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I. Introduction: The Atomic and Electronic Structure of-Surfaces

The atomic geometry and electronic structure of surface atoms are
responsible for the chemical and électrdnic probertieé of sdrfaceé. ' The
atomic and electronic strudtures are rarely separable. However, the
experimental techniques used to study these two structural features are
differenp,.and,therefore'they are often separately investigated and dis-
cussed. In this review we shall give an overview of what we: know about

the atomic structure of surfaces and adsorbed monolayers, the methods

-used to obtain this information, and point out the importance and rela-

:tipn of surface structure to chemical bonding and heterogeneous:

catalysis.

Over the past 15 years, there has been a major revolution in the

field of surface chemistry that has permitted the atomic scale scrutiny

‘of surface monolayers. The low energy electron diffraction (LEED) tech-
"nique was developed which enables one to determine the location of

‘orderéd layers of surface atoms and of molecules adsorbed on surfaces.

High resolution electron energy loss spectroscopy (HREELS) which was
also developed over the past ten years can yield vibrational spectra of
adsorbed atoms and molecules on surfaces. These two techniques have
beeh used most extensively for studies of the surface structure of sin-
gle crystal substrates and adscrbed monolayers on these surfaces, and

provide ‘information about a large and rapidly increasing number of sys-

tems. Weé have ‘chosen to rely mainly on these two techniques in our stu-

dies and the emphasis of this review will primarily be on data from
these two methods. However, we will also mention many other promising

techniques for surféce atomic structure analysis that are available or



are being developed. Since detailed investigations of surface Structure
have mainly used single-crystal substrates under ultrahigh vacuum (UHV)
- conditions, this review will focus on these systems. We will point out
the application of results from these fundamental studies to the under-

standing of some of the elementary processes in heterogeneous catalysis.

In the next two Sections (II and III), we discuss briefly the basic
principles and methods of LEED and HREELS for surface structural
ahalysis. Section IV considers several other methods for studying sur-
face structure. The main part of this review, Section V, isvah assess-
ment of ddb understanding of the surface structure of clean surfaces,
atoms adsorbed 6n surfaces, and molecules adsorbed on surfaces, as
determined primarily by LEED and HREELS. In Section V.3 which considers
molecules adsorbed on solid surfaces, we discuss several case studies
* that illustrate the épplication of surface structural analysis. The
chemisorption of CO is discussed because of its/involvement in important
catalytic reactions and as a prototype of more complex systems, clearly
exhibiting various modes of molecular bonding to surfaces and bond
strength variations due to the nature of the substrate. A LEED and
HREELS study of benzene chemisorption on Rh(111) illustrates the utility
of a combined techniques approach in surface studies. The important
area of hydrocarbon reactions is dealt with and elementary chemical *

trénsformations are illustrated in alkene adsorption and decomposition

-y

on transition metal surfaces. Section VI contains some future direc-
tions in surface structural analysis that we expect to have a major

impact on our understanding of surface structural chemistry. Finally,
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in Section VII, we discuss the structure sensitivity of the surface

chemical bond and its implications to catalysis.

-In our discussion of'surfacé'structure, we will often refer to the
per;odic geometry of the subst?éte énd df the adsorbed_monolayer. The
surface unit cell is the basic structural unit in the description of the

ordering of surfaces. Often when adsorbates form ordered structures or

4when‘}econstruction of the subsﬁrate atomsroccur, the unit cell of ‘those

structures is different from’the:hnitlcell of the substrate. When this

unit cell is larger than that of the substrate, the surfage lattice is

.

‘called a superlattice. It is necessaryttherefore to have a notation

"that allows the unique characterization of the surface or adsorbate lat-

tice relative to the substrate lattice. Two common notations are used:

the matrix notation and the Wood notation.1

In matrix notation, the
unit cell basis vectors (5}, 32) of the substrate surface lattice are

related to those of the adsorbate (3}, Sé) by a matrix M:

b, M1 Mpo\/fa, 3y
b. M.. M o L *
2 21 Moz A2> 2

The matrix M uniquely characterizes the relationship between the unit
cells. The Wood notation, in which the relationship between the unit
cells is somewhat more transparent, can be used when the angles between

the pairs of basis vectors are the same for the adsorbate and. substrate,

i.e., when the angle between b, and b, is the same as the angle between

— -

. 31 and as. Then the unit cell relationship is given by, in general,

corp(vxxw)Ra .

Here v and w are the elongation factors of the basis vectors:



! I, |
V'-'—I-a-:;—l— ’ w:-L—arZ—l- .

The angle of rotation between the lattices, i.e., the angle between 51

-

and b1, is o. The suffix Ra is omitted when o = 0. The prefixes "c"
and "p" mean "centered" and "primitive," respectively, with centered
denoting the case where an adsorbate is added in the center of the prim-
itive unit cell. The prefix p is optional, and bften omitted. The two
notations for simple unit cells are easily related. For example, the
Wood notation for an overlayer unit cell identical to that of the sub-

01

another slightly more complicated case, the Wood notation is c(2 x 2) =

strate is p(1 x 1) or (1 x 1), while in matrix notation it is (1 0)' In

(V2 x v2)RU5° or in matrix notation (1 ]1).

«
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II. The Low Energy Electron Diffraction Technique for Atomic and Molec-
ular Surface Structure Determination

‘Most of the exberiments tha£ are aimed io determine s@ffaée struc-
ture use‘a single crystal Surfacelof about 1 céntimeter‘in diaﬁéfer,
placed in an ultra-high vacuﬁm éystem which is equiﬁhedvfor aqvar;eﬁj of
surface sciende»techniques. Fbremost.améné fhem is.low éhergy eléctrﬁh
diffraction (LEED) and.Auggr electron spectroééobyvaES) that détérmine
the atoﬁic strucﬁure and composition, }espéctivély; §f the surfaée
layer. The surface monolayer tha£ is to be studied'has té be.suitablj
preparéd by ion sputtering and/or chemical treatments to remove surface

impurities and then the surface must be annealed to move atoms into

their equilibrium position and to minimize surface structural damage.

ﬁiguré 1 shows a typical geometry that is ﬁtilizéd'in'ioﬁ éhergy”difQ"

'»fraction and other single crystal surface studies;vA'

Electron spectroscopic techniques give information about surfaces

‘dﬁe"to the'high inelastic scattefing cross-section of éleétrdns.  A

"universal curve" for the electron mean free path in soiids shows that
between 10 and 500 eV electron kinetic energy, the mean free path is on
the order of U to 20 X. Figure 2 shows the number of béck"soattéred
électrons as a function of their energy when a42,000 eV éiecfbon beam'
strikes the surface. At 2,000 eV (Region I) there iS'an-elastic peak
due to nearly elasticallyvscattered electrons that have lost :ionly small
amounts of energy. A£ higher resolution, this energy region . can provide
information about atomic vibrations that are in the range of 0 to 0.4
eV. Region I1 shows inelastically scattered electrons which have caused
electronic excitations, along with bulk or surface plasmon excitations.

Higher energy losses (Region III) are due to ionizing excitations.of



electrons and.these provide information'about the surface composition by
identifying the atoms the electrons came‘from. At very low energies
(Region IV), there is a large secondary electron emission background
that is due to multiple inelastic scattering and often results in the.
emissionréf several electrons of lower energy upon the incidence of one ’ L/
electron of higher\energy. In LEED, the elastically backscattered (dif-

fracted) electron fraction (Region I in Figure 2) is used to study the

structure of surfaces and adsorbates.

In LEED, a collimated beam of electrons of well-defined (but vari-
able) energy is diffracted by a crystal surface. The electrons are
scattered mainly by the individual atom cores of the surface and produce
wave interferences that depend strongly on the relative atomic positions
of the surface under examination, because of the quantum-mechanical wave

nature of electrons.

The de Broglie wavelength of electrons, A, is given by the formula

AMin ®) = V150/E, where E is measured in eV. In the energy range of

10 to 500 eV, the wavelength varies from 3.9 X to 0.64 X, comparable to
interatomic distances. Thus, the elastically scattered electrons can

diffract to provide information about the periodic surface structure.

Figure 3 shows the scheme of the LEED experiment. A monoenergetic
beam of electrons in the range of 10 to 500 eV is incident on a single A
crystal. Roughly 1 to 5 pércent of the incoming electrons are elasti-
cally scattered. A retarding field analyzer separates this fraction,
which is then post-accelerated onto a fluorescent screen where the
intensity is displayed and may be photographed. If the crystal surface

is well-ordered, a diffraction pattern consisting of bright, well-



defined spots will be displayed on the screen. The sharpness and
overall intensity of the spots is related to the degree ofﬁorder on‘thé
surface. When the surface is less ordered, the diffraction beams
broaden and become less intense while some d;ffuse background intensity
appears ‘between the beams. The electron beam source commohly»used has a
coherence width of about 100 R. This means that sharp diffraction |
features are obtained only if the regions of well-ordered atoms
("domains") are of the order of (100 2)2 or larger. Diffraction from
smaller size domains gives rise to beam broadening and finally to the

disappearance of recognizable beams from a disordered surface.

The diffraction pattern from the (111) face of a platinum single.
Crystai is shown in Figure 4. The brightness and sharp definition of
the diffraction beams and the weak intensity of the diffuse background

cléarlyvindiéates a well-ordered surface.

One may distinguish between "two-dimensional® LEED and "thfée-
dimensional™ LEED. In two-dimensional LEED one observes only the shape -
of the diffraction pattern (as seen and easily photographed on a

fluorescent screen).2’3

The bright spots appearing in this pattern -
corfespond to the points of the two-dimensional reciprocal lattice.
belonging to the repetitive crystalline surface structdre, i.e., they
are a (reciprécal) map of the surface peribdicities. Therefore, they
‘give information about the size and orientation of the surface unit
cell: this is important information, sincevthe presence of, for exam-
ple, reconstruction-induced and overlayer-induced superlattices is made

. immediately visible. This information also includes the presence or

absence of regular steps in the surface.¥15 The background in the dif-



fraction pattern contains information about the nature of any disorder

6 As in the analogous case of X-ray crystallog-

present on the surface.
raphy, the two-dimensional LEED pattern in itself does not allow one to
predict the internal geometry of the unit cell (although good guesses
éan sometimes be obtained); that requires an anal&sis of the intensities
of diffraction. Nevertheless, two-dimensional LEED already can give a
very good idea of essential features of the surface geometry, in addi-
tion to those mentioned before. Thus, one may follow the variation of
the diffraction pattern as a function of exposure to foreign atoms: it
is often possible to obtain semi-quantitative values for the coverage,
for the attractive and/or repulsive interactions between adsorbates,7
for some details of island formation,6 etc. The variation of the dif-
‘fraction pattern with changing surface temperature also provides infor-
mation about these interactions (in particular at an order/disorder
tr'ansition),6 while the variation with electron energy is sensitive to
quantities such as surface roughness perpendicular to the surface and

step heights.u’5

In three-dimensional LEED, the two-dimensidnal pattern is supple-
mented by the intensities of the diffraction spots {(thereby focusing the
attention on. the periodic part of the surface structure, i.e., the
ordered regions) to investigate the three-dimensional internal structure
of the unit cell. This is most readily carried out by considering the
variation of the spot intensities as a function of electron energy
and/or direction of incidence. The pictures in Figure 4 were taken at
different incident electron energies. As the electron energies

increase, the de Broglie wavelength decreases, bringing in higher order



-diffraction beams into the view of the fluorescent screen} . If the

_intensity of each diffraction beam is monitored as a function of elec-

tron energy, an iptensity versus electron voltage curve, or I1-V-.curve,
is obtained as shown in Figure 5. The fluctuations of the diffraction
beam intensities .clearly indicate that diffraction is not two dimen-
siohal.' The beam as it'penetrates the surface undergoes diffraction
from the successive layers, .providing 3-dimensional diffraction. As a
result,  the structure of not: only the surface 'layer of atoms but also
the positions of atoms in the secoﬁd and third layers are determined by

LEED..

The extreme surface sensitivity of the technique is due to'the high

elastic as well as inelastic scattering cross sections of the electrons

- as compared to:x-rays. Because of the high scattering cross section,:a

large fraction of incident electrons are backscattered in the first two

or three layers at the surféce.: This surface sensitivity, of course, is

exceedingly important in surface structural analysis. However, as a

.consequence, multiple scattéring of the electrons cannot be neglected,

i.e., there is a significant probability that an electron scattered once
will be scattered-again before exiting the surface region. Thus, the
structure analysis must include multiple scattering of electrons, and in

fact, this multiple scattering is very sensitive to the precise loca-

- tions of atoms and molecules in the surface.

It is necessary to theoretically simulate the electron éiffraction

in order to extract the atomic positions from the experimental data.

- This simulation normally must include the multiple scattering of the

electrons in the surface region, resulting in so-called "dynamical" cal-
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culationsg’g. A suitable scattering potential, calculated from first

principles, is used for this purpose. A multiple scattering calculation
presupposes given atomic positions. Consequently, the simulation must

be repeated for a variety of a priori plausible surface configurations.

1

For each configuration, the theoretical diffraction intensities are then
compared with the experimental data. The best agreement in tﬁis com-
parison occurs for the correct configuration. Refinements of atomic
positions can be carried out ac desired, usually with the aid of com-

. puted reliability factors (R-factors) that remove the subjectivity of
visual evaluation which is inevitable when many comparisons must be

. made.,

" LEED has developed over the past ten years into a relatively well-
established technique for surface structure determination and has been
the most productive technique used to analyze atomic positions, bond

2’8'12. The largest number of

- lengths and bond angles at surfaces
results concern clean, flat (low Miiler Index) single-crystal surfaces
and atomic adsorbates on them. - These have established the technique on
a sound and reliable footing and have served as the necessary base for
the more recent studies of adsorbed molecules. Qverall, over 150
detailed structures have been determined with LEED so far, of which
about 10 involve molecules adsorbed at metal surfaces. In addition,

hundreds of ordered LEED patterns have been observed and used to under-

stand the two-dimensional periodicity of surfaces.

Still, LEED has some limitations. A chemical ‘identification of the
surface atoms is not possible by LEED alone. Also, for a LEED struc-

tural analysis, it is desirable to first obtain a well-ordered arrange-
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~

ment of the surface. This means studies can be carried out only on
single-crystal substrates. Furthermore, atomic and mOiééular adsohbétes
preferably should also give an ordered surface structure fqr‘LEEDku
analysis. Electron beam damgge of.mqlegular adsorbates is currently
often a problem, but new developments in the LEED gxperimental methgd
shopld reduce this 1imitation. Also, hydrogen can only be detected in,»
unusual circumstances. AAnother limitation also concerns the cost of

computing which can become large for certain types of structures. -
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III. High Resolution Electron Energy Loss Spectroscopy (HREELS) as a
Probe of Surface Structure

HREELS has undergone an explosive development in the last ten yéars

due to its ability to extract important structural - information about

13,14

o

atomic and molecular species adsorbed at surfaces, and has been

applied to a large number (~250) of adsorption s§stem§15- By a suitable
monochromatizatibn of incident electrons of energy 2 to 10 eV and energy
analysis of the scattered electrons, small energy losses due to vibra-
tion excitations of surface atoms and molecules are detectable with an
energy resolution of é.S to 10 meV (20 to 80 wavenumbers; 1 meV =

8.065 cm'1). This monochromatization and anélysis is achieved by using

an electrostatic deflection spectrometer, typically using 127° cylindri-

cal or hemispherical sectors.

A spectrometer that we have used, which is similar to that used

16

commonly '®’, is shown in Figure 6. Thermal electrons from a hot tungsten

filament are focussed with an Einsel lens onto the monochromator
entrance slit. After exiting the monochromator, the monoenergetic elec-
tron beam is focussed on the sample by additional lenses. The sample
-1

beam current is 10'9-10 A. The electrons that are back-reflected

from the sample surface are focussed on the analyzer entrance slit and

r3

energy analyzed to produce an electron energy loss (vibrational) spec-
trum. A channeltron electron multiplier with pulse-counting electronics
is used to detect the scattered electrons. For specularvreflection,
typical elastically scattered.intensities are 10"-106 counts per second,

while inelastic channels have 1_104 counts per second. Energy losses of

.



 reflection infrared spectroscopy at surfaces.

13
scattered electrons can be measured over'a large range, typically 15 to
500 meV (120-4000 cm™') and higher.

Electrons that are inelastically scattered in the specular direc-

tion have undergone a long-range interaction with surface vibrational

'modés that is similar to the interaction experienced by photdhs in

17518 745 interaction is

called (dyﬁamic) dipole scaﬁtering and involves only those vibration
ques’théﬁ have a lbng wavelength in the diréctioﬁ‘parallel to the sur-
face'(thésé arevémall-wavevector modeé that therefore can only impa;t
mohentﬁﬁ to céusé a small deviatidﬁ of the electfons'away from‘specular
réfiection). The dipolé scattering mechanism produces an inténsé lobe

of'ineiastically scattered electrons cehtered on the specular beam.19."21

The angular halfwidth of this lobe is hw /2E;, where u is the frequency

[o]

of the vibration and E_ the impact energy, and for common expérimentél

I

;ondiéidns is 0.1 to 50, Note.that theilarge;angle scaﬁtering (frbm the
inéidenée direétion té the specular directioh) impliecit in speéular
réfléctioﬁ'is dﬁe mainiy to é'LEED-liké diffractibn by ﬁﬁeisurface
(especially‘the substrate), ﬁhich usually causes no.detectablé loss of
kinetic ehéfgy. A'specular HREELS spectrﬁm thus exhibits loss peéks at
those\energies that correspénd to the vibrational frequengies of the
molecular (or atomic) species in their adsorbéd State bn thé surface.
This allows the ready identification of the adsorbed species by com-
parison Qith.knOWn fbequenciés in other circumstances, as ih gas-phase
molecules and in particular organometallic>clus£ers.l Phonons of the

22

substrate can also be detected in this manner; their frequencieé gen-

erally fall below those of interest in adsorbed molecules.
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~In dipole scattering from metal substrates, the surface dipole
selection rule states that only vibrational modes with a dynamic dipole
component perpendicular to the surface can be excited. The physical
) basis of the selection rule is shown in Figure 7. Any dipole perpendic- "
ular‘to the éurface generates en image force in the solid that enhances -
the strength of the dipole. As a result, it adsorbs more energy and can
be excited vibrationally quite strongiy. Any dipole that is parallel to
the surface has an image dipole that pends to cancel it. Therefore, the
dipole scattering for dynamic dipoles oriented parailel to the surféce
is'weak. or coursé, we are concerned with the symmetry of the vibra-
tional mode and not the perpendicuiér or parallel motion of the atoms
involved, i.e., there are vibrational modes with a symmetry that gen-
erates‘no dynamic dipole moment perpendiéularvto the surface even though
the atoms move normal to the surface, and vice-versa. The selection
2rﬁle éliowslihe intensity of energy loss peaks in specular HREELS spec-
ﬁra to be used to determine the symmetry of the adsorbed species and the
adsorbtion site, and to indicate the alignment of an adsorbed molecule
with respect to the surface plane. However, this selection rule is
sometimes difficult to apply, since the magnitude of the dynamic dipole
momept normél to the surfaée may be small or the dipole scattering is
forbiddén by symmetry along the specular direction. _In these situa-

tions, the dipole scattering lobe may be obscured by the presence of

D

stronger impact scattering. These difficulties in applying the dipole
selection rule can complicate the determination of the symmetry of. the

surface complex, especially in the case of adsorbed hydrocarbons.
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Reflection well away from the specular direction (greater than
about 5°) occurs by so-called impact scattering, which is a short-range
interaction with short-wavelength surface vibrations; in the limit it
becomes the inelastic scattering of an electron by just one atom of ‘the
sufface.. All vibration modes in principle should.be‘deteétable in off-
specular HREELS data, except for certain directions not allowed by sym-
metry. This data .is a very useful complement to the Specularly measured
data, The physical bagis of impact scattering is still being investi-
gated, while the transipionvbetwgen impact scattering and dipole
.scattering is essentially unexp;ored.‘ New. effects may thus still be
discovered that can open up unexpected ways of obtaining new information

about adsorbed species.

Due to.the high electron inelastic cross section, very weak

- scatterers such as hydrogen can be detected on single—crystal-ﬁetal sSur-
_faces by HREELS. Figure 8 shows the spectrum obtained when hydrogen and
- deuterium are adsorbed on the W (100) surface.?3 The complexity of the
vibration spectra indicates that hydrogen is located in various sites,
with various metal hydrogen stretching frequencies on the metal surface.
This high sensitivity also makes adsorbed hydrocarbons relatively eésier
to study than currently possible by other vibrational techniques. For
strong scatterers, e.g. adsorbed CO, HREELS can be used to study concen-

trations of 0.1% of a monolayer.

§

Several other advantages ofVHREELS“can be listed, in addition to
the large'frequency range and high sensitivity mehtidned'aboVe. Both
disordered and optically rough surfaces can be studied. It does not

require long-range ordering of the surface, thereby giving access to the
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very important low coverage limit of adsorption where adsorbate-
adsorbate interactions are negligible. Few techniques can handle as
well as HREELS the spectral complications due to several different coad-

sorbed species. Finally, due to the low incident beam energies and beam

«©

currents, HREELS is a non-destructive technique which can be used to
probe even the structure of weakly adsorbed molecules or molecules espe-

cially susceptible to damage during analysis using other techniques.

There are two méin disadvantages of HREELS. First, the assignment
of vibrational modes to individual loss peaks may not be unique due to
frequency shifts as a result of bonding, especially with the relatively
podr instrumental resolution (usually used) as compared to optical spec-
troscopies. The poor resolution limits somewhat the use of isotopic sub-v
stitution and makes the analysis of closely spaced vibrational modes
difficult to carry out. At present, the reéolution (full width at half
makximum of the elastically scattered peak) in HREELS is limited practi-
cally to ~50 cm"1 (seé Section V.3.) and studies have often been carried
out at resolutions of 80 to 160 cm'1, with peék assignments made more
accurately, within 10 cm'1. However, developments in spectrometer
deéign, along with construction of a quiet, ultra-stable HREELS powerl
supply,zu have enabled us recently to obtain speétra from Rh(111) with
20 cm"1 resolution. The second ma jor drawback is that the maximum pres-

sure under which spectra can be obtained is about 5 x 10"5 torr due to

.

electron-gas collisions inside the spectrometer. Thus, surfaces during

high pressure catalytic reactions and chemisorption at the solid-liquid
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interface can not be directly'studied. Nevertheless, the combination of

a high pressure cell inside a vacuum system which has an HREELS spec-

trometer is helping to bridge this gap.25
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IV. Additional Techniques for the Determination of Surface Structure

We will now discuss several other techniques that are useful for
surface atomic structure analysis. Several Qf thesg have had only minor
importance compared to LEED in determining surface structures to date,
but their future appears to be bright. Also, the independent verifica-
tion of surface structures by several techniques leads to increased con-

fidence in the soundness of the results.

The techniques which have been commonly used as structural methods
in surface science can be grouped into several classes, as shown in |
Table I. Techniques using diffraction and ion scattering are directly
sensitive to atomic positions, and have been used widely in studying
solid surfaces and adsorbed monolayers. Other techniques that measure
vibrational structure, electronic structure, or the angular distribution
of desorbed ions are indirectly sensitive to atomic positions by provid-
ing information on symmetry, general molecular confiéuration, and bond
angles. These techniques have provided little strﬁctural information
about clean surfaces, but have been extremely valuable for the study of
atomic and molécular adsorbates. Eiectron microscopic ﬁechniques can
directly image atomic structure in selected cases, but few surface

science-type studies have been made.

The techniques that use electrons as probes must be employed under
vacuum conditions, but have the sensitivity to study fractional mono-
layers.of atoms at single crystal surféees (~1013 atoms/cmz).
cal techhiques have the large advantage of utility under atmospheric or

higher pressures, but usually suffer from sensitivity problems so that

well-defined single-crystal surfaces are often not studied. Development

The opti-

[
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of éxisting and new techniques to bridge these gaps is being aggres-

8ively pursued.

LEED is easily the most used diffraction technique for structural

analysis, as discussed in Section II. Two other electron diffraction

26-28

techniques differ from LEED in the range of electron ehergies used:

Reflection high-energy electron diffraction (RHEED) uses .1-10 keV elec~

‘trons and Medium-energy electron diffraction (MEED) bridges the gap -

- between LEED and RHEED. Multiple scattering of the electrons occurs at

these energies, as in LEED. .MEED takes advantage of the larger amount
of’information,in_the I-V curves at energies up to 1000eV, but Debye-
Waller effects can require cold temperatures for the experiments. RHEED

can be used to probe to a depth of 20-100 R and give information on

“structure in the near surface region.

- Several techniques have been developed that are based on Angle-.
resolved photoelectron spectroséopy (ARPES). These methods take advan-
tage. . of the diffraction of the outgoing photoelectron when atoms in the
solid surface are photoionized. The physics of these methods are simi-
lar to LEED, but in these cases the electron source is internal to the
sample. Angle-resolved ulthaviolet photoelectron spectroscopy (ARUPS)
and Angle-resolved X-ray photoelectron spectroscopy (ARXPS) have been

used successf‘ullyzg’30

to determine atomic and molecular symmetries, and
also geometries at surfaces when combined with dynamical calculations,
but their utility has been limited somewhat by larger computational
efforts than in LEED (at least at‘lower energies) and uncertainty in

final state relaxation energies. Polarization-dependent ARUPS (PARUPS)

has also been used. Normal photoelectronh diffraction (NPD) and Angle-
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resolved photoelectron diffraction fine structure (ARPEFS) methods31’32
are potentially as powerful as LEED, but only a few studies of this kind

have been made.

Atomic and molecular beams also readily diffract from sur-
faces.33’3g. For example, He atoms with thermal energies of 20 meV have
a de Broglie wavelength of 1 R. Helium is the particle most commonly

_used due 'to its low mass and its chemical inertness, but Ne, HZ,YHD, H,
gand D have also been used. These techniques have extremely high surface
sensitivity and are non-destructive. In addition to the atomic posi-

tions, atom scattering gives additional information on the electronic-

'~ charge distribution at surfaces.

The anéular distribution and intensity of ions scattered from a
surface in channeling and blocking experiments give information on sﬁf-
face»structure.35 Several ion scattering spectroscopies differ only in
the incident kinetic energies of the ions used: High-energy (HEIS)36
with 0.4 to 2 MeV ions, Medium-energy (MEIS)35 with 0.1 to 0.4 MeV ions,

and Low-energy ion scattering (LEIS)37 with ions of less than 400 keV
energy. Depending on the energy and incidence direction the depth reso-
lution can vary from one monolayer to 300 X. At higher energies a

. binary collision médel for the ion écattering is adequate (Rutherford
backscattering) and a quantitative evaluation of the chemical composi-
tiion of the surface can be made. At lower energies where the depth
resolution is better, the main sources of error in the structural

analysis are due to uncertainty in the ion-atom scattering potential and

multiple scattering effects.

B
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There are many methods sensitive to the vibrations of surface

atoms.»38'u1

All of these methods indirectly giQe information on .the
atomic structure of surfaces through adsorption éite symmetries, bond.
orders and general molecular configurations, as does HREELS (Section
III). Figure 9 compares the vibrational spectra obtained for CO
adsorbed on dispersed rhodium particles on alumina by three techniques:
(a) I-lREEI.‘.S,,42 (b) Infrared transmission-absorption spectroscopy (ITAS)“3

).uu It is clear

and (c) Inelastic electron tunneling spectroscopy (IETS
that all of these vibrational techniques provide complementary informa-

tion about the structure of adsorbed molecules.

Techniques that take advantage of the absorption of infrared radia-
- tion by characteristic vibrations at surfaces include Infrared
refleétion-absorption spectroscopy (IRAS), and Infrared transmission=.

absorption spectroscopy (ITAS).“1

Each of these techniques have somewhat
different advantages and disadvantages, bﬁt several broad generaliza-
tions can be made. Work on single-crystal surfaces is difficult except
fob studiés of vibrational modes with large dynamic dipole momeqts,
e.g., the C-0 stretching mode in adsorbed CO, and only a couple of stu-
dies of hydrocarbons adsorbeq on single crystal metal surfaces have been
made. The accessible range of vibrational energies is usually limited
so that the interesting region of metal-atom stretching and bending
modes usually cannot be studied. The resolution attainable is very high
(0.1 cm'1) so that instrumental broadening of the vibrational lines can
be made negligible. This allows studies of the lineshapes, and also the

detection of adsorbed species with only slightly different adsorption

geometries. Importantly, the use of photons enables one to carry out
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studies on surfaces under high gas pressures or in the presence of
liquids. In a new related development, the first observation of ther-
mally emitted infrared radiation from both metal-carbon and C-0 vibra-

tional modes of CO adsorbed on Ni(100) has been made.’45 , -

Surface enhanced Raman scatiering (SERS)”6 has been very usefuily ' .
applied, especially to studying vibrations of molecules adsorbed at sur-
faces of electrodes in solution. Limitations on the nature of the sub-
strate that can bé used (mainly "roughened" Ag, Cu, Au) and the uncer-
.tainty on the details of the scattering mechanism have prevented broad
applicability of SERS as a structural probe. Through careful and sensi-
tivé detection schemés, non-enhanced Raman scattering has been observed
from pyridine on a Ag(1l11) single-crystal surface,u7 and similar studies
should be widely applicable to other systemé. Also, Raman scattering
from near-surface layers (-~200 X) can be uéed to observe phonon modes of
oxides and compounds, which often fingerprint the identity of these
layers.

Other vibrational techniques include Neutron inelastic scattering

49 and Pho-

(NIS),“8 Inelastic electron tunneling spectroscopy (IETS),
toacoustic spectroscopy (PAS).50 None of these techniques require
vacuum, but they can only be employed for studies of relatively high

surface area materials. NIS can only observe vibrations of H or D “

atoms, but can examine optically opaque samples and the scattering

[l

intensities give useful information since the atomic scattering cross-
sections are known. IETS has been used to study many large organic
molecules adsorbed at surfaces, but suffers mainly from problems associ-

ated with the possible influence of the metal counter-electrode.
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Ion desorption induced by bombardment of the surface by electrons
(Electron stimulated desorption, ESD),51 photons (Photon stimulated
desorption, PSD),_S2 or ions (Secondary ion-mass spectroscopy, SIMS)53,
can also be monitored to give structural information. The ion desorp-
tion thresholds ( for the ion yield versus incident excitation energy)
in ESD‘and fSD can often be related to eiectroniq levels of surface
gtoms and used po determine the nature of the local atomic environment

of the bonding site, i.e., the identity of the atoms to which the

) species was originally bound. Especially useful is the ESD ion angular

distribution (ESDIAD) technique for determining molecular structure at
54 In this technique, desorbed ions produce spots on a fluores-
cent screen, and the spot distribution can be used to directly determine

bond angles in molecular species.

There are several methods that measure the electronic structure of

-atoms and molecules at surfaces, and thus are indirectly sensitive to

‘atomic structure. Ultraviolet (UPS) and X-ray photoelectron spectros-

copy (XPS) have been used extensively in surface analysis and can give

55,56

qualitative information about surface structure. The valence elec-

tronic density of states can be measured and energy level shifts can be

-used to determine the atoms involved in. chemisorption bonds. In addi-

tion, chemical shifts in core level bipding energies measured in XPS can
often be used to distinguish between atoms in the adsorbed state, atoms
incorporated within the first layer, and atoms which have penetrated

several layers to form compounds. Chemical shifts and lineshape changes
in Auger electron spectroscopy (AES) have been shown tq»also give valu-

57,58

able structural information. Two electronic spectroscopies give
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information on the density-of-states distribution from the outer part of
the solid-vacuum interface: Ion neutralization spectroscopy (INS)59 and
Surface Penning'ionization electron spectroscopy (SPIES)6O’61, or Meta-

stable deexcitation spectroscopy (MDS).62

»

By using synchrotron radiation and monitoring the total electron
yield, Auger electron yield or ion yield, one can measure modulations in

63,64 analogous to

the photo-absorption cross-section for surface atoms,
EXAFS.65 Surface extended X-ray absorption fine structure (SEXAFS) is a
Atéchnique based on tﬁis observation and is a powerful source of informa-
'tiéﬁ about the local environment of selected atoms on surfaces with or
without long-range order. Use of this technique has allowed the deter-
mination of adsorption sites and bond lengths of fractional monolayers
of atoms. Another technique, X-ray absorption near edge structure
(XANES), also called Near-edge X-ray absorption fine

structdre (NEXAFS),66 uses the yield structure within the first 50 éV of
the absorption edge. The fingerprint of this region has been shown to
be sensitive to the unoccupied electronic density-of-states and coordi-
nation symmetry of surface species. Extended appearance potential fine

7

structure (EAPFS),6 also analogous to EXAFS, probes the short-range

order of a particular element. EAPFS does not require synchrotron radi-
ation (only an electron gun and LEED retarding analyzer) and can be used

to study surface atoms in monolayer concentrations.
»

Using electron optical techniques, Transmission (TEM), Scanning

(SEM) and Scanning transmission electron microscopy (STEM) can be used

68-

for direct imaging of the structure of solid surfaces. 70 TEM and STEM

have allowed resolution of individual atoms. These techniques are usu-
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ally limited by electron-atom cross sections to heavy atqms on light
substrates and to operation in relatively poor vacuums (>10"8‘torr) with
high magnetic fields. Absorbed molecules cannot be‘studies due to elec-
tron beam damage. Also; in transmission modes it is difficuit to
separate the effects of two surfaces. However, the poteﬁtiai for elec-

tron'microscopy to study the atomic stfucture of surfaces is great.”

Twe other techniques give indirect information abeut the atomic
geometry of.adsorbed monolayers on solid surfaces. Thermal desorption
spectroscopy (TDS)71 can be used to detect different bonding states of
adsorbates by measuring the heat of desorptien from these states. The-
relative populations of ehe bonding states, and sometimes the absqlute
cove;age, can be found by integrating the spectra. Work function mees-

72 detect changes in charge distribution at the surface. Even

urements
though the work function change does not relate simply to the adsorption
geometry, measurements can often indicate the general bonding configura-

tioh and direction of charge transfer between adsorbate and substrate

atoms.
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V. Structures of Solid Surfaces

V.1 The Atomic Structure of Clean Surfaces

The structure and bonding of an adsorbed. species is.greétly influ-
enced by the structﬁre of the substrate. In order to explore the struc-
tural sensitivity of chemical bonding and to obtain structural informa-
. tion on adsorbates, we must kncw the atomic structure of clean surfaces
prior to adsorption. It is aiso important to know whether the presencé
of the adsorbate substantially alters the geometric structure of the
substrate. ‘Over the past ten years a good picture has emerged of the
details of atomic structure of many surfaces of metals and semiconduc-

‘tors.

’

Two major phenomena are found: bond length relaxation and recon-

struction. Relaxation causes a contraction in the distance between the
Vfirst and the second layers of atoms at the surface; such relaxations
sometimes extend to deeper layers. The interlayer distance between the
1st and 2nd layers may contract up to 15% with respect to interlayer
distances in the buik material. The more open the surface, thatvis the
lower the surfacé density of atoms, the larger is the relaxation. The
precise locations of atoms in the first layer does not ndticeably change
parallel to the surface, only their location in the direction perpendic-
ular to the surface shows alterations. This phenomenon can be under-
stood if we assume that the surface is an intermediate between the dia-
tomic gas phase molécule of the same atomic number and atoms in the
bulk. The diatomic molecules have much smaller atomic distances than
bulk atoms that have very large coordination numbers, namely 8 to 12

nearest neighbors. In the surface, because of the anisotropy of
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location and the reduced number of nearest neighbors, there is a con-

traction of the top interlayer distance.

Reconstrﬁction of the surface occurs when the forces on the surface
atoﬁs in thé éoiid‘are Very large and the atoms are forced to move to
new atomic locations in order to.minimize their surface energy. In this
case, the atoms seek new locations in both perpendicular and parallel
directions to the surfaée, which results in new surface structures.

LEED diffraction patterns are cbserved that are very different from what
is expected from the projection of the bulk unit cell to the studied
surface. The diffraction pattern from a Pt(100) surface is shown in the
‘upper left panel in Figure 10. The LEED pattern and structure that ope
would expect from the projection of the bulk unit cell is shown on the
right and is a square unit mesh.  The approximate structure of the clean
reconstructed surface is shown in the lower left panel. While the LEED
pattern was published in 1965, a solution of the surface structure was
reported only. in 1981.73 The surface platinum atoms are reconstructed
into an hexagonal configuration; the coincidence of atomic positions in
this reconstructed hexagonal top layer and the unreconstructed second
layer gives rise to the complicated diffraction pattern that is shown in
Figure 10. The variation in the number of nearest neighbors forces the
surface atoms into an undulating configuration. Since buckling
increases the total energy, the atoms mo;e into positions that minimize '
the surface undulation. The precise location of atoms in this recon-
structed surface is governed by a delicate balance of forces. Upon
adsorption of even small amounts (several percent of a monolayer) of a

chemisorbed species such as carbon monoxide or hydrocarbon molecules,



28

the atoms in thié reconstructed éurface sﬁap back to the equilibrium
position that they would have in the bulk: a square unit mesh appears,
shown in the upperAright panel of Figure 10. On desorption of these
molecules, the clean surface shows the reconstructed surface structure

~again.

