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ABSTRACT

The vibrational energies of small molecules adsorbed on the Ru(001)
surface were studied by means of inelastic electron scattering. The
instrument used to carry out this work is an electron spectrometer of the
Kuyatt-Simpson type. The design and operation of this instrument, which
is capable of carryingéutanumber of electron spectroscopies important in
chemisorption research, is discussed in detail.

The vibrations of carbon monoxide, oxygen and nitric oxide chemisorbed
on the basal plane of Ru provide 1insight into their chemical structures.
Carbon monoxide exhibits the carbon-oxygen stretching frequency (1980 cm'1 -
2080 cm'l) characterisfic of a linear CO, with a single carbon-metal bond.
This is true at all coverages, although at saturation coverage the Tow-
energy electron diffraction pattern shows that the adsorbed CO overlayer is
out of registry with the substrate. An interadsorbate interaction is
proposed to explain the observed increase in the carbon-oxygen stretching
frequency of 100 cm'1 with coverage.

Oxygen is adsorbed dissociatively on Ru(001) and exhibits a single

coverage-dependent stretching frequency of approximately 570 cm—l.

The |
low frequency indicates that atomic oxygen is bonded in a bridged or
threefold site. A study of chemisorbed oxygen over the temperature range,
100 K to 1000 K, shows the existence of energy gain peaks in the electron
energy distribution.

Nitric oxide adsorbs molecularly at 130 K but dissociates at approx-

imately 400 K, depending on coverage. Comparison with the stretching

frequencies of metal nitrosyls suggests that NO is bound in a threefold



70,

or bridged site at low coverage and as a linear NO with a single metal-
nitrogén bond at high coverage. The vibrational spectrum of adsorbed NO
changes irreversibly if the surface is heated to a temperature below the
onset of desorption (depending on coverage). A mechanism is proposed
for this in which the bridged NO dissociates at room temperature and the

atomically bound nitrogen and:oxygen atoms block further dissociation.
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Chapter I

Introduction



The primary motivation for studying the surface chemistry of
molecules adsorbed on single crystals is the hope that the molecular
structure and bonding geometry of the chemisorbed molecules can be
determined. The determination of chemical structure and the relationship
between structure and reactivity has been very productive in homogeneous
chemistry, and it appears that this level of understanding will be
extended to heterogeneous systems.through the use of well-defined surfaces.

The work presented in this thesis concerns the vibrational energies
of small molecules adsorbed on the Ru(001) crystal surface. This is
the basal plane of the hexagonal close-packed Ru crystal. The vibration-
al energies of small molecules provide some of the most direct evidence
of their structure. By using the very sensitive technique of inelastic
electron scattering, it is possible to obtain this information about
molecules adsorbed on single crystal metallic surfaces.

As an introduction to the vibrational measurements of adsorbates
on the Ru(001) surface, some general background material concerning
measurements of surface vibrations will be presented. The two principal
techniques in this area, infrared adsorption spectroscopy and inelastic
electron scattering, will be compared for sensitivity, energy
resolution and the function of selection rules in interpreting the data.

Surface vibrations have been historically a topic of great interest
among surface chemists(1,3). Eischens and coworkers pioneered the use
of infrared absorption spectroscopy to study chemisorption and reaction

on dispersed catalysts. In infrared absorption experiments, the catalyst



surface is typically several square meters in area, and the total
number of molecules subject to measurement is on the order of 1016,
which provides adequate sensitivity (Z,4). Catalytic studies of these
systems face difficulties due to surface heterogeneity (variety of
adsorption sites), to support effects and to reproducibility of samples.

An alternative, which circumvents these problems, is to study well
characterized bulk metallic samples. Since saturation coverages are
typically 1015 cm'2 for small molecules, achieving adequate sensitivity
is quite difficult. At present, infrared reflectance spectroscopy and
inelastic electron scattering are both used successfully to measure
vibrations on single metallic surfaces, although each technique has its
Timitations,

Infrared reflectance measurements are carried out by reflecting
the infrared beam off the metal surface of interest into an infrared
detector(5). The monochromator may be placed in the beam path before
or after reflection. In order to achieve greater sensitivity, multiple
reflections are used occasionally, although a single reflection is more
common. Because of the very small number of scatterers, delicate
subtraction techniques are necessary to cancel the effects of gas ad-
sorbed on the windows and otherwise in the beam path(6.7). These
contamination problems cause experiments with hydrocarbons to be done
normally with the deuterated species, and the very useful experiments
depending on isotopic shifts are more difficult. Perhaps new infrared

spectrometers which are totally in vacuum will overcome these problems.

Greenler has calculated that the absorption of infrared radiation



by a thin adsorbed Tayer is maximum when the Tight is incident on the
surface at an angle of approximately 88° from the normal and is reflected
several times from the surface. This optimum depends primarily on the
optical constants of the metal substrate (5,8). However, Yates and
coworkers estimated that most of the intensity could be detected in a
single reflection from the tungsten surface, and single-reflectance
experiments are most common(9,10),

The dielectric constant of metals is large in the infrared, and the
electric field of the grazingly incident light at the reflection plane is
strictly normal to the surface. Therefore, the infrared reflectance
experiment can detect only those vibrations which have transition dipole
moments with a component normal to the surface(1l). This is called the
dipole-normal selection rule and has been considered also in connection
with infrared adsorption measurements of finely divided metal samples(1,2).

Infrared refﬁéctance measurements benefit from the inherently good
energy resolution of optical techniques. Typically, the resolution of

1 (0.6 meV) in order to

the infrared monochromator is degraded to 5 cm”
obtain sensitivities on the order of 4% of a monolayer in the case of
chemisorbed carbon monoxide (10). Thus, it is possible to measure infra-
red Tineshapes, which have been the subject of recent theoretical
discussion (12), The measurements thus far appear to be limited to
frequencies above 1000 cm"1 by the intensity of infrared sources and by
the transmission characteristics of infrared windows commonly used in

ultra-high vacuum cells.

Another way to measure surface vibrational energies is by inelastic
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electron scattgring. Low-energy electrons (~4 eV) can lose energy to

the surface upon reflection, and the vibrational energies appear as peaks
in the kinetic energy distribution of the scattered beam. Electron
scattering is a sensitive technique; 0.1% of a monolayer of CO js detect-
ed readily. Tbe bandwidth of energy loss measurements is Timited only

by the energy-width of the peak due to elastically scattered electrons,

1 to 4000 emd are typical,

and energy scans from 250 cm_
The chief Timitation of inelastic electron scattering is its energy

resolution, defined as the full-width at half-maximum of the elastic

peak. The best resolved spectra reported to date show elastic peak

widths of ~60 cm™

(7 meV), and typical measurements are more poorly
resolved (11). 1In addition, the use of the elastic peak width as the

true resolution is not always justified because of the achromatic focusing
properties of electrostatic lenses. Results of inelastic scattering
measurements of CO adsorbed on Pt(111) suggested a natural width of

approximately 40 em !

in the CO stretching frequency, whereas subsequent
infrared reflectance measurements report an intrinsic broadening of

6 cm’l(gg,lﬂ). However, due to the good sensitivity, wide spectral range
and general applicability of this technique, it is becoming increasingly
popular in the study of simple molecules adsorbed on surfaces.

As discussed in Chapter 7, the issue of selection rules is more
complicated in the case of electron scattering.' Several authors haye
proposed a simple theoretical description in which the electron is
treated as a plane wave reflecting from a barrier, and the surface

molecule is treated as an oscillating dipole together with its image (15-17).



This model predicts that the inelastically scattered electrons are peaked
sharply in the specular direction, and that only dipole-normal vibrations
are excited. However, the frequency of the electron is more than an
order of magnitude greater than infrared radiation and this "selection
rule" can be violated even in a simple dipole mode](l_). Recent mea-
surements of atomic hydrogen adsorbed on the W(100) surface suggest that
the dipole-normal selection rule indeed can be violated in inelastic
electron scattering (18), and a variety of scattering mechanisms have been
suggested to explain this (19,20). This subject is reviewed in Chapter7.
Carbon monoxide has been studied extensively in fundamental surface
research. Aside from its convenience of use, the characterization of
adsorbed CO is of potential importance in industrial catalysis through
the understanding of CO oxidation (in pollution control systems),
and of the water-gas shift and methanation reactions (in hydrogen and
synthetic fuel production), Chemisorbed CO is a model system in the
characterization of transition metal surfaces, and the vibrations of
adsorbed CO are the subject of the work_presented in Chapters 3 and 4.
As an introduction to this material, we will summarize results of
infrared and inelastic e]ectron scattering measurements of CO adsorbed
on tungsten, platinum and copper, three metals of notably different
chemical behavior.
Carbon monoxide is adsorbed on W most strongly of the three metals.
At 300 K, CO is adsorbed in a series of tightly bound states (8-CO)
which may be adsorbed dissociatively, and a more weakly adsorbed form -

(a-CO) is found only at high coverage. The B-states desorb from the
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W(100) surface at temperatures in the range 850 K to 1350 K, whereas
the o states desorb near 500 K (18) 0n polycrystalline W as well as on
the W(100) surface, two states of molecular CO (“1’“2) have been
identified in thermal desorption mass spectra and by electron stimulated
desorption (21,22). The oq state appears at saturation coverage, obtained

o torr CO (23,9).

with a constant background pressure of ~10~
It should be noted that the series of states of chemisorbed molecules
is identified as features in the partial pressure of desorbing gas as. a
function of surface temperature. In general, the more strongly adsorbed
molecules are desorbed at higher temperatures, and the development of
different adsorption states can be monitored by measuring the thermal
desorption spectra as a function of surface coverage. However, a
contribution to the desorption energy can result from interactions
between chemisorbed molecules, and mU]tipTe "states" in thermal desorption
spectra may result from molecules in the same adsorption site (13).
The first vibrational study of CO on this subject was carried out
by John Yates and coworkers (9,10). By infrared reflectance measurements
of CO on polycrystalline W, the C-0 stretching frequencies of o and oy

1 1

CO were found at 2090 cm ~ and 2128 cm ~, respectively. By analogy to

the infrared spectrum of W(CO)_., the bands were assigned to a CO molecule

6°
with an s-p hybridized carbon bonded to the metal surface. The low

frequencies due to the B-states were measured by Froitzheim and coworkers
using inelastic electron scattering (13). Loss peaks at 548 and 629 cm-1
were attributed to the perpendicular stretching modes of atomic carbon and

oxygen, adsorbed in separate sites. The assignment was supported by
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separate energy loss measurements of carbon- and oxygen-covered surfaces.
Subsequent measurements by Adnot and Carette, however, suggest that a
relatively strong interaction between the neighboring C and O atoms in
the g-CO states cannot be excluded (24). The C-0 stretching mode of a
g-CO complex, which would confirm this interaction, is assumed to be
parallel to the surface and, therefore, to be undetectable. The metal-
carbon stretching mode of o-CO is found at 347 cm'1 which is quite Tow
compared to the metal-CO modes of linear CO on Pt and Ru. This indicates
that the W surface, after adsorbing g-CO, takes on the characteristics of
a less reactive metal. The role of surface passivation in reactions on

W has been discussed by Madix (25).

Platinum is a more interesting metal catalytically than tungsten, in
part because it is less reactive and, therefore, more Tikely to remain
actiye under process conditions. A critical step in a heterogeneous
catalytic reaction is the desorption of products, and the very reactive
clean metal surfaces are frequently poor catalysts in this regard.

Carbon monoxide adsorption on dispersed Pt was studied by Eischens
et al, on a variety of supports (1). Carbon-oxygen stretching frequencies

L and 2040 cm'“1 were found for Pt supported on y-alumina and

at 1820 cm”

were attributed to bridged and linear forms of adsorbed CO, respectively.

The population of bridged CO molecules, in which the carbon is thought

to be bonded to two metal atoms, is very sensitive to support effects (2).
A series of infrared reflectance studies of CO on the Pt(111)

surface (either a single crystal or a recrystallized ribbon) failed to

identify a CO stretching frequency below 1950 cm"l, characteristic of
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doubly coordinated CO (26,14). Inelastic electron scattering results of
Froitzheim et al., however, confirmed the existence of CO bands at

1 and 2105 em™! at saturation coverage (13). Subsequent infrared

1871 cm
reflectance measurements of Krebs and Luth supported the electron
scattering data (7). The bridging form of CO appears at high coverage,
and a model proposed by Ertl in which CO occupies half linear and half
bridge sites at saturation coverage is well supported (27).

The perpendicular metal-carbon stretching modes of Tinear and

1 and 363 cm"l, respectively(13) .

bridged CO on Pt(111) are found at 468 cm”
The bending modes parallel to the surface have not been observed. Ibach et al.
have proposedthe rule that, in general, Otop > Wppidge for metal-
adsorbate modes on the grounds that the perpendicular vibration will have
more bending character in the more highly coordinated site (11). This
view has been supported in studies of oxygen chemisorption on W(100) as
well(gﬁj,

Copper is the least reactive of these metals, and saturation
coverages of chemisorbed CO are obtained only below room temperature,
Early studies of high surface area Cu samples showed a variety of bands
between 1990 cm™® amd 2250 cm™1(1,2). At 200 K, CO adsorbed on the
silica support as well as on the Cusurface, and the strong band due to
CO adsorbed on Cu was found at approximately 2100 cm'l(g).

Pritchard and coworkers performed a thorough series of measurements
of CO adsorption on Cu single crystal surfaces by infrared reflec-
1

tance (29-31). Carbon-oxygen stretching frequencies between 2080 cm_

and 2120 cm—l are reported which are sensitive both to coverage and to
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crystallographic orientation. Recent inelastic scattering data of CO
adsorbed on the Cu(110) surface show a single carbon-oxygen stretch{ng

Lat 1ow coverage, shifting to 2097 en ! at

frequency of 2080 cm”
saturation, in agreement with the infrared results (32).

CO adsorbed on Cu exhibits exclusively a vibrational spectrum which
is characteristic of a terminal CO in metal carbonyl complexes, and in
this respect Cu is similar to Ru. However, inspection of the low-energy
electron diffraction patterns shows that compression structures exist on
both Cu and Ru. As the coverage of CO approaches saturation, it
appears thét interadsorbate interactions frequently become a dominant
effect in détermining the adsorption site. In the case of Cu(110) the
LEED pattern shows streaking indicating that CO is compressed out of -
registry with the substrate in the [001] direction, and on Cu(211), a
hexagonal close-packed layer of CO is formed at high coverages(31),

As discussed in detail in Chapter 3, one is forced to the conclusion
that the characteristic terminal CO stretching frequency cannot be
interpreted as an "on-top" CO in such cases.

The three metals, W, Pt, and Cu illustrate most of the characteris-
tics of CO adsorption on transition metals. Both Ni and Pd surfaces
result in both Tinear and bridged forms of CO, displaying a behavior
somewhat similar to Pt (33,34). The use of vibrational spectroscopy to
study chemisorption on single crystal surfaces is relatively new.
Additional measurements of other crystal planes and more complicated
adsorbates will contribute futher to a fundamental understanding of

chemisorption.
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The chapters which follow are manuscripts which have been submitted
separately for publication. The figure, equation and reference numbers
are therefore local to each chapter. In Chapter 2, the instrument used
to carry out this work is described. Chapters 3, 4, and 5 report
studies of CO and oxygen adsorption on the Ru(001) surface. Chapter 6
concerns the vibrational spectrum of adsorbed NO., Chapter 7 is a model
calculation proposing a mechanism for the diffuse scattering of electrons
by vibrational modes parallel to the surface. Following the conclusions
are several appendices which describe the mechanical design and operation

of the electron spectrometer,
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Chapter II

A Versatile Electron Spectrometer for Surface Studies
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Abstract

An electron spectrometer is described which is designed to carry
out a variety of electron spectroscopies of solid surfaces in ultra-
high vacuum. The instrument is capable of the high energy resolution
(10-15 meV) required for inelastic electron scattering from surface
vibrations. It has also been designed to carry out angle-resolved
photoemission measurements, Auger electron spectroscopy and energy-10ss
measurements of electronic excitations. The performance of the

instrument in these modes of operation is discussed.
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1. Introduction

Much of the recent progress in the study of well characterized
surfaces has been due to advances in various kinds of electron spectro-
scopy. Among the most promising techniques in chemisorption research are
Electron Energy Loss Spectroscopy (EELS) for the study of surface vibra-
tions, Angle-Resolved Ultraviolet Photoelectron Spectroscopy (ARUPS), and
Auger Electron Spectroscopy. The purpose of this work is to describe an
electron spectrometer which combines these techniques in a mechanically
simple and economical fashion.

Electrostatic electron energy analyzers and monochromators for high
resolution spectroscopy are commonly in use for electron scattering from

gas molecules ™3,

Recently, interest in vibrational energy loss measure-
ments has motivated the construction of spectrometers optimized for very
low energy electrons which are compatible with the ultrahigh vacuum
reqqirements of chemisorption studies4. An electron scattering system
with a rotating analyzer which is capable of the very high energy resolu-
tion necessary for vibrational energy loss measurements can also be
employed for other analytic electron spectroscopies, provided that the
optics and electronics are sufficiently versatile. In Section 2 of this

paper, such a system is discussed, followed by a brief illustration of

its performance in Section 3.

2. The Electron Spectrometer

The electron spectrometer is of the Kuyatt-Simpson type with hemi-

spherical energy dispersing elements and electron optics consisting of
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cylindrical tube lenses. Although cylindrical energy dispersing

elements have been very successful in high resolution electron scatter-

5’6, hemispherical elements were chosen because of their property

of second-order angle focusingl’7.

ing
In addition, the hemispherical system
is used most easily with circular apertures rather than the rectangular
slits used frequently in cylindrical systems. The scattering intensity,

in the case of a circular beam, is interpreted more conveniently in terms
of a partially integrated cross-section than is the scattering intensity

of a rectangular beam.

The scattering system was designed to be used without any appreciable
translation of the crystal. The electron optics, ultraviolet discharge
1amp8, ion gun, and gas doser9 are all directed at the sample at the center
of the stainless steel bell jar so that a minimum of alignment difficul-
ties are encountered in the course of an experiment. The sample is
positioned at the scattering center with a Varian precision manipulator
mounted on a side port of the bell jar. The manipulator allows the sample
to move through two angles (6,¢), which are not strictly orthogonal, and
to be translated in three orthogonal directions in the scattering region.
The ultraviolet light source, the ion gun, and the gas doser are mounted
on side ports which face the sample at various angles. The electron
spectrometer is attached to a 35.6 cm ID Wheeler flangewhich serves to
close off the top of the bell jar. The spectrometer consists of a fixed
electron monochromator and a rotating energy analyzer. The angle of
incidence of the gun may be changed by rotating and resealing the top

of the bell jar or by rotating the crystal through the angles (6,¢).
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The scattering system is Tined with conetic shielding which serves to
reduce the magnetic field to <30 mgauss throughout the region occupied
by the electron spectrometer. The relatively high magnetic field is
quite compatible with high resolution electron spectroscopy, although
commonly used design criteria would suggest otherwiselo.

The flange which supports the spectrometer contains the feedthroughs
necessary for the electrical and mechanical connections to the spectrometer.
The axis of rotation of the analyzer (Fig. 1.b.) is the center line of
the bell jar and is defined by two Cu-Be bearings in the spectrometer
frame. The shaft which holds the analyzer in these bearings is hollow
to accommodate the multiplier collection lead and supports a 15.2 cm
diameter spur gear parallel to the flange face. Angle markings, engraved
in 2° increments on the gear face, are visible through a window on the top
wheeler flange. This allows the angular position to be measured (#0.29%)
without consideration of the backlash in the rotary feedthrough and off-
axis spur gear which turns the energy analyzer.

The electron optics are supported by a stainless steel frame which
is suspended from the top flange. The electrical connections were made
to the rotating analyzer with flexible shielded cables from Ceramaseal,
to avoid the noise associated with s1liding contacts.

The electron optics are machined from Cu-Be alloy with the exception
of the cathode and anode which are Mo. The Cu-Be pieces were treated
with a thin nonmagnetic nickel plate followed by a layer of plated gold.
Although the reflectivity of gold is thought to be undesirably high for

use in electron spectrometersll, we were seeking a treatment that would
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provide chemical stability in a wide range of experiments and that would
not be degraded with use at high electron energies. This appears to have
been successful in practice.

The hemispheres of the monochromator define a central trajectory
5.08 cm in diameter. The hemispheres of the energy analyzer define a
central path 7.62 cm in diameter. The monochromator hemispheres are
small because of the difficulty of space-charge spreading1 imposed by
the Tow pass energy and relatively high beam currents in this region.

The two sets of hemispheres were machined to within 0.001 cm of
true hemispheres and positioned with sapphire balls on mounting plates.
The hemispheres and other optics were positioned with dowel pins and
alignment grooves during machining and further alignment was not necessary.
Deflector plates positioned throughout the optics proved superfluous.

The cathode optics of this instrument are similar to several reported

previous]yl’z.

A metal oxide dispenser cathode obviates the necessity of
accurate filament placement for high resolution work. The current for the
indirect heater is delivered through four wires arranged in four holes of
an alumina rod in such a way that both the dipole and quadrupole parts of
the magnetic field set up by the current cancel sufficiently far from the
rod.

The beam-defining apertures of the spectrometer were chosen to satisfy
the resolution requirements of vibrational energy loss measurements. The
beam-defining apertures of the gun (element 4, Fig. l.a.) are approximately

0.03 cm in diameter. Two additional apertures at the analyzer entrance

are 0.05 cm in diameter and define an acceptance cone from the surface
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which subtends a full-angle of 4.50, independent of electron energy.

The Spiraltron electron multiplier is positioned after the energy
defining aperture of the analyzer in such a way that the fixed collector
can lie on the axis of rotation of the analyzer. The pulse from the
electron multiplier travels a short path (25 cm) through a high-voltage
feedthrough and decoupling capacitor before reaching the amplifier-
discriminator, thus minimizing losses and reflections.

An outline of the spectrometer electronics is given in Fig. 2. The
system is under the control of a minicomputer (PDP 11/10) which is super-=
vised by a software package designed for data acquisition and reductioﬁlz.
The software system controls the spectrometer by interpreting a string'of
statements once during each clock period of 16 msec. The relatively slow
clock reduces the machine overhead to the point where time-sharing is
possible.

The kinetic energy of the electrons which are counted is selected by
a power supply which is programmed by a 12-bit digital-to-analog converter.
The Tow-noise requirements of high-resolution measurements were satisfied
by Kepco PCX supplies. A separate set of high voltage supplies is used
for analyzer operation to 1000 eV and for beam energies up to 2 kV,
chiefly for Auger Electron Spectroscopy. The lens potentials are set with
potentiometers. The focusing error encountered in retardation does not
appear to be serious in the vibrational energy loss experiments,
presumably because of the narrow energy range involved. Two additional
D/A channels and power supplies were provided for non-linear corrections

to the field lens and zoom Tens of the energy analyzer.
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Pulses from the amplifier-discriminator are accumulated in a 16-bit
counter which is read and cleared by the computer every 16 msec. This
allows for a maximum count rate of 4 MHz. The maximum rate encountered in

energy loss experiments is about 2 x 106

counts/sec. The amplifier-
discriminator (PAR 1120) has a 10 nsec dead time, and the first stages

of the counting string are Schottky-clamped flip-flops, so good counting
statistics should obtain even at high rates. The spectrometer electronics

are isolated completely from the computer with optical isolators.

3. Performance

Examples will be given of the various capabilities of the spectro-
meter. The most demanding application is certainly the measurement of
vibrational energy-loss spectra. An example from a series of measure-
ments of CO on the Ru(001) surface is given in Fig. 3. The energy reso-
Tution (full-width at half-maximum of the elastic peak) in these
measurements ranges from 11-15 meV, where the variation is presumably due
to the changing condition of the spectrometer surfaces during the
measurements. A resolution of 9 meV has been obtained under favorable
conditions. Typical electrode potentials employed in the electron energy-
loss measurements are listed in Table I. Some care in tuning is required
to eliminate spurious peaks, similar to those described previous]y13.
The vibrational energy-loss data are accumulated typically in 20 min.
using incident currents of 100-300 pamp. The count rate in the elastic

channel in the specular direction from the clean surface is typically

3 x 105 cps.
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Electron energy-loss measurements can be used also to study the
larger energy losses due to plasmon excitations and electronic transitions.
Fig. 4 shows energy-loss spectra obtained in the specular direction at
primary energies of 60 and 90 eV from the clean surface and at a primary
energy of 60 eV after CO adsorption. These results were obtained with
the analyzer positioned 6° out of the specular direction in order to
reduce the intensity of the elastic peak. The surface and bulk plasmons
are found at 9.6 eV and 22 eV, respectively the fact that the bulk
plasmon is considerably higher in energy than /2 times the surface plasma
frequency reflects the deviation of Ru from free-electron-1like behavior14.
Energy-loss spectra which were obtained at 300 and 900 eV show the bulk
plasmon excitation as the domihant feature. An additional energy-loss
feature at 28 eV (Fig, 4.b.) may be due to an interband transitionl4.

After CO chemisorption (Fig. 4.c.), a new feature is visible at 14 eV;

the peak at 7.6 eV may be composed of a CO Toss feature between 5 and

6 eV and an attenuated surface p]asmonls. It has been proposed that these
losses are related to the electronic excitations of 6015.

The addition of an ultraviolet light source has made possible angle-
resolved photoemission in the same system. Fig. 5.a. shows the energy
distribution curve for photoelectrons emitted normal to the surface
obtained with an energy resolution of approximately 0,25 eV. The 21.2 eV
light is incident on the surface at 52° from the normal, The energy
distribution curve normal to the Ru(001) surface shows three very prominent
features in the d-band, which are observed to a Tesser extent in angle-

16

averaged spectra . In Fig. 5.b., the difference spectrum obtained from

the surface saturated with CO is shown. The two peaks in this spectrum
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are due to the ionization of the 4o, 1w, and 50 molecular orbitals of
chemisorbed CO. It appears that ultimately ARUPS may resolve the 5¢
and 1w peaks as it has for CO chemisorbed on N117.

Finally, the electron spectrometer was designed to permit angle-
resolved Auger spectroscopy. Recent theoretical work suggests that
anisotropies in the Auger election angular distribution are primarily due
to final state effects, and are not so sensitive to initial state symmetry
as angle-resolved photoemission18. Nevertheless, because of the
convenience of carrying out AES in the same instrument, and the possibility
of comparing techniques, the spectrometer was adapted also to operation at
intermedfate electron energies (0-1000 eV).

The aperture size at the analyzer entrance was chosen to satisfy
the high-resolution requirements of vibrational energy-loss measurements
rather than to maximize the étenduelg. Nevertheless, Auger spectroscopy
is possible by degrading the analyzer resolution to approximately 0.6 eV
and by increasing the monochrometer pass energy to the point where the
energy resolution of the gun is determined by the thermal width
of the cathode. In Fig. G.a.; an Auger spectrum [N(E)] of clean Ru(001)
for normal emission obtained with a gun current of 1.5 pamp at 2kV is shown.
The count rate at the 273 eV Ru (M5N4’5N4’5) peak is approximately
5 X 105 cps with a signal/background ratio of unity. The differential
spectrum was obtained digitally after smoothing the N(E) curve with a
five-point cubic fitlz, The spectrum agrees well with others reported
for clean Ru obtained with angle-integrating ana1yzersg,

Thus, a wide range of techniques important in chemisorption research
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have been combined in a single instrument. The utility of these various

electron spectroscopies has been demonstrated explicitly.
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Table I

Voltages Used for High Resolution Energy Loss Spectroscopy

(See Fig, 1)
Electrode Potential Electrode Potential
(volts) | (yolts)
1 -5.9 13 34.2
2 164 14 22.7
3, 125.0 15 18.5
4 -1.,1 16 68.5
5 -3.9 17 22,7
6 -3.6 18 -3.3
7 -4.1 i -3.0
8 -1,1 20 ' -3.6
9 0.5 21 -3.3
10 T 22 5.1
11 48.9 23 150

12 14,2
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Figure Captions

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4
Fig. 5
Fig. 6.

(a) Schematic drawing of electron monochromator showing the
function of the various optical stages. The diameter of the
central trajectory between the hemispheres is 5,1 cm.

(b) Electron energy analyzer. The average diameter of the

hemispherical electrodes is 7.6 cm.
Outline of the spectrometer electronics and the data acquisition system.

Energy-loss spectrum of CO on the Ru(001) surface. The angle of
incidence is 62° from the surface normal; the analyzer is centered
on the specularly reflected beam. The incident energy is

approximately 4.5 eV.

Energy-loss spectra at different impact energies, Eo’ of the

clean and CO-covered Ru(001) surface.

(a) Photoemission spectrum of the clean Ru(001) surface with
21.2 eV radiation incident at 52° from the normal.

(b) Difference spectrum of a saturated CO layer.

Auger spectrum of clean Ru(001) collected normal to the surface
displayed
(a) as acquired, and

(b) after smoothing and differentiation.
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Chapter III

The Vibrational Spectrum and Adsorption Site of
CO on the Ru(001) Surface
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Abstract

Vibrational spectra and LEED structures of CO on the Ru(001) surface
were measured as a function of coverage at 100 K. The LEED patterns
indicate that CO occupies a variety of asymmetric sites at high coverage,
while the vibrational spectra show a single Ru-C stretching frequency
(445 cm—l) and a single C-0 stretching frequency (1980 - 2080 cm'l) at all
coverages. This shows that on this surface the CO adsorption site at high
coverages is determined by interadsorbate interactions, and that the carbon-
oxygen stretching frequency is not site-sensitive within the resolution of

electron scattering measurements.



) 37.
e Introduction

The vibrational structure of adsorbed CO has been studied on a
variety of transition metals by electron energy loss spectroscopy (EELS)
and by infrared reflectance spectroscopy. Vibrational studies of ad-
sorbed CO are especially popular since CO possesses alarge transition
dipole moment and since the spectra are thought to be readily interpret-
able in terms of the adsorption site of the CO molecule. However, the

EELS measurements reported here of CO adsorbed on the Ru(001) surface

show that the binding site of CO on this surface cannot be determined

from the vibrational data alone.

By analogy to CO stretching frequencies found in inorganic metal
carbonyl compounds, CO is usually assumed to be in an on-top site if the

carbon-oxygen stretching frequency is above 1990 cm'1

, and that it is in
a bridged site (two-fold, or of higher coordination) if the frequency is
Tower. For example, on Ni(111) (1,2), Pt(111)(3,4) and Pd(111)(5), two
carbon-oxygen stretching frequencies are observed at saturation coverage. A

i 1

band in the range 1800 cm ~ to 1920 cm ~ is attributed to a bridged CO.

1 on the Ni(111)

The frequency of this band increases with coverage by 100 cm™
and Pd(111) surfaces, an effect which hass been ascribed either
to a change in bridge sites or to direct CO-CO interactions. An additional

band above 2000 cm'1 is assigned to CO occupying an on-top site.

Of course, the structures assigned to CO must be compatible with
LEED patterns observed under the same conditions. On Pd(lll)(ﬁ),

Ni(111)(6) and Pt(111)(7), the Tow temperature LEED pattern is a

(V3 x /§)R300 up to a fractional coverage of a third of a monolayer,
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followed by a continuous compression to a c(4x2) structure. On Ni and

Pt, additional compression structures are observed, corresponding to a

coverage of approximately 0.6 monolayer (based on the number of substrate
atoms). The continuous compression and the existence of ordered over-
layers indicates that the CO adsorption site at high coverages is deter-
mined largely by interadsorbate interactions. In general, the LEED
structures can be reconciled with the vibrational frequencies with only
minor adjustments of CO position within the unit cell, since both "linear"
and "bridged" frequencies appear in the vibrational spectra; This is not
the case for CO on the Ru(001) surface, and the contradiction of the LEED

structural information with the vibrational frequencies shows that on this
close-packed surface a Tinear CO molecule is not necessarily in an on-top site.

2. Experimental

Vibrational energy loss measurements were performed in a scattering
system equipped with a hemispherical electron monochromator and electron

energy analyzer (8). The analyzer was positioned in the specular direc-
tion and accepted electrons in a cone of full angle 4.5°. The incident

beam had a kinetic energy of approximately 4.5eV. The Ru crystal was
oriented within 1° of the (001) plane, and was cut and polished using
standard techniques (9). The sample was mounted in an ultrahigh vacuum
system with a base pressure < 5 x 10_11 torr. It was positioned with a
Varian precision manipulator equipped with a Tiquid nitrogen cooling
reservoir. The surface was cleaned by heating repeatedly to 1370 K in
5 % lO”?_torr 02, and subsequent annealing in vacuum at 1570 K.

LEED measurements were made in a separate ultrahigh vacuum system
using a different Ru(001) sample cut from the same boule. Surface clean-

liness was verified by Auger electron spectroscopy using a cylindrical

mirror analyzer.
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3. Results and Discussion

Representative spectra for low and high coverages of CO on the
Ru(001) surface at 100 K are shown inFig. 1. The 5L exposure (1L = 1
Langmuir = 10'6torr—sec) produces essentially saturation coverage. Two
fundamental vibrations are observed in the spectra, a metal-carbon stretch

at 445 cm'1

(55 meV), and a carbon-oxygen stretch which varies from 1984
em™ (246 meV) for a 0.1L exposure to 2080 em ! (258 meV) at saturation.
In addition, at high coverage the overtones and combination frequency of
these two bands are observable. These frequencies are in good agreement
with those of the corresponding modes in the Ru3(CO)12 complex in which
CO is Tinearly bonded to the Ru atoms (10). It appears that CO is up-
right on the Ru(001) surface and that there is a single cérbon-meta] bond.
Measurements of the electron stimulated desorption ion angular distribu-
tions of CO+ and 0" from this surface also indicate an upright geometry
(1L). The two bending modes of this structure are not observed, pre-
sumably because they are parallel to the surface and have weak dipole
transition moments.

The most significant aspect of the vibrational spectra is that the
carbon-oxygen stretching frequency is found exclusively in the range usu-
ally associated with an "on-top" CO at all coverages. The carbon-oxygen
stretching region is shown in detail in Fig. 2; within the instrumental
resolution (11-15 meV full-width at half-maximum of the elastic peak),
there is a single symmetric peak at all coverages. The carbon-metal fre-

1 + 8 om L

quency is constant, 445 cm , at all coverages.
As reported previously by Madey and Menzel, at fractional coverages
Tess than 1/3 on this surface, CO forms a (/3 x v/3)R30° LEED structure

(12,13). The CO molecules may reside in
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on-top sites (Fig. 3a), as is suggested by the vibrational spectrum. At

higher coverages, the fractional order LEED beams split and move to form

a (2/3 x 2/3)R30° pattern (12, 13). A structure may be assigned to this-pat-
tern by assuming that the most intense non-substrate beams result from
first order diffraction from a CO superlattice. The primitive vectors
of the superlattice are indicated in Fig. 3b as b1 and b2. The unit cell
of the superlattice has been placed at an arbitrary origin on the
substrate.

At saturation coverages at 100 Kanew LEED pattern appears, a
(5/3 x 5/3)R30°, which is due to a hexagonally close-packed layer of CO
with a lattice spacing of 3.33R (13). Coverages, as determined from the
areas under thermal desorption peaks, agree with these LEED structural
observations. It is not possible to shift all the CO molecules to on-
top sites at high coverage, unless an unreasonably small C0-CO spacing
of 2.71R and an extremely complex ordering mechanism are assumed. Thgre—
fore, an inspection of the LEED patterns requires that the interpretation
of the vibrational frequencies in terms of exclusively on-top CO be rejected.
4., Conclusions

The vibrational spectra of CO on the Ru(001) surface
indicate that CO is "linearly" bound to the surface at all coverages, and
that a bridged form is not present. LEED studies indicate that CO is
found in a variety of asymmetric sites at high coverage. Consequently,
the Tlinear CO may not be assumed to be in on-top sites exclusively. Evi-
dently, the carbon-oxygen stretching frequency is sensitive to the hybrid-

ization of the bonding orbitals of adsorbed CO but not necessarily sen-

sitive to its position with respect to the substrate. This suggests that
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in regard to CO adsorption, the Ru(001) surface is electronically,
as well as geometrically, homogeneous, and that the adsorption site

is not of primary chemical importance.
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Figure Captions

Vibrational spectra of CO on the Ru(001) surface at low and high
coverages measured by electron energy loss spectroscopy.

Detail of carbon-oxygen stretching region as a function of CO
exposure.

Structures assigned to the lTow temperature LEED patterns of CO on
the Ru(001) surface at coverages of 1/3 and 7/12 of a monolayer.
The large open circles represent substrate atoms, and the shaded

circles denote CO adsorption sites.
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Chapter 1V

High Resolution Electron Energy Loss Spectroscopy of

Carbon Monoxide and Oxygen on the Ru(001) Surface
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ABSTRACT

The adsorption of CO and 0, on the Ru(001) surface and the interac-
tion between CO and chemisorbed oxygen on this surface have been studied
by measuring the vibrational energies of the adsorbed Tayer with electron
energy loss spectroscopy. Adsorbed CO shows two vibrational energies
which are assigned to the metal-carbon and carbon-oxygen stretching fre-
quencies of an upright CO with a single metal-carbon bond. Oxygen ad-
sorbed on Ru(001) has a single vibrational energy which can be attributed
to a mode of atomic oxygen perpendicular to the surface. The variation
of the frequency spectrum of CO with CO coverage and with the coverage
of oxygen in coadsorption experiments is discussed in terms of direct
interadsorbate interactions and indirect through-bond interactions. A

simple force-constant model for the CO-CO interaction is proposed.
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‘I INTRODUCTION

The chemisorption of CO and 02 and the oxidation of CO has been
studied on a variety of single crystal surfaces (1-3). 1In this work we
have applied the technique of electron energy loss spectroscopy (EELS)
to study the vibrational structure of this model chemisorption system
on Ru(001).

The vibrational energies of adsorbed molecules provide perhaps the
most direct information about adsorbate chemistry in those cases in which
the energies can be used to calculate the force constants of the indi-
vidual bonds. Correlations between force constants and bond order and
between bond order and reactivity have been essential in homogeneous
chemistry for the prediction of reaction pathways. There is some hope
that this endeavor can be extended to well characterized heterogeneous
systems using EELS or infrared reflectance spectroscopy to measure the
vibrational frequencies of the adsorbed layer. Determining the force con-
stants from the vibrational frequencies in the heterogeneous system is,
however, more difficult in two respects. Vibrations of which the normal
coordinate is parallel to the surface are usually not observed, so that
the number of frequencies measured is insufficient to determine uniquely
the force constants of an assumed geometry. In addition, the closely
spaced chemisorbed molecules may interact with one another, requiring the
consideration of additional forces in the proper calculation of the intra-
molecular force constants. Both of these issues will be addressed in
this work.

The vibrational measurements of CO and 0, adsorbed on the Ru(001)

surface can serve to characterize the importance of interadsorbate
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interactions on the vibrational frequencies and to compare this effect
with a through-bond or chemical effect. The carbon-oxygen stretching
frequency, ZE of adsorbed CO has been found to shift upward with CO
coverage on a variety of surfaces. On Ni(111) (4), Pd(111) (5) and
Pt(111) (6-8), there are two carbon-oxygen stretching frequencies which

are usually attributed to CO in bridged (1800 cm'lg(» 0 S 2000 cm_l) and

G
linear (wCO > 2000 cm'l) sites, although this interpretation is not appro-
priate in the case of CO adsorbed on Ru(001) (9). The most intense vibra-
tional band at Tow coverage is due to bridged CO on Pd(111) and Ni(111)
and to Tinear CO on Pt(111). On Ni(111) and Pd(111), the frequency, vy
increases by 100 cm_1 as a function of increasing CO coverage (4,5).
On Pt(111), the primary Vq band increases by 37 cm_1 with CO coverage,

from 2063 cm*

to 2100 cmt (8).

The observation of an increasing carbon-oxygen stretching frequency
with coverage appears to be quite general. In addition to occurring on a
variety of metals for different CO hybridizations, it has been observed by
infrared transmission spectroscopy on dispersed catalysts (10), and we have
also observed a similar effect for the N-O stretching vibration of NO
adsorbed molecularly on Ru(001) (11). To understand this frequency shift
is crucial for the interpretation of vibrational spectra. This shift may
be ascribed to dipo]e-dipo]e interactions between adsorbed CO
molecules (8,10), to Tocal site effects (5), and to through-bond or chemi-
cal interactions. The dipole-dipole interaction has been shown recently
to be inadequate to explain the total frequency shift (12). However, as

will be shown in this work, additional direct interadsorbate interactions

of a chemical nature can be proposed, which can cause a frequency shift of
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the correct magnitude. The force constants calculated for adsorbed CO at
high coverage will depend on which of these interpretations is selected.
The chemisorption of CO and O2 on Ru(001) can serve as a model sys-
tem to illustrate the importance of through-bond and direct interadsorb-
ate interactions in interpreting vibrational spectra in adsorbed 1ayers.
In Sec. 2, the experimental methods of this work will be described.
The experimental results are presented in Sec. 3, followed by a discussion

of their implications in Sec. 4. A brief synopsis is presented in Sec. 5.

2.  EXPERIMENTAL

The electron energy loss spectra were obtained with an electron
spectrometer which has hemispherical energy-dispersing elements (13). The
monochromator delivers a beam with an energy of approximately 4 eV to the
surface at 62° from the normal. The rotatable energy analyzer was posi-
tioned in the specular direction for these measurements. The analyzer

accepts electrons reflected from the surface in a cone of half-angle,

2.7°. The energy resolution (full width at half maximum of the elastic

peak) obtained in these measurements was in the range of 11 to 15 meV

(1 meV = 8.066 cm'l), although a resolution of 9 meV has been obtained in this

scattering system. This complete experimental system will be described in
detail elsewhere (14).

Two Ru(001) samples were prepared from a randomly oriented single

crystal from Materials Research Corp. The crystal was oriented to within
+0.5° with a back-reflection Laue camera, and cut with a rotating wire

saw. The rough crystal slices were mounted on a polishing goniometer (15)
and reoriénted on each face before using standard mechanical polishing

techniques. The samples were treated for 30 seconds in boiling aqua-regia
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before mounting on Varian precision manipulators equipped with liquid
nitrogen cooling. The Ru(001) surfaces were then placed in separate

-11 torr).

ultra-high vacuum systems (base pressure < 5 x 10

One system was equipped with LEED optics, a single-pass cylindrical
mirror energy analyzer for Auger electron spectroscopy, and a quadrupole
mass spectrometer. The other sample was placed in the electron scatter-
ing system, also equipped with a quadrupole mass spectrometer.

The Ru crystal was cleaned chemically as suggested by previous
authors (16). The crystal was heated repeatedly to 1370 Kin 5 x 10'8 torr
02, followed by several minutes of annealing in vacuum at 1570 K. Repeated oxida-
tion and annealing cycles were found to eliminate an Auger peak at 92 eV
which was attributed to a Si impurity in the original material. The final
Auger spectrum was identical to that reported previously for clean Ru (17),
and the clean surface exhibited a sharp (1x1) LEED pattern. This clean-
ing procedure was also followed in the electron scattering system, and
the clean surface was evidenced by a featureless vibrational energy loss
spectrum.

Exposures are reported using uncorrected ion gauge readings. The
crystal temperature was monitored using a W-5%Re/W-26%Re thermocouple. CO
exposures were made after cooling the crystal to 110 K; oxygen exposures
were made between 120 K and 130 K when a disordered oxygen layer was desired
(1). Vibrational energy loss measurements could then be obtained from
the surface at ~ 100 K. The liquid nitrogen reservoir of the manipulator was
connected to the sample mounting’b1ocks with copper straps to provide a

high-conduction cooling path. With this arrangement, the experimental tem-

perature could be attained within ten minutes after a heating cycle above 700 K.



3. RESULTS
A. CO on Clean Ru(001)

Representative vibrational energy Toss spectra for low and high cover-

ages of CO are shown in Fig. 1. The loss spectrum for a 0.2L (1L = 1
1

Langmuir = 1076 torr-sec) exposure of CO shows peaks at 1980 cm~
1

(245 meV)
and 445 cm = (55 meV). These modes are labeled vy and Vo respectively.
A 5L exposure of CO at 110 K produces an essentially saturated surface.
The frequency, XK of the saturated CO layer is approximately 100 cm—1
higher than at low coverages. The softer mode, Vo is unchanged within
+1 meV.

In addition, the overtones and combination frequency are clearly

visible. The overtones occur at approximately Zv and 2v2, the harmonic

1
frequencies. The peak intensities are of the right order of magnitude for
a two-step scattering mechanism (18,19), in which case the harmonic values
are expected.

The frequency, ZE is shown as a function of exposure in Fig. 2. The
corresponding coverages were'determined by normalizing the peak areas of

thermal desorption spectra to a coverage of 1 X 1015 cm—z.

This saturation
coverage was determined by interpreting the compression LEED structure as
a simple CO superlattice (9,20). Because of the variable pumping by the
liquid nitrogen cooling system,these coverage determinations are accurate
to only +20%.

The vy peak, which is shown to shift smoothly from low coverage to
saturation, is symmetric andlof constant width at all coverages (+2 meV,

in agreement with the variation in elastic peak width). There is nothing
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in the electron energy loss data to suggest that CO is bound in more than

one kind of "site" at any coverage.

B. 0, on Clean Ru(001)

Previous work has shown that at 100 K 02 is adsorbed in a disordered
form, whereas at room temperature it forms an ordered (2x2) pattern which
may result from a true (2x2) structure or from three degenerate domains
of a (2x1) structure (1). Accordingly, vibrational spectra were recorded
for the disordered surface after adsorption at 110 K and again after an
annealing cycle at 340 K.

The vibrational spectra of the disordered and ordered surfaces were
essentially the same. Typical spectra obtained for adsorbed oxygen after

ordering are shown in Fig. 3. A single vibrational frequency, Vo> is

1 1

observed which varies from 516 cm =~ (64 meV) at Tow coverage to 596 cm_
(74 meV) at saturation. Since oxygen is dissociatively adsorbed on this
surface, this vibration must be due to a metal-oxygen stretching mode.
Before ordering,the peak position was found within 16 cm-1 (2 meV) of the
position after ordering, and the intensity of the Toss peak relative to the
elastic peak remained the same (+10%). The effect of ordering was clearly
visible, however, in an increase in the absolute intensity of both the

elastic peak and the Toss peak. This is because the specularly reflected

beam is more sharply defined in angle.

C. Coadsorption of CO and O2

Coadsorption studies were carried out first by preparing an ordered

overlayer of oxygen at 340 K and, subsequently, cooling the surface to 110 K
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before adsorbing CO. Spectra obtained in this way are shown in Fig. 4

for Tow and high exposures of CO to surfaces prepared with either Tow-
coverage or saturated overlayers of oxygen. Measurements carried out
with intermediate exposures of both CO and oxygen provided results inter-
mediate to those presented here.

The three peaks observed for the individual spectra can be identi-
fied in Fig. 4, although the Vo mode of adsorbed oxygen is obscured by
the Vo vibration of CO for the 0.4L exposures of 02. The frequency, Voo
after a 5L exposure of 0, [Fig. 4 (a) and (b)] is clearly visible at
589 cm_l, just where it would appear on the clean surface. The metal-
oxygen vibration is unaffected by the subsequent adsorption of CO. In the
case of the pre-exposure of 0.4L 0, [Fig. 4 (c) and (d)] the low-frequency
peak can be described as the sum of an unshifted Yo peak at 520 cm_1
and a v, vibration of CO at ~430 cm_l. These values are obtained by as-
suming that for high coverages of CO the Tow-frequency peak is dominated
by the vV, vibration of CO, and that the Vo vibration of oxygen is unchanged
from the clean surface value. This was found to be the case for all spec-
tra in which the oxygen vibration was resolved fully.

The preadsorption of O2 has a strong effect on the vibrational ener-
gies of adsorbed CO. The surface oxygen shifts vy to a higher frequency
and Vo to a Tower frequency relative to the clean surface. In these
measurements, this appears to be a uniform shift; it is not possible to

separate CO which is affected by oxygen from CO which is not.

If the CO coverage is varied on a surface with a given coverage of
oxygen, the frequency, 2K shifts upward as for CO adsorbed on the clean

surface. Again, within the experimental resolution, V5 is constant.
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The preadsorption of 02 also changes the binding energy of CO on

the Ru(001) surface. Thermal desorption spectra obtained for the same
conditions as the vibrational spectra given in Fig. 4 are shown in Fig. 5.
A heating rate of approximately 25 K sec'1 was employed. Carbon monoxide
which desorbs from the surface prepared with 0.4L exposure to 02 is essen-
tially the same as for desorption from the clean surface (16), with de-
sorption maxima at 382 K and 470 K. If the surface is treated with 5L 02

the second state disappears, and the maximum is shifted to 375 K.

4.  DISCUSSION
A.  CO Adsorption

The interpretation of the vibrational modes, v, and v,, (Fig. 1) is

1 2’
quite straightforward by reference to the vibrational energies of the
corresponding metal carbonyl complex, Ru3(CO)12 (21). As shown in Fig. 6
(a), this molecule consists of a triangle of Ru atoms with an interatomic
distance of 2.883, six radial carbonyls in the plane of the ring and six
axial carbonyls perpendicular to the ring. It belongs to the D3h point
group. The frequencies observed for the four general types of vibrational
modes of the carbonyl groups of Ru3(CO)12 [Fig. 6(b)] are listed in Table 1.
By comparison it is clear that the 21 and v, vibrations of adsorbed CO
represent the carbon-oxygen and the metal-carbon stretching modes, respec-
tively,of CO bound to the metal surface as shown in Fig. 6(b). Measure-
ments of electron-stimulated desorption ion angular distributions (ESDIAD)
support the conclusion that CO is bound perpendicularly to the Ru(001)

surface (22). The v, vibration is in the range generally found for CO

= 1
bound to a single metal atom in metal carbonyl complexes, as it is in
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Ru3(CO)12. If this force constant is used in a bond energy bond order

(BEBO) correlation, a carbon-oxygen bond eneray of 250 kcal/mole is ob-
tained as opposed to 256 kcal/mole in the gas phase, suggesting that the
CO molecule is only slightly perturbed upon chemisorption.

It is quite common in vibrational studies of CO chemisorption to
carry the analogy to the metal carbonyl spectra somewhat further and to
determine the adsorption site of CO from the vl frequency. However, a
study of the LEED patterns at 100 K has shown that CO is not adsorbed in
an on-top site on Ru(001) at high coverages, and, in fact, that it must
be found in a variety of low symmetry sites (9). In keeping with this
observation, CO adsorption on Ru(001) will be discussed in terms of a
model which is not sensitive to the registry of CO with respect to the
substrate. That is, CO may be thought to be adsorbed on a uniform sub-
strate with a single carbon-metal bond. This structure has the two stretch-
ing modes and two sets of degenerate bending modes indicated in Fig. 6(b).

The modes Vq and Vg, are not observed in the electron energy loss
spectra. The explanation of this requires a discussion of the so-called
"dipole normal selection rule." In a simple dfpo]e scattering theory, the
transition probability for a vibrational excitation is proportional to
the square of the component of the dynamic effective charge tensor normal
to the surface multiplied by the normal coordinate of the vibration (23).

That is, taking the z-axis as the surface normal,

W o« }: e:a(K)ga(K) (1)

g 0l

where W is the transition probability, and e;a is the derivative of the

z-component of the dipole moment with respect to the displacement of the
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atom, Kk, in the o direction. The a-component of the normal coordinate
is €a0<)- If the dynamic effective charge tensor is diagonal, then only
vibrations for which the normal coordinate of the vibration has a z-compo-
nent will appear in the electron energy loss spectra.

The intensity predicted by Eq. (1) can be expected to obtain only
when the electron scatters from the long-range part of the electric field
created by the surface vibration. Recent work suggests that for scatter-
ing out of the specular direction the electron may interact with the short-
range part of the potential, perhaps through a temporary negative ion
state (24,25). The results of scattering in the specular direction, how-
ever, suggest that for such measurements the "selection rule" given in
Eq. (1) is operative.

The LEED patterns of CO on Ru(001) at low temperature indicate that
CO is found in a hexagonal lattice on the substrate (9). The assumption
of a six-fold axis of symmetry perpendicular to the surface requires that
the tensor, e*

Bo.
that for a vibration to be detected in the electron energy loss spectrum

, be diagonal (23). Hence, from Eq. (1), it is required

the eigenvector of the vibration must have a component perpendicular to
the surface. Therefore, it is not surprising that in the case of CO ad-
sorbed perpendicularly to the Ru(001) surface,the modes, Vs and 1

[Fig. 6(b)1, are not observed. In the absence of such a symmetry require-
ment, however, vibrational modes which are strictly parallel to the sur-
face might still be dipole-active. The normal coordinates of the vibra-

tion do not define, by themselves, the conditions of dipole-activity.
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Of special interest in the study of the vibrations of adsorbed CO
is the ‘large shift in vy with coverage (Fig. 2). As discussed above,
the dipole-dipole interaction in the adsorbed layer is not sufficient
to explain this shift.

Another possible view of the shift in Vq is that the chemisorptive
bond of CO is modified as the coverage is. increased. As the chemisorp-
tion becomes weaker, the carbon-oxygen stretching frequency shifts toward
the gas-phase value [allowing for the mechanical effect of adsorption on
this frequency (26)]. This is not a satisfactory explanation in the
case of CO on Ru(001), since the metal-carbon stretching frequency, Voo
is constant with coverage. Earlier work, as well, suggests that the
chemisorptive bond of CO on Ru(001) is essentially uniform over the full
range of coverage and that the change with coverage in the heat of de-
sorption results purely from direct interadsorbate interactions (16).
The shift in the vy vibration must also be due to interadsorbate inter-
actions. We shall develop a simple model to illustrate the consequences
of such a conclusion.

The frequencies, v, and vy, are calculated easily assuming a force

1
constant model for the CO overlayer. In keeping with the LEED results,

we assume a hexagonal lattice of CO molecules and allow a single nearest
neighbor interaction between the oxygen of one CO and the carbon of the
neighbors [Fig. 6(c)]. The assumption of a central force between nearest
neighbors is quite arbitrary and is intended only to model a direct chemical
interaction; it is not to be taken literally as resulting from a chemical
bond between nearest neighbor carbon and oxygen atoms. Only vibrations

perpendicular to the surface are of interest in interpreting the energy-

loss data. The relevant force constants are [employing the notation of
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Maradudin et al. (27)]

kl = - (DZZ(-EO;Q'C)
ky = = @ZZ(?{C;EZRu) (2)
k3 = - @ZZ(Ko;E¢ZC)
where
i ay o0
®a8(zK’z 2 aua(QK)auB(Q’K’) (3)

Here ¢ is the potential,and @a is the derivative of the total potential

B
with respect to the displacements, uu(iK). The subscript, o, identifies

the Cartesian component, and the quantity, (EK), labels the atom, k, in
the unit cell, 2. The vector a is a primitive lattice vector of the CO

lattice. The secular equation is:

2
P k +6k, . kytky +6k 4 ] (kq*ksE) - (ky*6k5) (ky+kyt6ks) -
m m m.m
0 c 0o C

where m. and m, are the masses of carbon and oxygen, respectively. The
energy of the vibration is Thw. The quantity, &, is defined by

> ->
a.

g=ge ! (5)
J
where all is the wavevector of the surface vibration, and the sum is over
nearest neighbor sites. The vibrational energies measured by inelastic
electron scattering in the specular direction are associated with 3“ =0
modes, the vibrations in which the CO molecules are moving in phase (23).

For these modes, £ = 6.
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The coverage dependence of the frequency shift is contained in

the dependence of the total potential on the nearest neighbor spacing, a,
and therefore appears in the model through k3. Clearly, a potential can
be chosen which will fit any function, vl(e) where 0 is the coverage of
CO0. Rather than pursuing the detailed nature of the potential, we will
evaluate Eq. (4) in the Timits of Tow and high coverage for a,l =0 to
determine the force constants, kl’ ko and ky.  The predictions of this
model for other wavevectors can then be examined.

The constants, k1 and k2, were calculated from the Tow-coverage
Timit (k3 = 0) of Eq. (4). These constants are given in Table 2(a). The
constant, kZ’ is found to be about 25% greater than the corresponding con-
stant in the Ru3(CO)12 complex, which is due in part to our assumption
that the metal surface is rigid. This supports our conclusion that the
Ru-C bond has a bond order of one. The shift in the frequency, 2K of
100 cm'1 from the low coverage to saturation is fit properly if k3 =

2.65 x 10 dyne-cm_l.

The vibrational energies calculated from this model
are given in Fig. 7 for a“ along the I'-K direction in the Surface Bril-

louin Zone. Since the force giving rise to k3 interacts only between the
carbon and oxygen atoms of neighboring CO molecules [Fig. 6(c)],it has no
effect on the Vo vibration for a“ = 0, in agreement with the experimental

data. The value chosen for k., is reasonable for a very weak chemical

3
interaction.

0f special interest in this picture is the prediction of dispersion.
Although the electron energy loss measurements in the specular direction

are limited to the all = 0 modes, there is the possibility that a short-
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range interaction between the electron and the adsorbed molecule could
excite all phonon modes (25). In this case, the wavevector of the elec-
tron need no longer be conserved within a“ , and a substantial broaden-
ing and shifting of the vibrational peak, particularly Vo should be
observed.

The dispersion predicted for the vy vibration corresponds closely to
the splitting of the 21 vibration of the axial CO ligands of Ru3(C0)12.
In the case of the metal carbonyls,the in-phase vibrations, which can be
compared to the Ell = 0 surface wave, are those belonging to the A repre-
sentations. The axial CO groups are parallel and only 2.88R apart and
can be expected to interact as the parallel CO molecules on the surface.
That this is the case can be seen in the similar "dispersion" in the
Ru3(CO)12 complex. The three-fold symmetric vibrations, Ai and AE, appear
at 2127 cm” ! and 2062 cmnl,to be compared with the 2080 em ! stretching
frequency for the aﬂ = 0 vibration of CO on Ru(001) at saturation. The
E" and E' modes, which are not symmetric with respect to the C3 axis,

1

show a 21 frequency of 2034 cm ~ and 2028 cm—l,respective1y, to be com-

pared with 2014 cm'1 for the zone-edge vibration calculated above. The
radial CO ligands of this complex are more widely spaced than the axial
groups and are not parallel. Since they interact less strongly, these

modes are not split SO much as the V1 modes of the axial Tigands. The 21

1

modes of the radial groups range from 1989 cm ~ to 2011 cm_l, which can be

compared with the k3 = 0 1imit of the v, vibration of chemisorbed CO,

which is 1980 cm™l.

1

Another prediction of this model is very strong dispersion of the Vo

1

vibration, which shifts from 445 cm ~ at the zone center to 692 cm_1 at
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1

the zone edge. The modes between 350 cm ~ and 650 em™ of Ru,(CO)

3 12
have not been assigned definitively and may include high energy Ru-C
stretching modes, although it is suggested that the v, modes are found
primarily below 500 em L

| The analogy between Ru3(CO)12 and chemisorbed CO provides convincing
evidence that the shift in 2] with coverage is due to direct CO-CO inter-
actions. Differences between the two systems are obvious. The CO-CO
spacing in Ru3(CO)12 is 2.88R as opposed to 3.338 for the CO superlattice
at saturation on Ru(001) (9). In the metal carbonyl, the axial CO groups
have only two nearest neighbors as opposed to six on the Ru(001) surface.
These effects may cancel to some extent.

It is not expected that this model will explain completely the vi-
brational behavior of CO on the surface. In particular, additional forces
may have to be considered to fit the behavior of v, at large wavevectors.
Nevertheless, this model illustrates that the addition of a weak chemical
interaction between nearest neighbors can explain the coverage-dependence
of the vibrational spectrum of adsorbed CO. The close parallel with the

modes of Ru3(CO) shows that such an interaction exists.

12

B. Oxygen Adsorption

The interpretation of the energy loss feature, Vo» of adsorbed oxy-
gen is less conclusive than in the case of CO. According to the "selection
rule" of Eq. (1), we can assume that the single frequency in the range of

1

576 cm* to 596 cn ! is due to the vibrational mode of atomic oxygen nor-

mal to the surface.
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The vibrational spectra of multinuclear oxy-complexes have been
studied in some detail (28-30), but the general Tack of a metal-metal
bond in the complexes studied means that the bond angles for atomic oxygen in
the bridged and three-fold positions are substantially different than for
the metal surface. Since these frequencies cannot be compared directly
it is possible only to eliminate the_on—top site, for which a Ru=0

1 0 950 em™! would be expected (28).

stretching frequency of 800 cm™

Atomic oxygen has been found from dynamic LEED calculations to reside
in three-fold sites on Ni(111) (31). The Tow vibrational frequency ob-
served for oxygen on Ru(001) is consistent with a highly coordinated site
with the oxygen close to the surface. In this case, the mode perpendicu-
lar to the surface is expected to have a significant bending character
and to appear at a lower frequency than the perpendicular stretch of an
on-top oxygen (32).

Although oxygen exhibits complex order-disorder phenomena on this
surface (1),the vibrational spectrum is quite simple. Our results indi-
cate that the oxygen occupies the same, or very simi]ér,sites at all cov-
erages on the ordered and the disordered surfaces. The shift in frequen-
cy with coverage is conceivably due to direct interactions as it is for
CO. However, since oxygen is chemisorbed quite strongly on Ru(001)

(Ed ~ 80 kcal/mole)(1l), strong chemical effects can be expected also

through the substrate (33). The data do not allow a separation of these
effects as they do for adsorbed CO.
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C. CO and Oxygen Coadsorption

The influence of preadsorbed oxygen on CO chemisorption can be seen
most clearly in Table 2, where the CO force constants, k1 and k2 are
given for several pretreatments of oxygen. In the cases for which the Vo
vibration of adsorbed CO could not be separated from the Yo vibration of
the surface oxygen, the constants were calculated assuming that Vo does
not shift with CO coverage. Adsorbed oxygen causes CO to be bound less
tightly to the surface, giving rise to a lower k2 and a higher k1 than
for CO on the clean surface. Since k1 and k2 change in sympathy,it appears
that the frequency shift is due to a modification of the electronic prop-
erties of the substrate introduced by the oxygen. A similar phenomenon is
observed as a substituent effect in metal carbonyl complexes (34). The
addition of an electronegative ligand reduces the ability of the metal to
donate electrons into the Zn* orbital of the CO ligands, theréby increasing kl‘
This effect is seen also in the thermal desorption spectra of Fig. 5.
Redhead's expression can be used to estimate the desorption energies (Ed)

of these spectra assuming a pre-exponential factor of 1013 sec-1

(35). The
higher temperature desorption peak of CO from the clean surface and from
the surfaces prepared with 0.4L 02 corresponds to an Ed of 28 kcal/mole.
The CO that is adsorbed on the saturated oxygen overlayer desorbs in a single
state at a Tower temperature which corresponds to Ed = 22 kcal/mole.

The direct CO-CO interaction which is so important on the clean surface

remains significant in the presence of oxygen. The vy frequency of CO

increases with CO coverage on all of the surfaces examined.
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5.  CONCLUSIONS

The study of CO and oxygen adsorption on the Ru(001) surface has
proved to be very fruitful in illustrating the importance of interadsor-
bate and through-bond interactions on the vibrational frequencies of ad-
sorbed overlayers. The existence of a direct CO0-CO interaction was demon-
strated by showing that the force constant assumed for the interaction
is of a reasonable magnitude in view of the known CO-CO interaction in
the Ru3(CO)12 complex. The effect of surface oxygen on CO chemisorption
is to change both the CO force constants. Chemisorbed oxygen causes CO
to bond less strongly to the Ru(001) surface and provides an example of
a through-bond interaction.

The vibrational spectra show CO to be upright on the surface with a
single carbon-metal bond at all coverages, although LEED work indicates
that CO cannot be placed exclusively in on-top sites at high coverage.

The atomically bound oxygen exhibits a soft vibration characteristic of a
bridged or three-fold site.

Vibrational spectroscopy will continue to provide uniquely useful
information in the study of chemisorbed overlayers. In some cases, par-
ticularly at high coverages, a careful consideration of the relevant force

constants may be necessary to exploit this technique fully.
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Table 1. Frequencies of CO Vibrations in Ru3(CO)12
in cn~! from Ref. 21.

vy - axial 2028(E”) - 2127(A7)

vy - radial 1989(Aé) - 2011(Ai)

Vo 350 - 500 Approximate
Vg 500 - 650 Assignment

<200
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Table 2. Force Constants Calculated for CO Adsorbed on
Ru(001) as a Function of Pre-exposure to Oxygen.

eo.oL Vi ,cm'] Vo ! ky »dyne/cmx 1070 k,» dyne/cm x 1070

2

0 1980 445 1.46 | 0.35
0.4 2000 430 1.51 0.32
1.0 2032  ~420 1.57 0.31

5.0 2048 387 1.61 0.26
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FIGURE CAPTIONS

Electron energy loss spectra for ‘two coverages of CO on the
Ru(001) surface. The loss features are the carbon-oxygen

stretching frequency, v,, the ruthenuim-carbon stretching

13
frequency, Vo5 and their overtones and combination frequency.
Carbon-oxygen stretching frequency, Vi aS @ function of CO

exposure. 0-obtained for separate exposures. A-obtained from

measurements in a constant background of CO.

Electron energy loss spectra for several coverages of oxygen
on Ru(001). Intensities are normalized to the elastic peak
height.

Electron energy loss spectra of CO adsorbed at 110 K on a sur-
face pre-exposed to 02 at 340 K. Intensities are normalized
to the elastic peak height.

Thermal desorption spectra of CO obtained under the same con-
ditions as the energy loss spectra of Fig. 4.

(a) Structure of Ru3(CO)12 (21).
(b) vibrational modes of a Tinear CO adsorbed on a flat
surface.

(c) Force constant model used to calculate the frequencies given
in Fig. 7.

The vibrational frequencies, vy and Vo5 of adsorbed CO
predicted by the force constant model (see text). The fre-
quencies are given for surface wavevectors along the I'-K direc-
tion, which is defined in the diagram of the irreducible
1/12 th of the two-dimensional Surface Brillouin Zone.



Relative Intensity

72.

meV 500 400 300 200 100 0]
T T T— 7T 1 T | I L —
25|8
CO on Ru (0O0l)
OO0 K
55
|
3l ”
5:6 | 4
X300
106/ |
5L !
x30 ,-J k____/
0.2L
X6 N\ _/\j L
1 | 1 1 1 | 1 | 1 |
4000 3000 2000 1000 0]

Energy Loss, cm™!

Fig. 1




Stretching Frequency, cm

2080

2060

n
o
H
o

N
O
N
o

2000

1980

73.

molecules

Coverage, 5
cm

0.20.4 0.8

|00 K

| ] 1

CO on Ru(0Ol)

I 2 3

4 S

Exposure (Langmuirs)

Fig. 2

268

256

254

250

248

246



Relative Intensity

74.

meV

100 80 60
|

| 1 |

Oxygen on Ru (OOl)

0.8L p. S o, # .
ORU VN el i o

o . 3 L '.' o, -'.
Adaa N PV g

x |00 i |

I
250
Energy Loss, cm™

750

Fig. 3

(@]




75.

meV

100 50 0

150

250 200

1
CO + 05 on Ru (00I)

[ e - o -
@ ~——x
00 00, MR R ° o oo,
‘Q‘. o..lw o-ooo‘oh > o.‘ N
e @ T I At
s 0°°° e™ _m °® 0y T % o ‘4 -
L) ® e 0o 'Row l w
8 8 3
- | < =
< "e] (@)
o + +
+ N N
N o o 1
(@] - =
3 < <
"2 I (@] (@]
o "L Y 3
., A  pEnS nl% Reeo.— &1
(@) ©0 0064 (@) ® ~
M S\N 3
- n
3] : :

Ajisuaiul aAljolY

o

1000 500

Energy Loss, cm™!

1500

2000

Fig. 4



Relative Intensity, Mass 28

76.

| T I T I -
a8 "
PR 5.0L02+5.0LCO
.. ‘.C. .. .'..
® .o‘. & . :’.v .0-. ...' . ‘. .
,:‘.*..J'.o.".".~ B °.‘.".' '.".', '":o: .-<
’Q ‘
“ 50L 0z +0.4 L CO
- 3 °e :o o 3 @ © .
S * WV e, oo ’..o .'. o 00 % S Yo Jesol
w..ﬂ ..::“..o..:\.'o 4 Yos oy o RIS LLF) D
04LO0,+5LCO s
° % '.
Fs .-°.~ . o
...." o ‘. ° .
o. .~. ...
L e,
[ ] '.' »
:.0\
P .". 4 .:o ..‘.. .
<< K 2
O.' ...
04 L0,+0.4LCO b4 .'...-
% 0“..’!".. .ﬂ‘o’ 000, Joo]
paprent T 1 | |

300 350 400 450 500 550
Temperature, K

Fig. 5



(b)

(c)

.
ocaqg/gso 2 88A (:::\CO
T

\\\\\\\\\\\\\\\\\



cm

Wavenumber,

78.

500

400

Wavevector

Fig. 7

50

meV



79.

Chapter V

High Resolution Electron Scattering from

Chemisorbed Oxygen on the Ru(001) Surface
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Abstract

Inelastic electron scattering spectroscopy has been used to measure
energy-gain as well as energy-loss transitions of oxygen chemisorbed on
the Ru(001) surface. The relative intensity of the energy-gain to the
energy-loss transition was found to follow the expected Boltzmann dis-
tribution. The intensities of the inelastic peaks relative to the
elastic peak were observed to increase with temperature. The temperature
dependence and sources of experimental error are explained within the
context of an approximate theory for the scattering of electrons from

adsorbates on metal surfaces.
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Electron energy Toss spectroscopy is becoming increasingly popular
as a probe of surface vibrations of adsorbed layers on metal surfaces.

At temperatures for which kBT 2 hub, where o is the oscillator frequency,
slow electrons also may be used to observe the emission of vibrational
energy from adsorbed layers. Similar observations for surface phonons in
bulk metal oxides were first made by Ibach (1) and recently by Dalmai-
Imelik et al. (2).

In this work, we present measurements of emission intensities from
oxygen chemisorbed on the Ru(001) surface over a wide temperature range,
and the first observations of energy-gain scattering from a chemisorbed
layer. The intensity measurements are sensitive to the scattering angle
and surface condition. To explain these effects and the observed temper-
ature dependence, the results are interpreted in terms of a dipolar
scattering theory (3,4,5).

The electron energy distribution curves were obtained with a
scattering system of the Kuyatt-Simpson type (6) contained in an ultra-

-11 torr. An

high vacuum system of which the base pressure is 4 x 10
electron beam with a kinetic energy of 4 eV was incident on the crystal at
an angle of 62° with respect to the surface normal. The scattered beam
was detected by a rotatable analyzer which was positioned approximately
(< = 10) in the direction of the specularly reflected beam, and which
accepted electrons in a cone subtending a half-angle (ec) of 2.2° from
that direction. The specularly-reflected beam has a full angular width
at half maximum of approximately 20, as measured by rotating the analyzer.

The Ru sample was cut and polished within 1° of the (001) plane

using standard techniques (7). It was spot welded to Ta support wires and
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mounted on a Varian precision manipulator which had been modified to allow
for resistive heating. The temperature of the crystal was monitored with
a W-5%Re/W-26%Re thermocouple spot welded to its side. The crystal
temperature was controlled using a programmable current source for
resistive heating. A variable voltage reference was compared to the
thermocouple voltage to provide the temperature control (8). Since the
current required to heat the crystal is on the order of 20 amps, and a
coaxial wiring arrangement is not practical, unacceptably high magnetic
fields prohibit the simultaneous operation of the temperature controller
and the electron spectrometer. Hence, the temperature controller was
placed under the control of the computer (PDP 11/10) also used to control
the spectrometer. The heater could be disabled momentarily under program
control to permit operation of the energy analyzer and then re-enabled to
allow the crystal temperature to recover. At the highest temperatures
employed here (1000 K), it was necessary to heat two seconds for each
second of data acquisition, and the sample cooled about 30 K during the
one second of spectrometer operation. Better temperature control could
be obtained at higher switching rates although this was not necessary in
the results reported here.

Energy distribution curves have been obtained for saturation
coverages of oxygen in the range 100 K to 1000 K (9). In this work, the
Ru surface was exposed to 10 Langmuirs (1L = 10~6 torr-sec) of oxygen at
300 K and then heated to 1200 K. The resulting surface exhibited a single’
stretching frequency of 69 meV (range 67.5 to 70.5 meV), presumably due
to a stretching mode of atomically bound oxygen. This variation in peak

position is slightly more than the usual experimental scatter (< + 1 meV)
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and is due to the changing coverage of oxygen resulting from its
diffusion into the bulk (10). The metal-oxygen stretching frequency
varies from 64 meV at Tow coverage to 74 meV at saturation (9). The
error in frequency is not significant to these results, and coverage
effects are eliminated when the peak ratios are taken. The fact that
only one stretching frequency was observed for oxygen on the Ru(001)
surface (possibly due to the "dipole-normal selection rule") (3).means
that the atomic position of oxygen cannot be deduced from the energy
loss measurements in the specular direction. Since oxygen residés in
three-fold coordinated sites on the (111) surface of Ni (11), this may
also obtain on the Ru(001) surface. Dynamic low-energy electron diffraction
calculations 1in our laboratory will decide this question unequivocally.
Representative spectra obtained at two temperatures are shown in
Fig. 1. Between measurements at different temperatures, the oxygen-
covered surface was heated to above 1000 K to remove all adsorbed gases
except oxygen. The vibrational energy gain peak was clearly observable
at temperatures above 400 K', The areas of the inelastic peaks were
obtained after subtracting the background intensity due to their proximity
to the elastic peak. The intensity of the inelastic features relative to
the intensity of the elastic peak is approximately 2% of that obtained oh
bulk metal oxides (1,2). This is expected due to the much larger relative
inelastic cross section calculated for scattering from the surface phonon
of an ionic material (1,3,5). The Togarithm of the ratio of the inelastic
intensities is plotted in Fig. 2 as a function of reciprocal temperature.
The data are in good agreement with the theoretical 1ine with a slope of

0.069 eV divided by the Boltzmann constant (kB) and with an intercept of



84.

zero.

The cross section for inelastic electron scattering from surface
vibrations in the forward direction has been calculated both semi-
classically (4) and quantum mechanically in the Born approximation (3).
If temperature effects are considered, both calculations predict a cross

section of the form

_ duy2 (8 cosacos¢ - eosina)2 + ezsin2¢
= 7 (n*+lg AN (1)
L Mhwy (6™ + eo) cosa

in the approximation, 6 << 1 and eo << 1.

Here 6 and ¢ are polar and azimuthal angles in a spherical coordinate
system in which the specular direction lies along the z-axis. M is the
reduced mass of the oscillator, which together with its image has a dynamic
dipole moment, g%—, perpendicular to the surface and a frequency, w. The
electron is incident on the surface at the angle, o, from the surface normal
with velocity, v. n is the occupation number at the temperature of interest,

given by the Planck distribution, [éxp(gﬂT)-ﬂ '1, and y is one for energy 10ss

B
and zero for energy gain. % is ¢ fk% , where m is the mass of the
mv
electron; eo is positive for energy gain and negative for energy loss. The
understood dependence on dipole density and surface reflectivity is included

in the constant C, which is equal to e2

nO|R|2, where e is the electronic
charge, n, is the surface unit cell density and |R|2 is the surface
reflectivity. The simplifications leading to Eq. (1) do not allow for
interadsorbate interactions (12), or scattering of the electron from the

short-range part of the molecular potential (13), but it is probably a

reasonable form to use to examine the effects of temperature and angle on
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scattering near the specular direction.

The denominator of Eq. (1) is a strong function of 6, but it is
independent of the sign of eo and therefore has the same value for energy
gain or energy loss. We see at once that the ratio of the energy gain
intensity (I+1) to the energy loss intensity (I-l) is relatively insen-
sitive to small errors in alignment. This is not true of the ratio of
the inelastic to elastic peak intensities (?i!- . Since the inelas-

L

tically scattered electrons are spread more in angle than the elastically
scattered electrons, the ratio I+1/IO will increase as the analyzer is
moved out of the specular direction. If the acceptance cone of the
electron analyzer is assumed to be centered on the specular direction, Eq.
(1) can be compared directly with the experiment by integrating over ¢
from 0 to 2 and over & from 0 to the experimental cutoff angle 8¢ [2.2°

in this work] (3,4). The result is

C(dﬂqz 2 2 02
o ="~% — cosa (tan"a-2)0c_ 4 (tan?q + 2)In(1 + Sy, (2
Mﬁwov 9(2: + 9% 90

This expression does not depend on the sign of 040 SO the ratio, I+1/I_1,
is predicted to be
Ly n i/ ke T
e TR

_.-_1-=n+1=

(3)

in agreement with the experimental results shown in Fig. 2. If the energy
analyzer is not positioned exactly in the specular direction this ratio
will, in addition, depend weakly on scattering angle. It would appear

that movement of the Ru crystal on its support wires due to heating effects
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can explain the scatter in the data shown in Fig. 2.

Eq. (1) also predicts that the ratios I+1/I0 and I—l/Io will depend
on temperature, and that they will be much more sensitive to alignment
errors than the ratio I+1/I_1. Certainly, the data support qualitatively
the conclusion that the inelastic intensity increases with temperature.
However, the more severe alignment requirements for the accurate measure-
ment of ;§l~ prohibit a quantitative comparison. An additional, more
fundamental, source of error in measuring the ratios, Iil/Io’ at elevated
temperatures is that the oxygen surface coverage may change. There is
recent evidence that surface oxygen on Rh(111) and Ru(001) may diffuse
into the bulk far below the desorption temperature (10,14).

In conclusion, vibrational scattering spectra have been measured for
chemisorbed oxygen on Ru(001) over a wide range of surface temperature.
The peak intensities are in agreement with the expected distribution
functions. The sources of error in these intensity measurements have been

outlined in terms of the recent theories of electron scattering from

vibrations in adsorbed layers (3,4).
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Figure Captions

Fig. 1. Electron energy distribution curves obtained at 545 K and 1000 K
normalized to the elastic peak height.

Fig. 2. The logarithm of ratio of the energy gain to energy loss peak areas
as a function of reciprocal temperature. The solid line is the

theoretical dependence.
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Chapter VI

The Adsorption and Dissociation of Nitric Oxide

on the Ru(001) Surface
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ABSTRACT

The adsorption of nitric oxide and its dissociation on the Ru(001)
surface have been studied through the vibrational energies of the adsorbed
layer. The inelastic electron scattering measurements show that two
distinct states of molecular NO are adsorbed at 130 K. For coverages less
than one-third of saturation, a single nitrogen-oxygen stretching frequency
is found which is attributed to a triply coordinated or bridge bonded NO.
At higher coverages, an additional frequency appears which is characteristic
of a Tinear NO. Both forms are thought to be perpendicular to the surface.
The dissociation of bridged NO is complete at 316 K, whereas the linear
form remains on the surface until 500 K. This is explained by a difference
in activation energies for dissociation of NO and by the blocking of sites

by nitrogen and oxygen adatoms.
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The adsorption and reaction of NO on metal surfaces is a subject of
obvious interest in surface chemistry. In addition to the industrial
importance of the catalytic reduction of NO, the wide variety of NO
complexes in metal-nitrosyls suggests that the surface chemistry of NO
will be a fertile area of research (1). In this work, we report the first
vibrational measurements of NO on the Ru(001) surface and direct evidence
of two forms of adsorbed NO with differing activation energies for
dissociation.

Previous studies have been made of NO chemisorbed on the Ru(101) and
Ru(100) surfaces as well as on a Ru field emission tip (2-6). The photo-
emission measurements of NO adsorbed on the Ru(100) surface by Bonzel and
Fischer were carried out well above room temperature and indicated molecular
adsorption only at the highest coverages (2). Reed et al. present
chemical evidence that NO is primarily adsorbed associatively on Ru(101)
at 300 K and suggest that the dissociation reaction may be sensitive to
the surface crystallography (4). Madey has reported measurements of the
angular distribution of the ion beams desorbed by electron bombardment
(ESDIAD) of NO adsorbed on the Ru(001) surface at 90 K (7). The results
indicate that NO is bound molecularly to the surface.

The inelastic electron scattering measurements presented here show
the molecular adsorption and dissociation of NO on the basal plane of Ru
as a function of surface temperature. The electron spectrometer employed
in the electron energy loss spectra has been described in detail else-
where (8). The Ru sample was cut and polished within 19 of the (001)
direction using standard techniques. It was mounted on a manipulator

equipped with 1iquid nitrogen cooling and cleaned with oxidation and
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reduction cycles in situ (9). The cleaning procedure has been found to
yield both a sharp (1x1) LEED pattern and the characteristic Auger
spectrum of a clean surface (10). Depending on the history of the sample,
prolonged annealing above 1600 K was occasionally necessary to remove the
surface oxygen, as measured by the vibrational energy loss feature at

530 cm"l.

The crystal was exposed to NO through a gas doser, and the
coverages were established relative to saturation using the integrated
peaks of thermal desorption spectra (12).

The intensity of the elastically scattered electron beam varied by
a factor of ten depending on the NO exposure and treatment, indicating
that order-disorder phenomena were affecting the angular spread of the

specular beam. In order to assure a good signal/noise ratio throughout,

the electron spectrometer was tuned so that 2 x 106cps appeared in the
elastic channel of the beam reflected specularly from the clean surface.
The full-width at half-maximum of the elastic peak was approximately
18 meV during these measurements toattain this counting rate. The
primary energy of the electron beam was 4 eV. Due to the large variation
in the elastic intensity in the spectra presented here, the intensities
relative to the elastic intensity cannot be compared directly from spectrum
to spectrum. The role of ordering phenomena in the inelastic scattering
intensity has been discussed by Ibach (13).

The vibrational spectra of chemisorbed NO are shown as a function of
coverage in Fig. 1. The temperature of exposure was between 120 K and

150 K. Two nitrogen-oxygen stretching frequencies are observed, in the

ranges 1411 -1508 cm'1 and 1806 - 1831 cm'l, where both frequencies
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increase with increasing surface coverage. The higher frequency, which
is characteristic of a Tinear NO in metal nitrosyls, appears only at
fractional coverages above 0.35. In addition, a very weak feature at
approximately 1145 cm'1 appeared in some spectra and disappeared within a
few minutes even below 140 K. This peak may be due to other oxides of
nitrogen present in the NO supply or to a temporary complex formed in
adsorption. It could not be characterized further in these measurements.

1 and 548 cn™! is found at higher

A third vibrational loss between 532 cm”
coverages. This is in the range of the vibrational mode of atomic oxygen
on the Ru(001) surface studied previously (14) and shows that some

dissociation of NO occurs at 130 K. The Ru-NO vibration of a variety of

1 1

metal nitrosyls has been found to vary between 572 cm -~ and 638 cm

depending on the other substituents of the complex (15). Neither this mode

nor a Ru-N stretching mode of dissociated NO could be resolved from the
single lTow frequency peak which is attributed to the metal-oxygen
vibration. This is presumably due to a small dynamic effective charge
associated with these vibrational modes.

The chemistry of metal nitrosyls has been reviewed by Eisenberg and
Meyer (16). In general, a nitrogen-oxygen stretching frequency (vNO)

1 is associated with a linear NO. Frequencies in the range

1

above 1800 cm”
between 1620 ¢cm ~ and 1750 cm'1 are due to bent nitrosyls with M-N-O bond
angles between 124° and 177°. This correlation is not exact, since’
electronic effects due to other ligands are quite important in the N-O bond
of metal-nitrosyls (17). However, the YNO peak which appears at 1831 cm'1
at high coverages is interpreted most reasonably as a linear NO bound to

the surface through the nitrogen atom.
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The first adsorption state on this surface exhibits a stretching
frequency too low to be due either to a linear or to a bent nitrosyl
complex. Bridging nitrosyls, however, exhibit Tower stretching
frequencies. The nitrosyls in Ru3(C0)10(N0)2 are bonded to two Ru atoms

1 and 1500 em™! (17); in the

and have stretching frequencies of 1517 cm”
compound, (C5H5)3Co3(N0)2, the nitrosyls are both bonded to the three

cobalt atoms, and the most intense N-0 stretching band appears at 1405 cm'1
(18). The Tower frequency vibration, indicated in Fig. 1, then, is due to
a more highly coordinated nitrosyl. The Ru(001) surface is three-fold
symmetric, and the analogy with the u3—nitrosy1 tricobalt structure
suggests that the first adsorption state of NO at 130 K is in a three-fold
site. The increase in both N-0 stretching frequencies with coverage may
result from direct interactions or from changes in the chemisorptive bond.
The same phenomenon is seen frequently in the CO stretching frequency as
afunction of CO coverage and has been the subjectof recent discussion (19).

The analogy with the metal nitrosylcomplexes suggests that NO is
perpendicular to the surface in both states.

In order to illustrate the steps involved in the dissociation of NO,
a series of experiments was performed in which the surface prepared with
molecularly adsorbed NO was heated briefly at approximately 5°/sec and
allowed to cool. The maximum temperature was maintained for approximately one
second. The surface cooled below 140 K during the recording of the

vibrational spectrum, so that only irreversible changes in the adsorbed

layer could be observed. The vibrationai spectrum is shown as a function of
temperature treatment in Fig. 2 and Fig. 3 for surfaces prepared with NO

coverages of 0.35 and 0.8, respectively.
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In Fig. 2(b) and (c), spectra are shown which illustrate the
irreversible change in the adsorbed layer as the surface is heated to
room temperature. The low frequency N-O stretching mode disappears well
before complete dissociation occurs, although the appearance of the peak
at 538 cm-1 indicates that some dissociation has taken place. After
this surface is heated to 407 K, dissociation is complete. The inter-
mediate state of the surface [Fig. 2(c)] is characterized by a single N-0

1 and a low frequency mode

stretching frequency at approximately 1782 cm~
at 538 cm'l, depending upon coverage.

One explanation for the change in the vibrational spéctrum is that
the bridged NO begins to dissociate near room temperature, and that the N
and 0 atoms displace the remaining NO from the three-fold or bridged sites.
The linear form of NO is less reactive and does not dissociate until higher
temperature. The metal-oxygen stretching frequency is consistent with its
occupying a three-fold or bridge site (14).

The mechanism of site blocking also explains results obtained for an

NO coverage of 0.8 (Fig. 3). Here, the disappearance of the more highly

coordinated NO is nearly complete only at 406 K, after complete dissociation

would have occurred for an NO coverage of 0.35; and the linear NO is not
removed until 500 K. The final transformation of the saturated surface

is accompanied by the rapid evolution of NO and the beginning of N2
desorption. The dissociation of the linear NO is prevented at high

coverage by the lack of sites for the reaction products. The trans-
formations observed in these experiments are most likely limited kinetically
in the brief heating cycles. The temperatures of reaction and corresponding
vibrational spectra given here characterize the activation energies for

dissociation qualitatively.
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Thus, a relatively simple scheme is proposed in which the two forms
of NO adsorbed on the Ru(001) surface have different activation energies
for dissociation. The dissociative reaction is poisoned by the reaction
products below their temperature of desorption.

We thank Patricia Thiel and Dr. John Yates for their assistance and
helpful suggestions in this work. We have benefited also from useful

discussions with Professors John Bercaw and Robert Grubbs.
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Figure Captions

Frie 1.

Fig. 2.

Fib. 3.

Vibrational spectrum of NO adsorbed on the Ru(001) surface

below 150 K as a function of coverage. The coverages relative
to saturation are (a) 0.12, (b) 0.35, (c) 0.55, (d) 0.67

and A(e) 0.82.

Effect of heating the surface with an NO coverage of 0.35. (a)
After exposure at 147 K. (b) After heating to 290 K. (c) After
heating to 316 K. (c) After heating to 407 K.

Effect of heating the surface with an NO coverage of 0.8. (a)
After exposure at 158 K. (b) After heating to 406 K. (c) After
heating to 500 K.
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Chapter VII

A Theory of Dipole-Forbidden Vibrational Excitation of

Molecules Adsorbed on Metal Surfaces in the Born Approximation
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ABSTRACT

The probability of vibrational excitation by slow electrons of a
periodic array of molecules adsorbed on a metal surface is calculated in
the Born approximation. By including both dipole and quadrupole terms,
a mechanism is derived for the diffuse scatteringvof electrons by dipole-
forbidden transitions. A comparison of this scattering probability with
recent measurements reported for scattering from the 81 phase of H on
W(100) serves to illustrate the magnitude of this effect in terms of the
dipole and quadrupole derivatives. Dipole-forbidden scattering by this
mechanism is expected to be two to three orders of magnitude weaker than
dipole scattering in the specular direction, but may well make a significant

contribution when considering scattering out of the specular direction.
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1. Introduction

A promising technique 1in the study of chemisorbed molecules on
metal surfaces is the measurement of the surface vibrational energies by
inelastic electron scattering. An important consideration in the inter-
pretation of vibrational energy loss data is the assignment of modes to
the various energies and the use of the so-called "dipole-normal selection
rule" in this interpretation (1). Recent energy loss measurements of
hydrogen adsorbed on the W(100) surface show that this "selection rule"
may be broken for electrons scattered out of the specular direction (2,3).
If dipole-allowed and dipole-forbidden transitions may be identified
separately in the angular distribution of inelastically scattered electrons,
then the technique will be even more powerful in the interpretation of
molecular structures on metal surfaces.

It has been proposed that the excitation of dipole-forbidden tran-
sitions may occur through a temporary negative ion resonance (2,4), or
through impact or thermal diffuse scattering, in which the electron
interacts with the short-range potential of the ion cores (5). In
electron scattering from gas molecules, resonance scattering is an im-
portant mechanism (6), and calculations have been made of angular distri-
butions expected for resonance scattering from oriented molecules (ﬂ).

The effect of the metal surface on the temporary negative ion mechanism
apparently remains unresolved. 1In this work, we propose another possible
mechanism for the excitation of dipole-forbidden transitions, in which
the electron scatters from the periodic potential set up by the surface

vibration as it does in dipole scattering. In this picture, vibrations
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parallel to the surface appear at higher order in the potential and
scatter more weakly than dipole-allowed transitions.

Several authors have calculated the inelastic scattering cross
section for scattering from a single dipole on a surface (z;;g), or for
scattering from a dipole array (10,11) in the Born approximation. The
effect of metal plasmons in moderating the image potential at high
electron energies has been calculated also (12). In general, the
assumption of high surface reflectivity and of a perfect imaging plane
leads to the result that the electron is scattered only from vibrations
which have a component of the dynamic effective charge tensor perpen-
dicular to the surface. The inelastically scattered electrons are peaked
sharply in the specular direction. If the quadrupole term in the potential
is included, then vibrational modes which are strictly parallel to the
surface may be excited also, and the electrons are scattered relatively
isotropically. If the approximation of high reflectivity or of a perfect
imaging plane is relaxed, then parallel vibrations are allowed also, but

the electrons are sharply beaked in the specular direction (8,9).

2. Inelastic Scattering Probability

The periodic potential of an array of dipoles and quadrupoles on a
metal surface is calculated as follows (10). First, the potential due to

the charge distribution at each Tlattice site, X together-with its image

]
Il

is calculated from

Pr Q.r.r_+Q _rr
P e ] 0
;” ll"~x”| r - ||l
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Here @(7) is the potential far from the surface, PZ is the z-component
of the dipole moment of the charge distribution, and sz and Qyz are the
corresponding elements of the quadrupole moment tensor. Since Py appears
in each term, & = 0 at the image plane, and QZZ is zero to satisfy the
requirement that the quadrupole moment tensor be traceless.

Eq. (1) may be expanded to first order in displacements, which are
assigned a phase factor exp(iEﬁ'?H) for a surface wave of wavevector 3”.
Sufficiently far from the surface, the sum in Eq. (1) may be replaced by

an integral, and the term which leads to inelastic scattering is

>y e _ * 1_ * * >
V(r) = 4m exp(iq,-x - q,z) g e, * 3{meqx + P‘quy] e (g, w) (2)
where the sum is over the Cartesian components, and e, is the displacement
operator of the normal mode of interest. The z-axis is defined to be

perpendicular to the surface. The reciprocal of the unit cell area is n

”
.. * * * .
The quantities € 0’ sza and Pyzu, are defined by
R T (3)
zoo ~ ou_ > Bzoo ~ 9du
(e} a

where Uy, is the displacement vector. This may be generalized to more than
one atom per unit cell by summing over each atom.

The scattering probability may be calculated to first order using
plane waves reflected from a barrier as the unperturbed wave functions.
The Golden Rule may be employed if the wave functions are properly
normalized Bloch waves parallel to the surface (8), or the scattered wave

function may be calculated directly (10). The resulting scattering
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probability per unit solid angle is

2.2
2n (n_ + 1)e“m
ds . o'''s : * 2 1 * * 2
dQ 3 (Z ezagoc) * [§ ! (PXZOLqX ¥ Pyred )gu]
o o

M f%w(q, )cosa YL ¥
k
f 2
X (F{)lf(qn’kiz’kfz)l s (4)
where
R
_ 1 f
Flakizke) = o700, F %0 ~ a9, 7 10k, = k)
LI SETLEN. - S (5)
9 = VK42 fz G = 1K 7Kgy

The o-component of the normal coordinate of the vibration is ga. The

quantity, Ngs is [exp(ﬁw/kBT) - 1]'1; e is the electronic charge, and m

the electronic mass. The surface oscillator has a frequency, w(q“), and
a reduced mass, M. The wavevectors of the incident and scattered electrons
are Ei and Ef, respectively, and Ri and R}c are the corresponding reflection
coefficients. Under the experimental conditions, the approximation
(kg + kfz) >> g, usually holds, even at large scattering angles. If we
assume that Ri x Rf = R, then

4IR| %q}

|£(a, Ky, 0k, )15 = -5 (6)

2 a *+ (ki = k)

The shape of f(q”,kiz,kfz) and the role of this approximation has been

discussed in detail by SokZevié,et al. (8). Since the full periodic

potential was used [Eq., (2)1, the requirement of momentum conservation,
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Ei - Kf = a”, is obtained also.

The first term of Eq. (4) has been published by a number of authors,
and perhaps it is worthwhile summarizing these results. Within the
approximation kf & ki’ Eg. (6) is consistent with the partially integrated
cross section for small-angle scattering reported by Newns (7). It
differs from the result of Evans and Mills by a factor of two, which may be
due to the definition of reduced mass in Eq. (4) (10). It agrees with
the cross section of SokZevié, et al. within a factor 1/cosa (8), and
with the result of Persson within a factor of 4n2 (9). These factors are
largely insignificant. in a model calculation of this type, but when
experimental intensities are interpreted, different values of e* will be
obtained depending on which expression is used. Note that in the deri-
vation of Eq. (4), the potential due to images was included explicitly,
and e:u and P;zB are defined so as to be compared (where possible)
directly with gas phase values.

The first term of the differential scattering probability depends on

*
the quantity, ) ezaia. In many cases, it appears that the dynamic
a

.

effective charge tensor is diagonal, and only normal modes which involve
motion perpendicular to the surface can cause scattering in the dipole
approximation (10). The second term in Eq. (4), which depends on the

* * s
quadrupole derivatives, P and Pyza, is then the first term which, in

XZ0,

general, excites modes which are strictly parallel to the surface. Since
the product, q”f(q”,kiz,kfz), is approximately constant with scattering
angle when |q“| > 0, the electrons scattered by the parallel vibrations

will be scattered through all angles.
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To illustrate the influence of the quadrupole potential on the
inelastic cross section, we consider recent energy loss measurements by
Ho et al. (2) of the B, state of H adsorbed on the W(100) surface. In
this work, an intense energy loss feature at 130 meV, observed also by
previous workers (13 -15), is ascribed to the dipole-allowed normal
vibration (Vl). Additional features at 80 meV and 160 meV are assigned
to the weak (v2) and strong (V3) parallel modes of atomic hydrogen in a
bridged site. Within this picture, the parameters, e:a and P;zB’ can be
estimated, and the importance of the quadrupole term can be assessed.

The plane of incidence is along the [001] direction, and it is the
angular dependence of scattering in this plane which is of interest. Wé
assume that v, and vy are strictly parallel to the surface, and that the
normal coordinate of each parallel mode is in the [001] direction for
half the H atoms on the surface. This is to be expected for H occupying
all possible bridged sites as proposed by Estrup and Anderson (16). Then,
the term in brackets in Eq. (4) may be simplified. For the 2 mode,

* *
scattering in the x-z plane depends only on e__ and szz' For the V)

ZZ

, Where the

*
and V3 modes, the scattering probability depends only on pxzx

x-axis is in the [001] direction.

The differential scattering probability can be compared directly with
experiment after integration over the acceptance aperture of the spec-
trometer. An analytic expression has been given for the partially inte-
grated dipole scattering probability in the specular direction (17,10),
and an expression for the quadrupole term can be developed in the same
way. Since we are concerned primarily with scattering out of the specular

direction, however, f(qn’kiz’kfz) can be taken as a slowly varying
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function over the analyzer aperture, and the scattering probability is

well approximated by %% AQ. This quantity is shown in Fig. 1 as a

4

function of scattering angle for AQ = 1 x 10 " steradian. The dynamic

* *
effective charge, e , and the quadrupole derivative, PZX » Which appear

z
in the scattering probability of vy-are 0.17 and 4.5 au, respectively.

y *
The . quantity, PXZX

V3, is taken as 2.7 au. These'values are chosen arbitrarily to match

, Wwhich determines the intensity of the modes Vo and

approximately the experimental intensities for scattering close to the
specular direction and at 30° 6ff specular. The angle of incidence, a,
is 230, and the primary energy is 9.65 eV.

* *
The quadrupole terms, P }and szz’ seem somewhat large when com-

XEX
pared with fixed dipole moments; but the same considerations apply in

% *
estimating these quantities as in estimating e . Unfortunately, PXZX and

* *
P are not so amenable to independent measurement as e . As a point of

XZZ
reference, the quadrupole derivative of H2 has been estimated from calcu-
lations to be 1.13 au (17).

The comparison with the experimental results of Ho et al. (2)
certainly does not suggest that the detailed angular intensities are
explainable purely in terms of this potential. In addition, this
scattering probability is only weakly dependent on energy, and rather
sharp features in the scattering probability as a function of energy have
been reported recently (3). Nevertheless, this calcuation suggests that
an additional mechanism for diffuse scattering may exist and may be
detectable at the limit of sensitivity of present instruments.

Evans and Mills (11) have summed the Bbrn series to all orders for

electrons. scattered near the specular direction. Their result shows that
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for a single vibrational Toss, terms higher than the first make a
negligible correction, so long as the first order scattering probability
is small. Nevertheless, the Born approximation must be viewed with
caution at higher scattering angles. In addition, the polarization
interaction and exchange between the surface molecule and the electron

may be important in calculating small scattering probabilities.

3.  Conclusions

In this work, we have calculated the probability of inelastic
electron scattering from a periodic array of adsorbed molecules on metal
surfaces in the Born approximation. Both dipole and quadrupole terms are
included in the potential of the surface vibration, and an additional
mechanism for the diffuse scattering of electrons by dipole-forbidden
transitions is derived. The dipole-forbidden scattering by this
mechanism occurs at second order and may be expected to be two or three
orders of magnitude less intense than dipole scattering in the specular

direction, assuming a quadrupole derivative of 1 -3 atomic units.
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Figure Caption

Fig. 1 Scattering probability as a function of scattering angle using

* *
assumed values of e and Paz as given in the text.
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Conclusions

The structure of chemisorbed CO, 02 and NO has been studied on the
Ru(001) surface. An electron spectrometer capable of measuring the
vibrational energies of chemisorbed molecules was designed and con-
structed. In addition to éharacterizing the chemisorption of CO, O2 and
NO through the vibrational spectrum, the instrument was shown to be
capable of ultraviolet photoemission and Auger electron spectroscopies.

Vibrational energy loss measurements proved to be useful in analyzing
the structure of these molecules chemisorbed on the basal plane of
ruthenium. Carbon monoxide is bonded upright on the Ru(001) surface with
a single carbon-metal bond at all coverages. Comparison with independent
LEED studies, however, shows that the linear CO molecule cannot be
assigned strictly to an on-top site at saturation coverage. CO occupies
a variety of low symmetry sites at saturation.

Oxygen is adsorbed dissociatively on the Ru(001) surface, and the
oxygen atoms occupy three-fold or bridged sites. When CO is coadsorbed
with oxygen, the carbon-metal bond in the adsorbed CO is weaker, and the
carbon-oxygen bond is stronger than on the clean surface.

The carbon-oxygen stretching frequency of adsorbed CO increases by
100 cm"1 from low coverage to saturation. This can be modeled in terms
of a direct interaction between the chemisorbed molecules.

Nitric oxide is adsorbed on Ru(001) in two states at temperatures
below 150 K. The low coverage state shows the nitrogen-oxygen stretching
frequency of a nitrosyl group bonded to two or three metal atoms. At

coverages above approximately 0.4 (relative to saturation), a second state
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appears which has the N-O stretching frequency of a terminally bonded
Tinear nitrosyl. The more highly coordinated state dissociates at room
temperature. A mechanism involving the blocking of sites by the nitrogen
and oxygen atoms resulting from the dissociation is proposed to explain
the temperature behavior of adsorbed NO.

The vibrational energy loss spectra reported here have provided
incisive information about the chemisorption of small molecules on the
Ru(001) surface. Inelastic electron scattering will continue to make a
significant contribution in the study of more complicated adsorbates on

metal surfaces.
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APPENDIX A

Mechanical Design of the Spectrometer

A photograph of the spectrometer, taken during assembly, is shown
in Fig. 1. The cover plates are rémoved so that the optics and internal
wiring are exposed. The four sets of tubelenses are held in optical
benches, as can be seen in Fig. 5. The tubes rest on ground alumina rods
which are held by a slot milled in the stainless steel bar. The lenses
are held in the mounting by screws on ceramic insulators which clamp the
tubes to the bench from the bottom. Electrical contact is made through
these clamping screws in the cathode optics. In the other lens systems,
the electrical leads are attached to the top of the lens elements.

The tube lenses are of the most common variety, in which the spacing:
diameter ratio is 0.1. The lens pieces were machined so that if the
external spacing between cy]inders is 0.020" the internal spacing will
be optically correct. As illustrated in Fig. 2 of Chapter 2, the external
and internal gaps are staggered so that the electron path is shielded from
the ground potential of the support and the unknown potential of
insulators.

In general, the 0.020" spacing can be set during assembly of the
optics and will be preserved by the clamping screws. However, certain of
the optical pieces are too narrow to accommodate clamping screws, and
these are spaced from one another with 0.020" thick 0.875" 0D ceramic
disks. The four assembled sets of tube lenses are shown in Fig. 2 and Fig.
4,

In Fig. 5, the deflector arrangement is illustrated also. This is a
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view of the last element before the multiplier, and three deflector
plates have been provided rather than two, as is the case in the other
optics. The three central pieces are machined from Cu-Be (Targely
Berylco 10) and gold plated, as are the rest of the optics (see Chapter
2). They are shaped as arcs of a circle and spaced on ceramic standoffs
from the main lens block. The ceramic standoffs are also arcs of a
circle and are slightly smaller than the deflectors, so as to be obscured
from the beam path. Electrical and mechanical contact is through an in-
sulated 0-80 screw to the outside of the lens element.

The optics are positioned by slots milled in the angle support pieces
of the spectrometer (Fig. 1). The frame is designed so that as the
analyzer rotates, the analyzer optics drift out of the optical plane
defined by the monochromator optics by less than 0.002". The axis of
rotation of the analyzer is perpendicular to this plane within 0.05°. This
alignment can be preserved during disassembly and reassembly by inserting
pins in the alignment holes throughout the frame.

