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The last decade has witnessed a tre- 
mendous surge in the growth of surface 
science, with every indication that this 
growth will continue for many years (1). 
The interest and activity in the gas-solid 
interface can be attributed to the coinci- 
dence in time of at least three com- 
plementary factors. First, the last few 
years have witnessed the development of 
several experimental techniques poten- 
tially capable of characterizing a surface 
on a microscopic level. Second, societal 
pressures have forced many scientists to 
attempt a closer coupling between basic 
research and practical problems. Surface 
science seems at face value easier to re- 
late to the needs of society than many 
other areas of basic research. For ex- 
ample, it is often argued that the con- 
cepts and information obtained from 
work on well-characterized, idealized 
surfaces can and will have an impact 
upon technologically important areas 
such as corrosion, catalysis, fabrication 
of microelectronic devices, and lubrica- 
tion. Third, from a purely conceptual 
point of view a surface can be seen as 
a distinct phase of matter, with unique 
properties differing both from a three- 
dimensional periodic solid and from free 
gas molecules (2). Many scientists in 
solid state physics and molecular chemis- 
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try have been willing to try to apply 
the concepts and expertise they have 
developed to understand surface phe- 
nomena. 

Among the many questions that one 
can ask about a surface, one seems im- 
portant with respect to the motivation 
outlined above: "How does a foreign 
atom or molecule interact with and bond 
to a surface?" This question is far rang- 
ing since it encompasses both static 
bonding and the dynamics of adsorption 
and desorption. It is obviously the ques- 
tion most relevant to practical surface 
problems. At the heart of this question is 
the experimental determination of the 
geometrical arrangement of the atoms. 
The present dearth of structural informa- 
tion is, in our view, what is currently im- 
peding progress in this field. Theory is of 
little help in this regard; it is the excep- 
tion and not the rule that a calculation 
can predict the structure of a molecule 
or bulk solid. Even the calculational 
schemes that successfully pass this test 
may not work at a surface. Yet if one 
knows where the atoms are, many less 
sophisticated theories can be used, in 
conjunction with experimental data, to 
elucidate chemisorption mechanisms. 

When a gas phase molecule strikes a 
surface it may bounce off, maintaining its 
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molecular identity or it may interact 
more strongly, either bonding or under- 
going a chemical reaction induced by the 
surface and reemerging in the gas phase 
as a different species. If it bonds to the 
surface we want to know where it bond- 
ed and then how it is bonded. Figure 1 
illustrates schematically some possi- 
bilities for a carbon monoxide molecule. 
The molecule may stand straight up on 
either end, bend over or dissociate into 
one carbon and one oxygen atom. Either 
of these two atoms (or possibly both), 
may penetrate the metal surface, forming 
the initial stage of an oxide or a carbide. 
If we are going to understand the inter- 
action of an atom or molecule with the 
surface we must develop experimental 
techniques to measure the geometrical 
configuration of the atoms. 

For determining the geometrical struc- 
ture of surfaces conventional techniques 
such as x-ray diffraction or high-energy 
electron scattering are of little use. The 
power of these techniques arises from 
the weak interaction of the probe with 
the sample, which makes analysis rela- 
tively simple. For surface problems we 
face a very different situation. If a single 
layer of atoms is adsorbed on a single 
crystal of dimension 1 cm by 1 cm by 1 
mm, then the ratio of the number of adat- 
oms to substrate atoms is less than one 
to a million. This means that we need a 
probe that is only sensitive to the sur- 
face. Such a probe must not penetrate 
more than a few tens of angstroms, a sit- 
uation which occurs only when it inter- 
acts strongly. Neutrons or x-rays are 
weakly interacting, whereas low-energy 
electrons are strongly interacting. The 
price for these surface-sensitive probes 
is a much higher degree of complexity in 
the data analysis. Much of the theo- 
retical effort in surface science has been 
devoted to calculating the response of 
the system to experimental probes (3). 
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The early attempts to determine the 
geometry at a surface employed low-en- 

ergy electron diffraction (LEED). This 

technique never quite lived up to the 
early expectation that it would become a 
routine analytic tool, that is, the surface 
analog of x-ray diffraction for determin- 
ing structure. The reason for this has al- 
ready been mentioned. The LEED tech- 
nique is surface sensitive because the 
low-energy electrons strongly interact 
with the surface atoms. This makes the 
analysis of LEED very difficult. We 
should not forget that whatever structur- 
al information that has been obtained 
about surfaces has come almost exclu- 
sively from LEED. In the last few years 
we have learned to expect rather little 
from a single technique and to live with 
the fact that analysis of data to obtain 
geometrical information will be difficult. 
The information obtained from a variety 
of techniques may eventually be synthe- 
sized to place all the pieces of the surface 
together. 

In this article we briefly describe the 
application of angular resolved photo- 
electron spectroscopy to the determina- 
tion of the geometrical configuration of 
molecules and atoms adsorbed on a sur- 
face (4). The technique is still new and 
only a few systems have been studied. 
We nevertheless are optimistic about the 
possibilities of applying it to a wide range 
of systems. The results obtained so far 
are not astonishing; they have not in any 
way revolutionized our understanding of 
surfaces. Their importance is that they il- 
lustrate a procedure which can obtain 
detailed, and perhaps otherwise in- 
accessible, information about the bond- 
ing geometry of adsorbed molecules or 
atoms. 

The origin of photoelectron spectros- 
copy is Einstein's famous 1905 paper ex- 
plaining the photoelectric effect. The 
technique is in principle quite simple. 
The sample under study is illuminated by 
a beam of ultraviolet light (5) or x-rays 
(6). A photon is absorbed from this beam 

by the excitation of an electron in the 

sample. The photon gives up all of its en- 
ergy to this electron. If the energy of this 
electron is high enough, it may escape 
from the sample, leaving behind a posi- 
tive ion. This event is referred to as 
photoionization or photoemission. The 
incident light penetrates far into the sol- 
id, but the strong inelastic scattering of 
the excited electron by the sample limits 
the escape depth of the electron to 
- 10 A or less. This means that the ex- 

periment observes only those electrons 
originating near the surface. If the in- 
cident beam of photons all have the same 
energy (monochromatic radiation), the 
kinetic energy of the photoemitted elec- 

166 

Fig. 1. Hard sphere model showing possible 
bonding configurations of CO bound to a sur- 
face. The sizes of the spheres were chosen to 
represent a nickel surface. This figure is a 
cross-sectional view perpendicular to the sur- 
face. 

tron (photoelectron) can be related to the 
energy spectrum of the quantum states in 
the sample. