon technique is therefore
necessary for the study of, for example, catalytic systems, where a high pressure

may be necessary.
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X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X-ray photoelectron spctroscopy, XPS, is a surface sensitive technique which
uses X-rays to emit core level electrons which are then energy analysed. The
monoenergetic X-rays which are usually used are AlKa X-rays (1486.6eV) and
MgKa X-rays (1253.6eV). These photons interact with atoms in the surface
region, penetrating ~1-10um in a solid. The photoelectrons which are emitted
have kinetic energies, E,, which are given by :
E,=hv -E; -0

where hvis the energy of the photon, E, is the binding energy of the atomic orbital
from which the electron originated and g, is the work function of the spectrome-
ter. The binding energy may be regarded as an ionisation energy of the atom for
the particular shell involved. There are a variety of possible ions formed by the
emission of an electron from a multi-electron atom and therefore there is a
corresponding variety of kinetic energies of emitted electrons. Cross-sections
also vary for each process.

Relaxation of the energetic ions after the photoemission of core electrons can
also result in the emission of Auger electrons, ~10" seconds after the photoelec-
tric event. Photoelectric and Auger processes are shown in the following

diagram:
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