The hemispheres are aligned separately on their own mounting plates
and then keyed to the spectrometer angle support pieces. The analyzer
hemispheres are shown in Fig. 3, and the monochromator hemispheres are
quite similar. The inner hemisphere and Herzog plate are shown attached
to the mounting plate. The hemispheres are attached to the plate through
0.062" sapphire balls which are held by the 0.042" key holes. The hemi-
spheres are then clamped to the plate with screws on ceramic insulators
from the back side.

A key has been provided to Fig. 1 which may prove of some use in the

next chapter on spectrometer maintenance.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 4.

Fig. 5.

The.e1ectron spectrometer during assembly. A - Dispenser
Cathode. B - Cathode Optics. C - Monochromator Hemispheres.

D - Monochromator Angle Support. E - Optical Bench. F - Gun
Focusing Optics. G - Analyzer Entrance Aperture. H - Analyzer
Angle Support (right side). 0 - Electron Multiplier Mounting.

J - Flexible Shielded Cables. K - Lower Bearing. L - Spur Gear
(6" pitch diaméter).

Monochromator optics. The lenses on the left are the cathode
optics. The gun focusing optics are on the right. The stainless
steel tabs provide electrical contact to deflector plates inside
the optics.

Analyzer hemispheres. The outer hemisphere is on the left. The
inner hemisphere, Herzog plate and hemisphere mounting plate are
on the right. The mounting plate is 4.600" across.

Analyzer optics. The beam-defining and focusing optics are on
the right. The optics on the left perform the energy selection
and acceleration into the electron multiplier.

End view of multiplier optics (also shown in Fig. 4). Three
deflector plates mounted on ceramic insulators are visible, as
is the energy defining aperture. The stainless steel bench

(bottom) is 1.124" in width.
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Fig. o

Fig. 4
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Appendix B
Operation and Maintenance of the Electron Spectrometer

The electron spectrometer used in this work has been described in
Chapter 2. The purpose of this Appendix iS to give some details of the
spectrometer operation and maintenance which are not contained in
Chapter 2.

The spectrometer itself is a simple device mechanically. The stain-
less steel frame has been aligned in the machine shop and is keyed
together with alignment pins. If these pins are inserted while
assembling any part of the instrument, then alignment will not be a
problem.

The wiring of the spectrometer is also straightforward. The
electrode connections are made through two 20-pin feedthroughs on the
spectrometer flange. A separate 10-pin feedthrough is used for the leads
to the cathode heater. The electrical connections for the analyzer are
made through flexible shielded cables provided by Ceramaseal. These
cables are fastened in stainless clamps to the monochromator frame and
to the analyzer on either side of the analyzer shaft. On the analyzer
side, the contacts are accessible through the upper side plates of the
analyzer,

The main servicing of the spectrometer will be replacing the cathode
and the electron multiplier. The cathode is a #134 dispenser cathode
from Spectra Mat with a free-standing tungsten heater. The cathode is

mounted in a Pierce-diode configuration in the first element of the



125,

monochromator. The cathode block, a round molybdenum piece, is
accessible through the lower access plate at the end of the monochromator
tube lenses. The block (and its contact) can be removed by loosening

the last screw which penetrates the lower optical bench. The cathode

is attached to the block with three 0.01" Ta wires spot-welded to the
cathode body and to both ends of the Mo block. Before spot-welding to
the block, the cathode should be threaded through the 1ight Mo-foil heat
shield. |

After the cathode is mounted in its block, the cylindrical Mo piece
must be spaced in the optical bench 0.02" + 0.001" from the Mo anode.
This may be accomplished either with a feeler gauge or with one of the
0.875" 0D x 0.02" ceramic spacers (see Appendix A).

The free-standing heater must be supported by inserting two short
pieces of Ta wire into the Tight W windings of the heater. The wires
should be tacked to the heater and to the contacts which come from the
four-hole alumina tubing. This tube is clamped to the back of the optical
bench and should stay in place when the cathode is changed.

The electron multiplier is a Spiraltron (SEM 4211) furnished by
Galileo. To change the multiplier, the top access plates of the
analyzer and the angle support on the right side (facing the scattering
center from the analyzer side) must be removed. In order to slide out
the angle support, the analyzer hemisphere mounting plate must be
loosened and backed away from the angle support. This is to allow the
support piece to clear the screws of the analyzer Herzog plate, which

are hidden until disassembly,



126, -

The multiplier is exposed at this point. The multiplier collector
must be removed through the central flange of the spectrometer plate.

The leads, which go to the terminals of the multiplier support piece,
should be disconnected from the top two connectors on the left side of
the analyzer by loosening their set screws. It is important that the
Cu-Be connector remain anchored to the lead from the flexible cable so
that the Tead is not pulled through and lost.

The multiplier support piece can be released by removing one 0-80
screw from the half-cylindrical Cu-Be shield on top of the multiplier
entrance. This piece is lifted off a support post on the left side of
the multiplier, which can then be removed. A new multiplier can be spot-
welded to the support wires after its leads are appropriately trimmed.
Remember, the multiplier is made of thin glass and must be handled care-
fully.

After the multiplier and Cu-Be shield have been replaced in the
spectrometer, the multiplier must be positioned so that the Tlast
terminal is within 1 mm of the collector. To satisfy this condition, the
last terminal should penetrate the hole along the axis of rotation by
about 1.5 mm. It should be clearly visible through the open port of the
collector feedthrough, The collector may be replaced after the multiplier
has been positioned. Check that the collector is not shorted to the
last multiplier terminal at all angles of rotation of the analyzer,

The operation of the electron spectrometer requires careful tuning,
Since the work function of the cathode and spectrometer surfaces changes
with chemical environment and with time, retuning is frequently necessary.

The following suggestions should help in this procedure.
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The hemispheres and Herzog elements should be at their theoretical
values after allowing for a contact potential difference, Ad, between
the cathode and hemisphere surfaces. The pass energy of the hemispheres
is defined by the potential difference between the inner and outer

surfaces. The potential of the passed electrons is
-1

a5 o _ i

where Ri and Ro are the radii of the inner and outer hemispheres,
respectively. If the hemispheres are properly adjusted, this potential
difference and the voltage applied to the elements can be used to
calculate the energy zero relative to the pass energy, and therefore the
contact potential difference, with an uncertainty given by the thermal
width of the cathode.

R
z

&g = (Vinner " Vcath) h ?; (Vp) (2)‘

When the contact potential difference has been determined, the cathode
voltage should be set to the desired impact energy minus the positive
contact potential difference. The Herzog voltage should then be set to
the pass energy minus the impact energy. Parameters useful in determin-
ing the various hemisphere potentials are given in Table I, These
potentials are defined relative to the energy zero nbrma]]y used in
electron optical calculations, and must be added to the quantity, -Vg,,
to determine the applied voltage. V, is the true impact energy assuming
that the work functions of the sample and of the gold spectrometer surface
a}e the same.

If the monochromator parameters are inserted in Eq. (2), it reduces
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to

-1.882 Vv, -V

Ap = 0.882 V7 6 1

where the Vi refer to the electrode voltages, and the electrodes are

defined in Figure 2 of Chapter 2.
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Table I

Monochromator

2.064 cm

3.016 cm

0,777

1.462

0.684

Analyzer

3.016 cm

4,286 cm

0.508

1.286

0.778
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Appendix C

Spectrometer Electronics and Software

The basic control of the spectrometer for electron energy loss
spectroscopy and Auger electron spectroscopy is specified in Figure 2
of Chapter 2.

The spectrometer electrodes are connected through shielded cables
to a large switch box where they are connected to the various power
supplies. Aset of switches can connect the leads to a set of high-
resistance potentiometers connected to high voltage supplies, or to a
set of Tow-noise wire-wound potentiometers for low voltage operation.
In high voltage operation, the analyzer is retarded by a Kepco APH 1000
supply between 0 and 1000 eV, The gun energy, Eo’ is set by a Fluke
412B supply between 0 and 2kV. Since there is no separate cathode
supply in the high voltage operation, the hemisphere and anode potentials
will have to be altered when the impact energy is changed. The
potentiometers are floating at high voltage and should be adjusted only
with an insulated tool.

In Tow voltage operation, the gun energy and analyzer energy may
both be adjusted as desired. In the energy Toss mode, EL’ the gun
energy is fixed, and the analyzer energy is set by a 12-bit digital-to-
analog converter (DAC). This is the usual mode of operation, but two
other modes may be selected. In order to measure cross sections, S(E),
the analyzer supplies are set to pass electrons of energy, EO - AE,
where AE is fixed by the cathode supply (in the energy loss mode).

The DAC is then used to select the impact energy.
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In a third mode of operation, RE, chiefly of use to gas phase
spectroscopists in measuring threshholds, the analyzer is set to pass
electrons of constant kinetic energy as the impact energy is swept.

Two rotary switches in the control box are used to connect the
various elements to a voltmeter. The two switches define a two-digit
octal address which corresponds to the various electrode and power supply
leads. Addresses beginning with the digit 7 are connected to the
voltmeter through a 4000:1 divider, In the high voltage operation, all
voltages are connected through the high-impedance divider.

Three DAC's have been provided to allow for the sweeping voltage
and for two non-linear corrections to the optics. Any element may be
connected to the extra programmable supplies by means of a switch under
the associated potentiometer.

As the energy of the electrons counted by the analyzer or produced
by the monochromator is changed, the potentia1 ratios between element 13
of the analyzer and ground potential or between element 12 of the gun
and ground potential is changed. Ground potential is defined as the
kinetic energy of the electrons produced by the monochromator or
detected by the analyzer. The lens systems before and after the
scattering region were chosen to correct for these changes while
remaining for the most part at constant potential. However, additional
corrections may be necessary if the analyzer or gun is swept through a
wide'energy‘range. This can be verified by varying the gun and analyzer
energy together through the energy range of interest.

The three programming voltages are set by the laboratory computer



132,

with the commands, S:Dn3;x and I:Dn;x, where n is DAC-number 16, 17 or
18,and x is the absolute value of the desired voltage. Since these
voltages are set through adjustable supplies, the software scaling

routines must be adjusted accordingly. Two new instructions, S:X; x.

max
and S:En;xmin, were defined to set the scale and to provide the display
routines with information about the DAC function. The operands, B e

and Xnin® are the maximum and minimum voltages of the programmable

supply, scaled by a constant, a, which is used to scale Xmax® Xmin
to the range 0—10,000, which is the range accepted by the assembly
routine. The values of a and n appropriate to various situations are
listed in Table I. The odd values of n are intended to allow for an
unusual way of programming the Kepco PCX supplies in low-voltage
operation.

These supplies can be programmed as rather slow operational
amplifiers. The usual programming method 1is to apply a constant current
to the inverting input of the amplifier which generates an output accord-
ing to the feedback resistance, set by the voltage adjustment
knob of the power supply. In order that the full resolution of the
DAC can be wused in energy 1loss experiments, a second
method of programming has been provided in which the power supply is
programmed as a voltage adder, That is, the current supplied by the DAC
is summed to the current from the internal reference of the supply. If
the DAC in question is to be programmed in this way, the-corresponding

odd value of n should be employed in the S:En;xm..n instruction.

During the tuning of the spectrometer, it is frequently necessary
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to set manually the retarding voltage more accurately than is possible

with the power supply potentiometer. For this reason, the input current
of DAC 16 can be varied with a separate 10-turn potentiometer wheh it is
set for voltage adding operation. The retarding voltage can then be set

to the nearest mV, as necessary.



134.

Table I °

n Display a Relevant Function

units DAC
0 eV 0.1 16 Electron Energy
1 eV 0.1 16 0-100 eV
2 eV 10 16 Electron Energy
3 eV 10 16 0-20 eV
4 eV 0.1 17 }Contro]
5 eV 0.1 17 Offset A
6 mV 1 17 Vref for
7 mV 1 17 temperature controller
8 eV 0.1 17 Control
9 eV 0.1 17 Offset B
10 eV 0.1 17 l Set Analyzer
11 eV 0.1 17 l Pass Energy, 0-1000 eV
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APPENDIX D

The use of various low-energy electron spectroscopies is becoming
increasingly common in surface research and analysis. An experiménta1
problem encountered frequently in such measurements is to confro] the
sample temperature without accumulating noise due to magnetic fields, in
the case of resistive heating, or due to background electron current in
the case of heating by electron bombardment. Either scheme for heating
the sample will render the measurements unsatisfactory. In this work, we
describe a temperature-controlling scheme in which temperature control
and data acquisition take place in alternating time periods.

The demands placed on the temperature controller in such a system are
as follows. Temperatures commonly used range from 100 K to 1000 K, with
higher temperatures necessary during cleaning. Good thermal contact with
a liquid nitrogen reservoir is necessary to reach 100 K. Work with clean
surfaces requires that the sample cool as quickly as possible after
cleaning, so the sample is placed in the lightest possible mounting. In
our work, the metallic crystals are spot welded to two Ta wires and heated
resistively. Currents of ~ 20 amps are required to reach 1200 K. However,
since the sample is usually quite massive (v 0.5 g) and at these temper-
atures is cooled chiefly by conduction, a rather slow controller is
adequate to maintain the sample temperature.

The temperature controller (Fig. 1) is designed to work in conjunction
with a pulse counter and a para]]e] input/output port of a minicomputer.
It obviously would work as well with a square-wave source to provide the
switching and a multichannel analyzer for data acquisition. A signal from
the computer is used to disable the power supply of the temperature

controller during periods in which the pulse counter is being read. During
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periods in which the heater is on, the spurious signal from the pulse
counter is ignored by the computer. If this is used with a multichannel
analyzer, the square-wave source must also be used to disable the MCA or
to gate the input. In order that the crystal temperature recover quickly
during the periods in which the controller is active, a comparator is
used for temperature control. The heater current used to control the
temperature is set by the constant-current power supp]y.1

The thermocouple EMF is conditioned by an Analog Devices 184K
instrumentation amplifier before comparison with a voltage reference. The
EMF may be read on a 3% digit panel meter (AD2010) which is also used by
the computer to acquire temperature data. An external input is provided
so that the temperature also may be programmed with a ramp generator or
digital/analog converter.

The comparator is an LM 301A operational amplifier designed to
operate with 1 mV of hysteresis.2 Using a W-5% Re/W-26% Re thermocouple
and a gain of 100 on the input amplifier, a temperature control of =+ 1°
should be possible. However, ground currents which occur during the
heater operation cause an additional error, so the true accuracy is i50,
with heater currents of ~ 10 amps. The analog circuitry must be isolated
carefully from the high current source for the controller to function.

This controller has been used successfully in a series of vibrational
energy loss measurements of oxygen adsorbed on the Ru(001) surface

between 100 K and 1000 K.°

At 1000 K, the temperature controller required
a duty cycle of two-thirds. The switching rate was approximately 0.3
hertz, and the temperature regulation was + 15 K. Better control is

possible at higher switching rates. The heater supply may be switched
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at rates of 0 -60 hertz.
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