It appears that the (100) crystal faces of gold, platinum, and iri-
dium all show the formation of large superlattices, e.g., (5 x 1) or (5

.x 20) reconstructions.73 The (110) faces of Au, Pt, and Ir often exhi-

T4

bit-(n x 1) (with n = 2,3,4) reconstructions.'” The "missing row" model

--.best explains several of these systems. In this model, small facets of

the (111) face are built. The driving force is the lower free energy of
the (111) face. The tungsten and molybdenum (100) crystal surfaces also

exhibit reconstruction that have been reviewed r'ec:ently.'ma

'Réconstructiohs are generally observed on semiconductor surfaces,
often with several different metastable reconstructions observed for the
~ same compound. A model of the surface structure of the reconstructed

75 is shown in Figure 11. 1In this case, one may consider

Si(100) surface
the silicon surface atoms as existing in dimers with troughs in between.
The contraction actually permeates at least three layers and so the
effect of surface reconstruction is deeper than just the top surface
layer. The reconstructions ;n sémiconductors are throught to be due to
rehybridizatibn of the orbitals of ‘the surface atoms. Several recent
articles cover this exciting area of semiconductor surface t
structure.76'79 The advent of increased conputing power is currently

revolutionizing our ability to understand the microscopic details of

complicated reconstructions.
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V.1.1. Atomic Structure of Unreconsﬁructed Low Miller Index Planes of
Transition Metal Surfaces.

One can generally observe very small contractions (1-4%) of the
bond lengths of the surface atoms to the second-layer atoms fdr the
relatively open_fqees, such as bcc(TOO), fee(110), bee(111), and
fece(311). This does not result in a reconstruction of the surface
layer. The efféét of adsorbates on such relaiéd surfaces is to restore
the bond lengths to their bulk values, or.sometimes even to lengthen

them.

Contraction or relaxation of atoms at open crystal surfaces is due
to the reduction of the positive surface_free energy if the surface
becomes less rough on thé atomic scale. Also, with fewer neighbors the.
twb-body repulsion energy ié smaller, ailowing greater a£omié overlap ét

shorter bond lengths.

V,1.2; The Atomic Structure of High Miller Index Stepped and Kinked

When cbystals are cut along high Miller index directions, the»sur-
faces aésume stepped and kinked configurations that are shown.schemati-
cally in Figure 12. There are periodic steps in the surface that pro-
ducé recognizable diffraction features, permitting the determination ofv
the height and orientation of the step as well as the terface width.

The orientation . of the steps and terraces that are sgable correspond
normally to those of‘the-highést density atomic planes (111)’,(100) and
(110) for the fcc and the bee crystals. By changing the angle of the
cut, the terrace width and the step density can be altered. By cutping
crystéls in such a way that even the steps have high Miller indiceé, one

obtains kinked surfaces. In Figure 12, we show typical diffraction pat-
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terns obtained for clean platinum surfaces with (111) terraces and high
densities of steps and kinks. The splitting of the diffraction beams is
characteristic of the new periodicities introduced by the periodic

arrangements of atomic steps on the surface.

Atéms at kink sites have even lower numbers of nearest neighbors
thaﬁ atoms in stepped positions. The heats of adsorption of atoms and
mSleculeé at these different sites are likely to be different. As a
resulf, their chemical activities in various rearrangement or dissocia-
tion reactions at these sites are different. It is therefore very
'importént‘to study the effect of changing atomic structure on the bond-

ing and location of atoms and molecules at solid surfaces.

rThe ordgred one-atom height step and periodic terrace configuration
appears to be the stable sufface structure for many high Millér-index
surfaces of metals. Upon heating to near the melting point the steps
disorder but reorder again when annealed at lower temperatures. In the
presence of a monolayer of oxygen, carbon, or sulfur, many stepped sur-
faces undergo restructuring. The step height and terrace width may dou-
ble or faceting takes place whereby the step orientation becomes more
prominent than the terrace orientation, giving rise to new diffraction
features that are detectable by LEED. The driving force for this sur-
face restructuring iﬁ the presence of adsorbates appears to be the
difference in chemical bonding of adsorbates to the.different crystal
faces of the metal that alters the relative surface free energies of the
crystal faces. Surfaces that have the lowest free energies when clean
" become less stable than other crystal faces when covered with adsor-

bates.
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V.2 The Structure of Adsorbed Atoms on Solid Surfaces

V.2.1 Non-Metal Adsorption

The various high symmetry adsorppionvsites on solid surfaces with

low Miller.indices are shown in Fiéure 13. Most atoms, whose adsorption
-and surface structure have been studied by LEED, prefer these sites with
highest symmetry. It appears that the atoms generaliy occupy positions
with the largest number of metal nearest neighbors and this alots the
greatest binding energy between adsorbate and substrate atoms. Figure
14 shows the interatomic distances that were obtained from the surface
structures'along with the range of interatomic distances'that are indi-
cated ffom X-ray or-electron diffraction sﬁudies of bulk compounds or
gas phase molecules. It appeabs that the bonding as judged by the
interatomic distance for surface atoms falls in the range of bqnding
found for compounds in the solid st#te or in the gés phase. This in
most cases indicates covalent bonding. Thus, the surfadé bonding is not
_qualitatively different from that found in other phases. In the right
side of Figure 14, the ionic character‘of the bond is shown as jﬁdged by
the work function change that accompanies adsorption. The ionic charac-
ter is very small indeed. It appears that this is an additional confir-

mation of the covalent bond character of these surface compounds.

In some cases adsorption results in surface reconstruction. For

80

example, when oxygen adsorbs on the Fe(100) surface®- and sulfur adsorbs

81 the surface layer consists of both adatom and

on the Fe(110) surface,
iron atoms in the same plane as a precursor to the formation of iron
compounds. Reconstruction occurs when the adsorbate-substrate bond is

stronger than the bonds between substrate atoms. It is likely that
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oxidation or other compound formationbis accompanied by surface recon-
struction. Future studies will certainly explore the role of recon-
struction on the initial state of bulk compound formation. Under some
conditions a small atom assumes a position under the surface. The sys-

tems N/Ti (0001),82 0/A1(111),83 and H/Pd(11_0)84 illustrate this point.

V.2.2. Adsorption and Growth of Layers of Metals on Surfaces of Other
Metals

At low coverages, the adsorbate-substrate interaction is dominant
and when one metal is deposited on another metal, it is usually found by
LEED studies that the éurface structure of the deposited metal follows
the periodicity of the substrate metal. For example, when gold is depo-
sited on the Pt(100) surface, the gold atoms locate with the periodicity
provided by the platinum atoms.85 This forces the gold atoms into a dif-
ferent interatomic distance than in its own lattice. That in turn may
change not only its structure, but also its electronic properties. For
this and many other systems, the forces that control epitaxy, the strong
interaction between adsorbate and substrate, seem to predominate and

control the atomic surface structure.

The relative impoftance of adsorbate-adsorbate interactions
increases at higher coverages and can be dominant especially for large-
radius metallic adatoms (e.g., K, Rb, and Cs). Thus, at higher cover-
ages, the adsorbate may continue to follow the substrate periodicity or
form coincidence structures or new periodicities that are unrelated to
the substrate periodicity. For exaﬁple, alkali adatoms tend to form

incomensurate hcp layers on any metal substrate.

Still, when gold is condensed in multilayers over platinum sur-

faces, the gold interatomic distance remains controlled by platinum for
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the first ten layers of gold-.85 Thus, ‘the effect of the substrate that
controls the structure of the absorbed metal is felt during the growth
- of the thin metal film. -The dominance of epitaxy.in metal-metal
interactions provides an opportunity to deposif metal monolayers and
thin’films-with'interesting atomic and electronic structures. This is

an area of fruitful research for the near future.

V.3 Surface Structure of Molecules on Solid Surfaces

A large number and wide yariety of ordered monolayers of adsorbed
molecules have been observed by LEED and studied by many other tech-
niques.86 Still, very few adsorbed molecular structures have been

analyzed by LEED surface crystallography or other techniques to yield

accurate atomic positions and bond‘lengths.

Associatively adsorbed CO is the énly diatomic molecule studied in
this manner to déte, and the adsorption geometry of CO on several metal
surfaces has been determined by LEED crystallography. These are shown
in Table II, in which we list the results for those CO adsorption sys-
tems that have been analyzed by both HREELS and LEED. In these cases,
the CO molecules are found to stand perpendicularly to the surface in
either tép éiteé or bridge sites (hollow sites on surfaces are in fact
rarely occupied by CO). In addition, almost all of the above systems
have peen studied by other techniques, including those that reveal fhe
electronic étructure at the,subfaée, éolthat‘a very good pictu}e of how

87

co bonds to metal surfaces is emerging.

It is interesting to compare the surface structure of CO as deter-

mined by several techniques. Duke76 has reviewed the history of struc-
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tural studies for one particular case, that of Ni(100) + c¢(2 x 2)cCo.
This is particularly informative since it compares the results. from the
first LEED intensity measurements in 1965 with -all of the later studies
by LEED and other techniques (UPS, ARUPS, HREELS, ARXPS) up to 1981.
Agreement on the structure of this system by many different techniques
provides confidence in the determination of basic site symmetries and

bond lengths by the application of these techniques.

LEED intensity analyses have been carried out for acetjlene
adsorbed on several metal surfaces: Pt(111),88 Ni(100),89 and
Ni(1i1);90 The LEED crystallography besults on the ordered (21x 1)
structures of acetylene show that adsorbed acetylene is strongly'dis-
torted (to ~sp3 hybridization) and forms di-o bonds to the surface.
These results are supported by a reinvestigation of published UPS and

HREELS data.?!

'Fragmentation of alkenes can give ordered hydrocarbbn species which
can also be studied by LEED crystallography, and these systems will be

discussed in Section V.3.3.

Vibrational spectroscopy (mainly HREELS), ESDIAD, and ARUPS have
beén especially useful for determination of the general molééular struc-
tﬁre of molecules at metal single cryétal surfaces. HREELS has been
used to study CO adsorption on about 25 single crystal substrates, and
for these systems it readily distinguishes between bridge-bonded.or
atop adsorption sites. Molecularly adsorbed acetylene, ethylene, ben-
zene, and a handful of other small organic molecules have been studied
by HREELS on a number of metal sur-f‘aces.15 These studies indicate asso-

ciative or dissociative adsorption, molecular distortion and bonding

£
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mode, and the symmetry of the surface complex.-(the adsorbed molecule
plus adsorption site). ESDIAD has been used to study about 20 surface

molecules, mostly di- and triatomic ones.su

‘The structural assignment B
from these studies mainly determines which end of the molecule is -bound
to the surface, ﬁhether the molecular is "standing up" or "ipclined" to
the surface, and whether different adsorption sites are present. Once
the adsorbate has been identified and its electronic orbitals defined,

its geometry may be deduced from ARUPS measurement$.92’93

In the following three Sections, we discuss case studies of the
determination of molecular surface structure that illustrate the com-
bined‘application of LEED and HREELS and our current ability to study

molecules adsorbed at surfaces.

V.3.1 The Structure of Adsorbed CO on the Rh(111) Surface

The HREELS spectra of CO chemisorbed on Rh(111) at 300 K as a func-

94,95

tion of exposure are shown in Figure 15. At very low exposures

(less than 0.1 L; 1 L = 1 Langmuir = 10'6 torr sec) only one peak at

2016 cm™ |

is observed in the C-0 stretching (\b-o) region and no ordered
LEED pattern is found. 'By comparison with the infrared spectra of
relevanﬁ organorhodium compounds and with matrix isolated meta; car-
bonyls, one can éssign ;his 1os$ tq \E-O of a 1inearly-bond¢d species.
This peak sﬁifts to higher frequency as‘the covefage is increased, due
to one or severallcause$: ‘local field effécts,‘vibrationai coupling,
dipole-dipole interactions or a decrease in the metai-carbon backbdnding

due to the increased number of adsorbate molecules. The Rh-C stretching

vibration (VRh_C)_for this linearly-bonded species does not shift from
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468 cm"1 with increasing CO exposure. No other vibrations corresponding
-to Rh~C-0 bending modes were observed in the specular direction. By
using the dipole selection rule, one can conclude that the C-0 bond is
-oriented perpendicularly to the surface.

At larger than 1.0 L CO exposures,ia small shoulder near 1835 om™"

appears. Again by comparison with relevant model compounds, one can
assign this peak to Voo ©f a bridge-bonded species. This peak shifts
to lower frequency with increasing CO exposure. By a CO exposure of 3.0

L, the VRh-C loss peak broadens. The new low frequency shoulder appear-

- ing at about 380 cm™

corresponds to Veh-c ©f the bridge-bonded species.
Again, the bridge bonded species is oriented perpendicularly to the sur-
face, since no bending or asymmetric stretching modes are observed in

the specular direction.

The vibrational spectra of CO chemisorbed on Rh(111) at 300 K with
increasing background CO pressure (up to 10"5 torr) show few changes

with the increased CO coverage. The \)C-O mode for the atop site shifts

slightly higher as a function of coverage. A relative increase of the
" amount of bridge-bonded CO compared to CO in atop sites occurs. The

VC_O'mode due to the bridge bonded species does not shift appreciably

with increasing coverage.

Infrared spectroscopic studies on evaporated Rh films and on sup-

ported Rh cluster carbonyls of known molecular structure have also been

! region

1

made and analogous stretching frequencies in the 1800-2100 em™
were observed. For Rh films, weak absorption peaks near 400-575 em™

were seen indicative of Rh-C stretching and bending vibrations.

Infrared studies96 of highly dispersed Rh particles supported on Al

203

.
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! and it was concluded that a gem

showed a doublet‘atv2095 and 2027 cm™
dicérbonyl species of the form Rh(CO)2 was forhed in adéition to linear
and bridge-bonded‘species. No significant concentration of a gem dicar-
bonyl species was detected in the HREELS studies and it seems unlikély
that these species would be fofmed in this case because of the high den-
sity of metal atoms on the Rh(111)ﬁSufface that would lead to extreme
crowding of Cco mdlecules in the dicarbonyl configuration. Also, in

infrared studies of Rh films, !'IO'Rh(CO)2 species were observed, presum-

ably again due to steric hindrance.

\

The chemisorption of CO on Rh(111) is completely reversible. No
-decomposition was detected under.any of the conditions employed in the
HREELS experiments (p £ 1 x 1072 torr CO, T £ 600 K), evidenced by no

new Rh-C or Rh-0 stretching vibrations.

 We how_turn to LEED crystallographic studies pérformed in our
laboratory on the same CO adsorpt;dn system.'97 An intéresting‘éequence
of LEED patterns is observed as a function of CO'coverage,‘as shown in
Figure 16. The cléan Rh(111) surface has a LEED paftern (Figure 16a)
consisting of a hexagonal.- array of spots with the 3-fold symmetry
characteristic of the ideal truncation of the unfeconstrucped bulk Rh
lattice. With increasing CO coverage, a set of extra spots becomes
visible that sharpen and reach maximum intensity at 1/3 monolayer cover-
age (Figure 16b): the corresponding pattern, which again is hexagonal
with 3-fold symmetry, is labelled (/3 x ¢§f)R3Q°, because the unit cell
of the absorbate layer is enlarged by a linear factor /§'and rotated 30°
with respect to the clean Rh(111) unit cell.‘ At these coverages only

one adsorption site is detected by HREELS, namely the atop site.
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At ﬁear éaturation coverages, the extra spots split up in a compli-
cated fashion, weaken and later reappear as shown in Figure 16c. By
increasing the CO pressure in the vacuum chamber by several orders of
magnitude, it is possible to slightly increase the CO coverage and the
end result is the (2 x 2) pattern seen in Figure 16d. The CO coverage
‘at this stage is estimated to be 3/4 of a monolayer, corresponding to
three molecules per (2 x 2) unit cell. At coverages just above the one
~corresponding to the (/3 x /3 )R30° pattern, HREELS shows loss peaks
growing in at bridge-site frequencies and these continue to grow until

the (2 x 2) pattern is achieved.

Both ordered CO structures, /3 x v3 )R30° and (2 x 2), were good
candidates for a full LEED analysis, which would permit confirmation of
the site assignment based on vibration frequencies. A LEED analysis for

98

the 1/3 monolayer structure will be described first, and then the 3/4

monolayer struéture determination will be discussed.

In light of previous problems encountered in LEED studies of CO
adsorption, particular attention was given to the surface cleanliness of
the Rh(111) crystal, the LEED beam induced damage of the CO overlayer,
‘and the optimal CO exposure values for the (v¥3 x 3 )R30° structure. In
the theoretical analysis of the measured I-V curves, a LEED formalism
that includes multiple scattering was applied. The rhodium atoms are
. represented by a bulk band structure muffin-tin potential, which has
been used successfully in other LEED work on clean Rh(111) to describe
the manner in which electrons are scattered by the atoms. For the C and
0 atoms, Xo muffin-tin scattering potentials calculated for a NiCO clus-

ter have been chosen since these produced good LEED results on a nickel

(¥
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substrape.

Theory and experiment are compared through a set of R-factors
(reliability.factors) and their average, so as to quantify the com- -
parison. While the final R-factor value for a given surface structure
is*obtained by averaging over all available diffracted‘ﬁeams with -
weights‘proportional'to each beam's energy range, differences between
R-factors for différent beams can be exploited in the structdre search.

This: is because different beams should simultaneously show minima when

.the correct surface structure is used, while with incorrect geometries

it .would be improbable to obtain this coincidence of minima.

" In the first stage of the structural analysis, the clean Rh(111)
surface was confirmed to have the ideal bulk structure. For the Rh(111)
+ (/3 x V3 )R30° CO structural détérmination, four adsorption sites” were
analyzed: atop‘site,*bridgé site, and hecp and fcc hollow sites. ‘The CO
molecule was kept perpendicular to the surface in all cases. Thé hollow
sites were easily ruled out by comparison of theoretical and experimen-
tal normal-incidence I-V curves, while the bridge site was ruled out:
with off-normal-incidence I-V cﬁfves.- The 6 = O°_data produce a minimum

average R-factor near the layer spacings (d dCO) = (2.01, 1.02) R,

RhC,
o]
while the 6.z 10° and 6 = 20° data produce minima at (1.945, 1.075) A

and (1.945, 1.085) X, respectively. Averaging with weights proportional

to the amount of data at each angle of incidence produces values of dRhC

= 1.95 % 0.1 8, andvdCO = 1.07 ¥ 0.1 X, where the conventional uncer-

tainty of LEED.analyses is quoted. The structure of this surface is

shown in Figure 17, as determined by LEED.
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The R-factor contour plot around the minimum had an elongated
elliptical shapé with a major-to-minor axis rétio of up to ~4:1. This
elongation implies an uncertainty in the carbon positiqn, but not in the
oxygen position, as can also be seen by the constancy of the optimum
Rh-0 distances found at the three incidence directions (3.03, 3.02, and
3.02 X at © = 0, 10, and 20°, respectively), while the C position varies

by 0.07 .

The uncertainty in the carbon position may explain the slight

discrepancy between the LEED results (dRh = 1.95 X , and d., = 1.07 9]

C Cco
and known Rh-C and C-0 bond lengths in rhodium carbonyls, which range

from 1.82 to 1.91 X, and from 1.09 to 1.17 X, respectively, according to

. a tabulation for terminal bonding in 10 different such carbonyl clus-

ters,gg In those clusters the Rh-O distance ranges from 2.96 to 3.04 R.
Thus the LEED determination puts the C atom somewhat far from the metal,

but not the O atom.

The LEED result of top site adsorption for Rh(111) + (/§-x V3 )
R30°CO serves és a confirmation of the postulated correspondencé in’
HREELS between adsorption site and vibrational frequency range for CO
aﬁsorbed on different metal surfaces. This confirmation is thereby
extended to other than the fcec(100) substrate face, for which it was
established previously with CO on Ni, Cu, and Pd(100). A summary of
these results is included in Table II. Note that the frequency vC-O for
the Rh(111) + (/3 + v¥3 )R30° structure is closer to the frequency range
associated with a bridge-bonded CO molecule than that for CO on Ni or:

cu(100).
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~ Such confirmations of the expected sites provide an important cali-
bratioh of the vibrational teéhnigues in the sense that the knowledge of
the CO adsorption site at one coverage or on one crystal. face can be
. used to determine, without the help of further LEED intensity analyses,
- the adsorption site on other substrate faces, at other coverages or in

disordered states.

LEED analysis of the (2 x 2) sﬁructure of CO on Rh(111) at 3/4
_,monolayer coverage has in turn confirmed the HREELS prediction that both
bridge sites and top sites are occupied in that dense structure. The
structure of Rn(111) + (2 .x 2) 3CO is shown in %igure 18, as détermined
by LEED. This was a more complicated analysis, because three molecules
fit in each unit cell and there ﬁere consequently more structural param-

. eters to fit the experiment, a situation that LEED practitioners are

. only now: learning to handle. .

‘A general surface arrangement for this case might assume a hexago-

" “fal lattice of molecules (due to the dense packing), all oriented per-

pendicdlarly'to the surface. However, this choice forces the atop-site
molecules off the atopvsites by 0.78 X, which may not be the most favor-
able bondihg geometry. The LEED intensity analysis indicates that, -
while the CO molecular axes are indeed essentially perpendicular to the
surface (within about 10°) the atop-site molecules appear to move closer
to the atop sites than illustrated (by about 0.25 R), but not all the
way because of steric hindrance. These "near-atop" molecules have a
Rh-C bond length of 1.94 * 0.07 & [compared with 1;95 + 0.1 8 in the
atop-only (/3 x v3 )R30° structure] with a Rh-C-O bond angle of 164 *

10°, while the C-O bond length is 1.15 * 0.1 & (compared with 1.07 * 0.1
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X in the atop-only structure). The bridgé-site moleculés have a larger
"~ Rh-C bond length of 2.03 % 0.1 8, with again a C-0 bond length of 1.15 ¥
0.1 X; These values are in good agreement with corresponding values

99 uhere atop-site and bridge-site

found in rhodium carbonyl clusters,
molecules have Rh-C bond lengths of 1.82-1.92 R and 2.00-2.08 X, respec-
tively, and C-0 bond lengths of 1.09-1.17 X and 1.14-1.17 X, respec-

tively.

In conclusion, by combining TDS, HREELS, and LEED analyses we can
present a fairly complete picture of CO chemisorption on Rh(111). At
: very low exposures a single species is present on the surface located in
P 2 " -1 —1
an atop site (th-C = 468 cm Voog = 2016 em ). As the coverage
increases, the bonding to the surface becomes weaker and ﬁhe TDS peak

94,100,101 This process continues

maximum shifts to lower temperatures.
until after approximately 0.5 L exposure where a (/§'x /§)R300 LEED pat-
tern is seen and all of the adsorbed CO molecules are linearly bonded to
individual rhodium atoms, with a Rh-C bond length of 1.95 I 0.1 R and a
C-0 bond length of 1.07 ¥ 0.1 2. Above this coverage, a second C-0
stretching vibration corresponding to a bridge-bonded species is
observed (Vo . = 380 cm” ', Vo0

pattern is seen indicating a loosely packed overlayer of adsorbate

= 1855 cm™'). A "split" (2 x 2) LEED

molecules. This overlayer structure compresses upon further CO expo-
sure. Throughout this intermediate coverage regime there is a mixed
layer of atop and bridge bonded CO species, and we see a continuous |
growth of all HREELS peaks. Two peaks are aléo visible in the TDS spec-
tra with a bridge bonded CO having a 4 kcal/mole lower binding energy to

the surface than the species located in the atop site. With a back-
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6

ground pressure of ~1 x 10~ torr CO at 300 K, a (2 x 2) LEED pattern’
forms whose unit cell consists of three CO molecules, two atop and one
bridged, in reasonable agreement with the 2:1 peak intensity ratio found.
in'the HREELS spectra. LEED indicates that all CO molecules are still
oriented about perpendicularly to the surface - in this dense (2 x 2)
structure, with Rh-C bond lengths of 1.94 % 0.1 % and 2.03 ¥ 0.1 8 and
CO bond lengths of 1.15 % 0.1 R and 1.15 * 0.1 & for near-top and

bridge-site molecules, respectively.

V.3.2.  Structure of the Adsorbed Benzene Monolayer on Rh(111)

Four different sharp LEED patterns have been observed for benzene

106

adsorption on Rh(111) at 240-395 K.102- Most reproducible were a

(? ;) = ¢(2 /3 x ¥) rect pattern (the "rect" notation indicates a rec-

tangular unit cell with sides 2/3 and U4 times the substrate surfaéé lat-
tice constant) and a (g g): (3 x 3) pattern. The LEED patterns and the
gebmetry of the adsorbed monolayer for these structures are shown in
Figure 19 and Figure 20, respectively.i03 The other observed patterns
were~<% g): (2/3 x'3) rect and <?,§> = (/T x 7 ) R19.1°. The sizes of
the four corresponding unit cells are 8, 9, 12, and 7, respectively, in
terms of the number of surface Rh atoms included. The unit cells of
size 7, 8, and 9 are compatible with known Van der Waals dimensions of
flat-lying benzene molecules, assuming one molecule per cell; the (2/§vx
3) rect unit ‘cell could contain either two very crowded flat-lying
molecules or one flat-lying molecule with much room to spare. The ben-

zene molecules.are known to lie flat from HREELS data.mz’106j
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The c¢(2/3 x U4) rect structure was staﬁle up to about 370 K. At
higher temperatures an irreversible order-order phase transition occurs
to form the (3 x 3) structure. The (3 x 3) structure is stable.to about
395 K, where it irreversibly disorders (just prior to theﬂﬂz-desorption
peak in TDS). There are indications that the (3 x 3) structure migﬁt be
stabilized by carbonaceous fragments resulting from partial benzene
decomposition or from impurities that have diffused to the surface at

the higher temperatures.

TDS, using a 10 K/sec linear heating rate, shows two‘H2 desorption
states from a saturated surfaceé a peak at 413 K, due to decomposition
of molecular benzene; a broad state extending to about 700 K, due to
subsgqugnt dehydrogenation of the remaining hydrocarbon fragments. In
Haqdi#ion, a small amount (L20%) of molecular benzene desorption oécurs
prior ;Q_ﬂ15 k.

The existence of commensurate overlayer structures and the high
desorption temperature of benzene on Rh(111) indicate strong metal-
carbon bonding, which in the flat-lying geometry would involvé the 1=
orbitals of the benzene ring. Strong bonding to the metal could distort
the molecules: e.g., C-C bond length expansions and C-H bond bending .
away from the surface might be expected, in analogy with acetylene and
ethylene adsorption on transition metals and with benzene structures in
organometallic clusters. However, HREELS, which will be discussed -

later, shows that this molecular distortion, if any, preserves a high

symmetry of type C3v(od) for both the c(2v3 x 4) rect and (3 x 3) struc--

tures.102’106
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By comparing measured and calculated LEED I-V curves, the detailed

position of the adsorbed benzene molecules in the c(2/§ix 4) rect and (3

104,105

x 3) structures have been analyzed. For both of these struc-
tures, about .960 structural models were investigated, differing in
metal-moleculevinferlayer spacing, adsorption site, azimuthal orienta-

tion of the molecules about their-six-fold axis, buckling, and planar

distortions. -In the c(2V3 x U4) rect case, as shown in Figure 21, LEED
'calculations find that benzene is centered over a hcp hollow adsorption

.site:.(over a Rh-atom in the second metal layer); each.of the three metal

atoms around the hollow site would be bonded to two carbon atoms equal

. distant-.at about 2.35 * 0.05 X. This bonding corresponds to a planar

{possibly distorted, as in Figure 21)"C6 ring with a metal-molecule.
layer spacing of 2.15 X, similar‘to corresponding values in organometal-
lic clusters goptaining aromatic r'ings7 The‘symmetry of phe gdsorption
site is 93v(0d)' Invthis symmetry group, the symﬁetry planes of the
Rh(111);su§strape bisegt the dihedral angles between the H atoﬁs ofbthe

benzene ring. In the (3 x 3) case, no structural model has so far given

~satisfactory agreement between theory and experiment.

HREELS‘spectra for specular scattering are shown in Figure 22.102

These .were taken following benzene adsorption on Rh(111) at 300 K to
give a well-ordered c(2/3 x 4) rect structure in LEED.. The isotopic
shifts‘observéd for the spectra of C.H¢ and é6D6 shown in Figures 22(A)
and 22(B), respectively, allow for the identification of the losses.at

345, 550, and 1420 cm™ '

as two Rh-C and one C-C vibration frequencies,
and those at 810, 1130 and 3000 em~! as C-H vibration frequencies.

Strong bonding between the molecularly adsorbed benzene and metal
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occurs, as evidenced by the adsorption induced shifts of the C-H bending

' in the gas phase to 810 cm’1) and C-H stretching - -

mode (from 673 cm™
mode (from 3062 cm'1 in the gas phase to 30000 cm"), but substantial
rehybridization to an adsorbéd cyclohexane-like species does not occur.
From Specular'HREELS spectra, using the surface dipoie selection rule
and comparing infrared spectra of gas and liquid phase benzene, one can
immediately conclude that the benzene molecule is adsorbed with the ring
plane essentially parallel to the Rh(111) surface in the c(2/3 x:u) =
structure, in agreement with LEED molecular-packing arguments. The most

1

intense feature in Figure 22(A) is the 810 cm™ ' loss corresponding to

the out-of-plane C-H bending mode. The in-plane vibrational modes have

1 1

very small intensities: 1130 ecm™', C-H bend; 1420 em™', C-C bend; and

3000 cm'1, C-H stretch.

Structural information regarding the adsorption'geometry and'the
symmetry of.the adsorbed complex can be determined by comparing fhé '
number, frequénéy and intensity of the dipdle-actiVe modes with.fhe
correlatidn‘table of the point group for the gas phase molecﬁle.
Adsorption of benzene with a symmetry group lower than C3v can be ruled
but; due to the small number of vibrational modes observed on-specular
in Figure 22. Further refinement of the symmetry of the adsorbed com-
plex is mofe_diffiéuit, since it has been observed -that for adsorbed

-hydrocarbons the impact and dipole scattering in specular spectra are
often of the same intensity. Thus, observation of a loss peak in the
specular spectrum does not necessérily meﬁn that the mode is dipole-

active.
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Representative specular and off-specular spectra for benzene
adsorbed to give the e(2/3 x 4) rect structure are shown in Figure 23.
The off-specularwepectrum was taken after a 7.5° rotation of the Rh(111)
surface ﬁormal towards the anelyzer, which cerresponds to‘15° off-
specular scattering. This rotation caused a decrease in the elastic
peak intensity by;a factor of 170. The losses at 350 and 810 cm -1 were
redeeed by a facter_pf 10-15, while the other losses decreased in inten-
sity by factors of 1.5-4. In addition, loss peaks can be:identified in

the off-specular spectra at 780, 880, 990 and 1320 em=1.

'Egcept for the 350 and 810 cm'1 losses, the impact contribution to
the_bbserved intensity in specular scattering is substantial, and this _
makes the assignment of dipole-active peaks difficult. However, after a

106 we believe that all of the losses

detailed angle-dependent study,
observed in the épecularjspectra have a non-zero dipole-active contribu-

tion.

The observation of the dipole-active peak at 1130 cm'1 (in-plane

C-H bend, V,. in the free mplecule) leads to the conclusion that the

10
. . i 106,107 o . .
adsorption site .symmetry is C3v (oa). This result confirms the.

symmmetry ‘assignment from dynamic LEED calculations.

“Ordered structures of absorbed benzene have been observed on
several .metal surfaces: it is:significent_that they are-all cpmpatible
~with flat-lying benzene molecules, as we shall now show.. The area of
the benzene molecule in projection on its ring plane can be roughly
estima@ed as tpat,of the smallest rectangle that encloses it, using the

Van der Waals radii:ngj.zzg: 50 £2. 1In the following cases the
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observed LEED pattern is consistent with one molecule per unit cell (the

unit cell area A is given for comparison).

NL(100) ol x B)-Cglg 07 A= 49.60 82
Rh(111)c(2/3 x Brect-Cgy A= 49.76 %%,
RR(111)(3 x 3)-Ceg - A= 55.98 8%
Ir(111)(3 x 3)-CcHg Jog A= 57.66 %2
PA(100)e(H x M-Ccly  ,°3 A= 60.06 82,

Ni(111)(2/3 x 2/3 )R30°=C.H, ,'°7 a = 6u.43 82
6t

On Pt(111) two benzene patterns have been observed that may be
explained'in terms of two flat-lying molecules per unit cell (half the

unit cell area is therefore given here):

10 a2 253,16 %2,

110
6l

Pt(111)(2vV3 x 4) rect-2C H,

Pt(111)(2¥3 x 5) rect-2C A/2 = 66.45 82 |

It is of interest that no well-ordered incommensurate benzene
structures have been reported in the literature or observed in our work
on the various metal surfaces: this implies that the substrate-benzene

interactions are strong compared with the benzene-benzene interactions.

v.3.3. The Temperature Dependent Character of the Surface Chemical

Bond: The Adsorption and Thermal Decomposition of Alkenes on

Rh(111) and Pt(111) Surfaces

Molecular adsorption of ethylené occurs at low temperatures on
metal surfaces, at less than 240 K on Rh(111) and 280 K on Pt(111). The

adsorbed molecules give no ordered structures, i.e., no well-defined
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LEED patterhs, but have been shown by UPS and HREELS to be bonded paral-
lel to the metal surface and significantly rehybridized -compared to the
gas phase. Approximately sp3 hybridization of the carbon atom results,

" while strong di-oc bonds to the metal atoms are f‘or'med.g1

We have the most detailed information on the structure of hydrocar-
bon monolayers that are formed from partially dehydrogenated alkenes.11o
~-These species form ordered overlayers and can be studied by. LEED.

The best understood system is the simplest one, that of ethyli-

dyne. 111112

This alkylidyne cpecies, which is shown in Figure 24, has
a'éarﬁyné carbon atom closest to the surface that is‘bound'Very strongly
» with'ajhultiple metal carbon bond which is 0.2 R shorter than the
“ovalent distance of 2.2 %. The carbon-carbon bond is stretched to‘a
single bond and the methyl group extends essentially perpendicular to
‘the surface. Figure 24 shows the ethylidyne surface structure with its
"interatomic distances and bond lengths, and qompares these with
organometallic cluster compounds of similar type. The cluster and sur-
- -face. adsorbed species have verj similar structures, as shown. It is
iinﬁeresting, however, that the ethylidyne adsorption site is the hep-

~hollow site on Rh(111)112 and the fcc hollow site on Pt(111).111

Furthér evidence of the similarity of cluster compounds and sur-
faces containing ethylidyne is given by vibrational spectroscopy. In
fact; one of the ma jor factors that brought about agreement among sur-
face scientists on the correct identification of this species waslthe
close correlation between HREELS spectra of the surface species and the
infrared spectra (including a normal mode analysis) of an'ethylidyne

containing cluster compoundé; CH3CCO3(c0)9.113 This correlation for
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Rh(111) is shown in Table III. The HREELé spectra‘for the ethylidyne .
species is almost the same on Rh(111),11u’115 Pt(111),116 and Pd(111)”'7
surfaces, and is shown in Figure 25 for the case of Rh(111).115 Other
evidence, such_as results from TDS studies, supports the LEED and HREELS

assignments.

Figure 26 shows the surface structures as they were determined by
LEED for the stable alkylidyne species formed after ethylene, propylene,
and 2-butene adsorption and dehydrogenation on Pt(111) and Rh(111) sur-

110

faces. These assignments were mainly made on the basis of closely-

related LEED patterns and I-V curves for ethylene, propylene, and 2-

butene adsorption on Pt(111). Also, I-V curves were obtained for the (2'

x 2) spots after propylene exposure on 3h(111) that were nearly identi--
cal to the (2 x 2) ethylidyne structure. The alkyl group in these _
structures is away from the surfaqe and appears to be rotating.freely,
except at high coverages where this group is "locked-in" in a periodic

fashion to give rise to new diffraction features.

While TDS measurements support theée assignments, LEEb célculationé
and further study by HREELS is needed to confirm them. Figure 27 shows
results of an HREELS study of hydrocarbon monolayers formed‘by exposure
of ethylene, propylene, and 1-butene to Rh(111) at 300 K;115 Exposure
of these gases at 300 K (as opposed to 230 K exposure, followed by

annealing, as in previous LEED studies) does not lead to well-ordéred

structures in LEED, but at least for ethylidyne, the surface species are

the same. It is clear that HREELS can be used successfully to study
even large adsorbed hydrocarbons. These spectra and spectra of the deu-

terated molecules show the presence of methyl groups, consistent with
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assignments of surface alkylidyne species. However, further HREELS stu-
dies are required (and are in progress) of the ordered hydrocarbon mono-
‘layers. Detailed off-specular HREEL spectra should be obtained on these
other -surfaces as in the case of ethylidyne to provide more conclusive

data on these structures.

Figcre 28 shows the HREEL spectra following exposure of three '
butene isomers to Rh(111) at 300 K.115 The spectra reveal that 1-butene
and 2-butene are isomerized to give the same surface structure. ' Isobu-

fene, on the other hand, forms a different surface structure.

ﬁhen hydrocarbon molecules, such as ethylene, propylene and butene,
ere.sosorbed on transition metal surfaces and then the surface is
heeted, all but a few percent cof the intacﬁ moleccles will dehydroéemate
rathem than desohb. Hydrogen evolution is detected in the thermal »
desorptlon spectra for these molecules, and evolves sequentlally as a
.consequence of the thermal dehydrogenatlon of the adsorbed molecules.
For example, thermal desorption spectra taken after alkene adsorptlon‘on
?t(111) are shown in Figure 29. There are well defined peaks indloating
maximum rates of thermal desorption of hydrogen from these molecules as
well deflned temperatures. Sequential CH bond breaking is characteris-
‘tic of‘mosﬁjofgahic‘molecules on metal surfaces. The thermal decomposi-
ltion‘Of'alkylidyne surféce species leads to the formation of mainly CH
aﬂdjczﬁﬁspecies,,along with some other fragments (CHZ, C, and Cé
species) on the surface.'1® The fragmentation chemistry can be well

characterized for these molecules by HREELS, as indicated by Figure 30.

The fragments that stay on the surface appear to be stable in a

temperature range where the catalytic activity of the transition metals
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are the greatest. Carbon-14 labeling techniques indicate very long
residence times of these carbonaceous fragments as compared to turnover
times for hydrocarbon.conversion reactions. - Thus, the carbon fragments
are permanent fixtures of the catalytically active transition metal sur-
face. What is the role of these carbonaceous fragments during
catalysis? This question is under intense investigation. It appears
_that the hydrogen contained in these fragments readily ethanges with
the incoming adsorbed molecules or surface intermediates on a time scale
much shorter than the turnover rates of most reforming reactions. The

_ picture that arises to explain the importance of these carbonaceous

’

deposits emphases their role for hydrogen storage. Hydrogen that must

be provided to surface intermediates before they can desorb is likely to .

be provided by these carbonaceous fragments. As long as.hydrogen
exchange and transfer is available to the surface intermediates, the
catalytic activity of the transition metals is maintained. As soon as
the carbonaceous deposits completely dehydrbgenate at elevated tempera-
ﬁures by'forming a graphitic overlayer, the catalytic activity ceases,

and the carbonaceous 1ayer becomes a catalyst poison.

For a given transition metalrsurface, the nature of the carbon
fragments formed by thermal decomposition are similar regardless of what

organic molecules were used during the initial stages of adsorption and
i
decomposition. For example, the fragmentation of benzene on Rh(111)

106

above U430 K appears very similar in HREELS to the results for alkyli-

dyne decomposition above 430 K on Rh(111).115

Figure 31 shows the results of a theoretical calculation of the

location of the various carbonaceous fragments on metal sur'f‘aces.118
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These extended-Hlickel calculations find that the carbon in such frag-
..ments always prefer tetrahedral bonding. Thus, a CH fragment;would
occupy a three-fold site, a CH, fragment a two-fold site, and a CHg
fragment_a one-fold site. Although experimental confirmation of this
model is lacking so far, it would indicate that upon sequential hydpogee
nation, the fragment changes sites, thereby freeing those sites that‘
were -occupied and makes them available to adsorb new, incoming

molecules.
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VI. Future Directions in Surface Structural Determinations

There is intense research currently in the determination of surface
structure. Advances in our knowledge of surface structural chemistry
will obviously come with the increasing amount of data that is avail-
able. New techniques that were mentioned in Section IV are providing
useful complementary information on systems studied by LEED gnd HREELS,
and in addition are allowing studies of surface structure that can not |
be done with the latter two teéhniques. The development of these and
newly devised techniques will continue to enlarge and improve the data
base on surface structure. In addition, advances in the state-of-the-

art LEED and HREELS experiments are occurring.

Large compﬁters are making it possible now to run dynamical LEED
calculafions for more complex surface structures. Also, larger unit
cells can now be handled efficiently. A powerful calculational LEED
scheme called_Beam Set Neglectm5 has also been introduced for superlat-
tices with unit cells of any size. This scheme can also be applied to
disordered systems removing the traditional requirement of periodicity.
More data from LEED experiments that study disordered systems and island
formation, by looking at the diffuse background intensity and the
lateral profiles of the LEED spbrts, will be valuable. The rapid
increase in the number of groups with low intensity (nanoampere beam
currents) LEED_instruments should produce new, reliable information on
sensitive organic molecules adsorbed on surfaces. Several of these
instruments also have very large instrumental transfer widths (1000 R -
10,000 R) that allow studies of thevlong-range order on that scale: this

is important for investigating island formation and phase transitions.
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‘The usual operating resolution in HREELS has dropped by.a factor of

1-t:o 30-50. cm -1 currently. This is

two in recent years, from 80-90 cm”
still larger than the inhefent linewidth of most adsorbed species, but
enables the'study of adsorption and bonding on heterogeneous sgrfaces
ge.g.,ﬂstepped_and alloy surfaces), gtomic and molecular coadsorpfion,
.and‘more complicated hydrocarbon structures. Also, work is underway ;n
developing,a time-resolved HREELS tgchnique to study surface kiqetics.
ﬁetter understanding of the scattering mechanism_in HREELS has,recgntly
- allowed more detailed information to be obtained. Two examples are the
Asepanatipn‘of dipole~dipole and vibrationa; coupling gffects from‘chpmi-

cal bonding shifts in vibrational spectra and detailed angular studies

of impact scattering'from adsorbed mpnolajers.

. Of course, one of the main goals of future Structural chemistry -

research is to extend these studies acréss the Periodic Table, and

,cqrqglatevthe;data'witb atomic and e;ectroniq structure.‘New materials
need to belstudied, e.g., carbides, nitrides, sulfides,_carbonates,

alloys, mixed oxides, and rare earth compounds. Data on large sets of
. similar organic molecules adsorbed on the same .solid surface_should be
obtained. Studies of ofganometallic cluster analogs of surface species
antrapsition.metal surfaces are important. Most important is to con-
tinug the close‘coupling of structural studies to applications of sur-

face chemistry, e.g. corrosion, lubrication, coatings, and catalysis.
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VII. Implications to Catalysis: The Structure Sensitivity of the Sur-

face Chemical Bond

When carbon monoxide, hydrogen, or other small molecules are
adsorbed on single crystal surfaces with vafioué atomic structures,
thermal desorption studies clearly indicate changes in the surface chem-
ical bond with atomic locations. Figure 32 shows thermal desorption of
H, from a (111) surface, (557) stepped surface, and a (12,9,8) kinked
platinum surface. One peak is observed from the (111) surface, indicat-
ing rather uniform site adsorption for atomic hydrogen. From a stepped
surface there are two peaks, indicating that at a step the molecules are
bound more strongly and desorb at a higher temperature. From a kinked
surface, there are three desorption peaks indicating that hydrogen
adsorbs on terraces, at steps, and on kinks with different binding ener-

gies.

Figure 33 shows the desorption of carbon monoxide from a stepped
surface of platinum at differen; coverages. At low CO coverages, the
step sites are filled first and adsorption dccurs only at these sites.
When all the step sites are occupied (saturate¢), adsorption continues
on terraces where the binding is weaker. This sequential filling of
adsorption sites; starting with the higher energy adsorption site, is a
common feature of the surface chemistry of adsorbates with increasing
coverage. The diffusional mobility of atoms and molecﬁles on the surface
is usually adequate to assure that they will find the site of highest
binding energy to adsorb. It also reflects a definite influencerof the
local atomig structure on the chemical bonding of adsorbed species.

Table IV shows values for the heats of adsorption obtained for carbon
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--monoxide on various platinum surfaces. The highest and the ‘lowest bind-
- ing -energy sites are different by more than 16 kcalfmole'1, indic¢ating a
great diversity of chemical bonding with atomic surfacé structure.

There is not one type of chemical bond between an adsorbed molecule and
a given solid surface. There are many binding states whose strength

-depends on the local atomic structure.

Alterations of atomic structure can be obtained byvdépositing a
second component metal on metal surfaces. When.silver or coppeb is
" deposited on stepped surfaces of platinum, the second metal preferen-
tially occupies the terrace sites. As a results, adsorption on terraces
“is imbedédbwhile step adsobption continues unchanged. As’a.result,:'
changes in the ratio of molecules in these different sites can be mani-
~pulated. Studies of similar systems will be likely to reveal new sur-

- face chemistry.

.Over the past ten years a large body‘of data on heats of adSbrbtion
has been obtained from single crystal surfaces. This‘3116WS'Ohe'tO';”
determine how the heat of adsorption varies across the Periodideéble;
Figure 34 shows the variation of the heat of adsorption for sihgle cry-
stal surfaces adsorbing carbon monoxide. There is a very large varia-

A fion of binding energies for a given sdlid surface depending on its
atomic structure, and there is a definite trend of weaker chemical bond-
ing as one goes from left to right across théntransition metaI'éeries\in
' the Periodic Table. When the same heat of adsorption informatibn ﬁas
*6b£aihed'uéing polycbystalline surfaces,kwhiéh averagé over fhé varibus
binding sites that are all present on a given surface, a smoother curve

is obtained and the declining heat of adsorption trend from left to
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right in the Periodic Table is readily visible. This is shown in Figure
35. In Figure 36 and 37, the same data is obtained for the hydrogen heat
of adsorptioq across the Periodic Table for single crystal and polycry-
stalline surfaces, respectively. There is little theoretical under-
standing of the reasons for these trends, although there are several
papers that attempt to explain this phenomenon. The degree of overlap
of the molecular or atomic orbitals of adsorbates with the density of
states of the metal determines the nature of electron transfer into
bonding and antibbnding orbitals and determines the strength of the sur-
face chemical bond. Theoretical scrutiny of this phenomenon is neces-
saby and fruitful to understand the nature of the surface chemical bond

of small atoms and molecules in more detail.

The physical picture that emerges from these surface studies is one
of the predominance of surface structure-sensitive, localized bonding.
An atom may adsorb on a high symmetry three-fold, bridge or two-fold, or
. on an atop or one-fold site. In each of these sites, the bonding
strength may be different from that in other sites. Of course, in the
presence of atomic steps and kinks, there are even more sites with dif-
ferent structures that may further change the local chemical bond.

Thus, the localized bonding that involves an adsorbate atom or molecule
and the nearest neighbor surface atoms indicates cluster-like surface
chemical bonding, that describes well the structural and chemical
characteristics of the surface adsorbate-substrate systems. Because of
the structural richnessvof each surface, the nature of the surface chem-

ical bond reflects the same diversity and complexity.

[}
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Over the past ten years, there have been great advances in our
understanding of the nature of the surface chemical bond and the struc-~
ture of adsprbed atoms and molecules on surfaces. We have briefiy
reviewed some results of studies, mostly by LEED and‘HREELS. vAs these
and oﬁher techniques become more widely applied, theningréased évéila; "
bility of experimental data will further accelerate the rate of dévelop;
ment of surface'chemistry and it applied subfields, cﬁtalysié‘amSng‘

them.
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Table I. List of major techniques that are used to study surface struc-
tural chemistry. '

Diffraction Techniques

LEED -- Low-energy electron diffraction

MEED -- Medium-energy electron diffraction

RHEED -- Reflection high-energy electron dlffractlon
ARPES -- Angle-resolved photoelectron spectroscopy
Atom diffraction '
. Neutron elastic diffraction

Jon Scattering Techniques
HEIS -- High energy ion scattering

MEIS -- Medium energy ion scattering
LEIS -- Low energy ion scattering :
Vibrational Spectroscopies
HREELS -- High resolution electron energy loss spectroscopy
ITAS -- Infrared transmissioén-absorption spectroscopy i
IRAS -- Infrared reflection-absorption spectroscopy
Raman scattering
SERS -- Surface enhanced Raman spectroscopy
IETS -- Inelastic electron tunneling’ spectroscopy
NIS -- Neutron inelastic scattéring
PAS -- Photoacoustic spectroscopy
Jon Desorption Techniques
ESD -- Electron stimulated desorption
ESDIAD -- Electron stimulated desorption ion angular dlstrlbutlon

PSD -- Photon stimulated desorptlon
Electronic Structure Spectroscoples

UPS -- Ultraviolet photoelectron spectroscopy
XPS -- X-ray photoelectron spectroscopy

AES -- Auger electron spectroscopy

INS -~ :Ton neutralization spectroscopy )

SPIES -- Surface Penning ionization electron spectroscopy
Techniques Sensitive to Absorption Coefficient Modulation

SEXAFS ~- Surface extended x-ray absorption fine structure

XANES -~ X-ray absorption near-edge structure

EAPFS -- Extended appearance potential fine structure
Electron-Optical Techniques .

SEM -- Scanning electron microscopy

TEM -- Transmission electron microscopy

STEM -~ Scanning-transmission electron -microscopy
Other Techniques

TDS -- Thermal desorption spectroscopy

Work function measurements
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Table III. Comparison of the vibrational frequencies (cm'i)

of the11§thylidyne surface species formed on

Rh(111) 1q§th those of the ethylidyne cluster

,cqmpqunds. o .

Assignment CH3CCo5(C0) g CH3C-RH(111)

‘vas(CH3)/Vhs(CD3) 2930(m)/2192(w)e 2920(vw?/2178(vw)e

vs(CH3)/Vs(CD3) 2888(m)/ ---- a, 2880(w)/2065(vw) "aq -

GaS(CH3)/6as(CD3) 1420(m)/1031(w) e 1420(vw)/ -=-- €.
6S(CH3)/68(CD3) 1356(m)/1002(vw) a, 1337(s)/988(w) a,
Voo | 1163(m)/1882(ms) a,  1121(m)/1145(m) a,
p(CH)/ p(CD) 1004(s)/828(s) e 972(vw)/T69(vw) e
v, (MC) | 401(m)/393(m) a, |

435(w)/7419(w) a,
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Table IV. Binding states for CO on various platinum sur-
faces. ' '

Plane Desorption Eneprgies
(kcal mole™ ')

Pt(111) 29.6
N 2207:
Pt(110) 26.0
19-8

Pt(100) 31.9
29.1

26.5

23.6

Pt(210) 36.2
27.1

Pt(211) 35.2
27.1




(A

Single-crystal metal sample mounted in anhgltra-high vacuum

.(UHV) chamber prepared for surface studies.

" Energy distribution of backscattered electrons. Plot is of

~ the number of scattered electrons; ﬁ(E), as a function of

their kinetic energy, E;
Scheme. of the LEED experiment.

LEED pattern from a Pt(111) crystal surface at 51 eV (upper

left), 63.5 eV (upper right), 160 eV _(lower left), and 181

" eV (lower right) incident electron energy(and normal

incidence.’ With increasing energy the diffraction spots

converge towards the specular reflection spot, here hidden

by the sample.

Experimental intensity versus electron energy (I-V) curves

~ for electron diffraction from a Pt(111) surface. Beams are

identified by different labels (h,k) representing reciprocal

lattice vectors parallel to the surface. Here the angle of

" incidence was 4° from the surface normal.

Schematic diagram—of the HREELS spectrdmeteb dsed in our
studies{ The energy dispebsive'éiemehts are éylindrical

sector analyzers.

Figure Captions
Figure 1.
Figure 2.
Figure 3.
Figure U4..
Figure 5.
Figure 6.
Figure 7.

Physical basis for the dipélé éeiection”fule fof metal Sﬁr-

faces. A point charge above the surface'induéés an opposite



Figure 8.
Figure 9.
Figure 10.

T2

charge at the image point below the metai sdrfacé;vés shown
on the left. The same argument holds for the inteféctisn
between a dipole and a metal,‘which is shown in the center
and on the right. The relationShip of the potential (%) for
dipole moments parallel (P") and perpendicular (Pi) to the
surface plane is also given in terms of the dielectric con-

stant (€). In metals, lel is large and thus @(P”) is small.

HREELS of H and D atoms adsorbed on W(100)23. The elastic
peak is shown at left on the plot of scattered electron

intensity versus the loss energy (in meV). The H coverage
varies from & = 0.4 to 2.0 (saturation), exhibiting a change
in adsorption site, while the D spectrum is shown at 8 = 2.0

only.

Vibrational spectra taken by three different techniques for
CO adsorbed on Rh supported on.alumina. In the infrared'

spectf-a,u3 the high resolution possible with optical tech-
niques is evident. The inelastic electron tunneling spec-
trumuu shows thé downshift in the C-0 stretching vibrations
characterisﬁic of this technique and rélatively strong low

frequency modes. The HREELS spectr‘um42 shows the C-0

stretching frequencies as a broad envelope of those observed

in the infrared spectrum.

Left: Diffraction pattern and model of the surface struc-

ture for the (5 X 1) surface reconstruction of the Pt(100)

crystal face.



Figure 11.
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Right: Diffraction pattern and surface structure that might
be expected for the Pt(}OO) surface assuminglsimple.termina-

tion of the bulk lattice.

Top and side views of ideal bdlk-like Si(100) at the left,
and the Si(100) p(2 X 1) reconstruction. . Layer-spacing con-

tractions and intralayer atomic displacements relative to

the bulk structure are given. Shading differentiates sur-

Figure.12.

© " Figure 13.

Figure 14,

Figure 15.

face layers.

LEED patterns and surface structures of (a) flat, (b)

speppeq, and (c) kinked platinum surfaces.

Top and side views (in top and botfom sketches of each

" panel) of adsorption geometries on various metal surfaces.

Adsorbates are drawn shaded. Dotted lineé répresent clean
surface atomic positions; arrows showﬁatomic displacements

due to adsorption.,

(Left) Comparison of adsorption bond lengths at surfaces

(arrows show uncertainty) with equivalent bond lengths in

‘molecules and bulk compounds (blocks extending over range of

value found’in standard tables).

" (Right) Induced charge transfer for adsorption.

Vibratipnal,spectra obtained by HREELS of CO chemisorbed on

~ Rh(111) at 300K as a function of CO exposure. The top spec-

trum represents a saturation coverage of CO under ultra-high

vacuum conditions.



Figure 16.

Figure 17.

Figure 18.

Figure 19.

™

LEED patterns for CO adsorption on Rh(111): (a) clean
Rh(111); (b)(/3 X /3)R30° pattern for 1/3 monolayer of CO;
(e¢) "split (2 x 2)" pattern for between 1/3 and 3/4 mono-

layer of CO; (d) (2 X 2) pattern for 3/4 monolayér of CO.
Structure of Rn(111) + (/3 x /3)R30° CO.

Structure of Rh(111) + (2 x 2) 3CO. The upper figure
presents a side-view of the surface and the lower figure
gives a top-view. The large circules represent Rh atoms
(dotted--out of plane, full--in plane), and the small cir-
cles are either carbon or oxygen atoms (dotted--hexagonal
mesh, full--measured positions). The five §tructural param-

eters that were varied in the LEED analysis are illustrated

on the left side.

Rh(111) + (? ;) Celg (a) LEED pattern at normal incidence at
beam energy 50 eV: diffraction photograph at left;
schematic diagram at right showing three unit cells in

reciprocal space, corresponding to three domain orienta-

tions. (b) Real-space unit cell corresponding to the

observed diffraction pattern, exhibiting the (? ; )unit cell

and the centered rectangular c(2/3 X 4)rect cell for one
domain orientation. (c) and (d) Two possible models for
benzene adsorption, differing by the azimuthal oriéntation
of flat-lying molecules. The molecules are drawn as lines
connecting C and H nuclei. The closest intermolecular dis-.

tances are shown between H nuclei.



Figure 20.

‘Figure.21.
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Rh(111) + (3 x 3)‘C6H5~(a)ZPhctograph-ofiUEED pattern-at

‘normal incidence- at beam energy 50:eV.. (b) Real-space unit

cell corresponding . to.the observed. pattern. (c) and (d) Two

possible models for benzene adsorption,:analogous to Figures

19¢ and 19d.

‘Optimal structure fcund;for Rh(111) + (3w1) 06H6 (H posi-

13

“-tions are assumed), including Van der :‘Waals radii of 1.8 and

”I-T;Z'X'foer‘andﬂH, respectively. A unit cell is outlined in

Figure 22.

Figure 23.

Figure- 24,

the bottom panel.’ The rlght-hand benzene molecule shows the

preferred 1n -plane dlstortlon (C-C bond 1engths of 1 25 and

41 6 X) ‘ The 51de view 1n the top panel 1nc1udes p0531b1e CH

-----

bendlng away from the surface.

V1brat10na1 spectra obtalned by HREELS in the specular

dlrectlon for saturatlon coverage of benzene chemlsorbed on

Rh(111) at 300K whlch glves a c(2/—'x 4) rect LEED pattern°

(A) CeHe (B) C6 6° The 1nc1dent beam energy was 3.5 eV.

HREELS spectra obtained for specular and 15° off-specular
scattering angles. The Rh(111) surface was saturated with

benzene (C6H6) to produce the c¢(2v3 X 4) rect structure.

A model of the ethylidyne surface species.. 'A-comparison is

" made betWeen~the=bond angles and'distanceS'found for this
structure by LEED and those for correpsonding organometallic

. compounds. ‘.



Figure

Figure

Figure

Figure

Figure

25.

26‘

27.

28.

29.
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HREELS spectra of the ethylidyne surface species formed
after 10L exposure of C,H) (top) or CoDy (bottom) to Rh(111)
at 310K. Spectra were recorded for specular reflection at

an incident beam energy of 2.5 eV.

Alkylidyne (CnHZn-1) species are produced on the Pt(111)
surface after alkene (CnHZn) adsorption at 300K. Large cir-
cles represenf top-iayer Pt atoms, dotted circles indicate

carbon atoms, and slashed circles are hydrogen atoms.

Vibrational spectra obtained by HREELS for a series of alk-
enes exposed to saturation coverage on Rh(111) at 310K.

Spectra were recorded for specular reflection at an incident

' beam energy of 2.5 eV.

HREELS spectra for butene isomers adsorbed on Rh(111) at
310K. Spectra were recorded for specular reflection at an

incident beam energy of 2.5 eV.

Thermal desorption spectra recorded for saturation coverages

" after alkene (CZHM’ C3H6, 2'C4H8) adsorption on the Pt(111)

surface. Peak (A) represents H, desorption at the alkene to

2
alkylidyne conversion temperature; peak (B) indicates
alkylidyne fragmentation and CH, CH2 formation accompanied
by some more H, desorption; and peak (C) represents graphite

formation &ith complete dehydrogenation of the hydrocarbon

overlayer. The heating rate in TDS was 7-14K/sec.



Figure

.Figure

Figure

Figure

Figure

Figure

30.

31.

32.

33.

34.

35.

v

Thermal decomposition -of: the -deuterated ethylidyne .surface

species on Rh(111) as studied by-HREELS .(specular scatter-

ing). TDS of thls surface is 31m11ar to that shown in Flg—

ure 29 for C2H4 adsorbed on Pt(111), but w1th a D2 peak at
430K on Rh(111). A significant decomp031t10n rate occurs at
410K and HREELS shows the formation of primarily surface CH
species, with some CH2 and'CZ species also formed. The
assignment of the adsorbed CH species is confirmed by com-
parison with infrared spectra of relevant organometallic

cluster compounds. The CH and C2 surface species are stable

to at least 600K. Above 800K, all hydrogen is removed from

the surface.

Preferred adsorption sites of CH, CH2, CH3, CCH3, CCHZ’ and

CCH on Pt(111). Sphere radii have no physical significance.

Thermal desorption spectra for hydrogen chemisorbed on flat
Pt(111), stepped Pt(557), and kinked Pt(12,9,8) crystal sur-

faces.

Thermal desorption spectra for CO chemisorbed on the stepped

Pt(533) crystal surface with increasing CO coverage.

Heats of adsorption of CO on single-crystal surfaces of '

transition metals.

Heats of adsorption of CO on polycrystalline transition-

metal surfaces.
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Figure 36. Heats of adsorption of hydrogen on single-crystal surfaces

of transition metals.

Figure 37. Heat of adsorption of hydrogen on polycrystalline

transition-metal surfaces.
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Different ethylidyne species: bond distances and angles
(rc = carbon covalent radius; M= bulk metal atomic radius)

Cog (CO)g CCH,

Hy Rug (CO)g CCH,

Hy Os, (CO)g CCHy

PT (111) + (2 X 2) CCH,
Rh (111) + (2 X 2) CCH,

H3C - CH,
H,C = CH,
HC =CH

C [A]
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1.20

Fig.
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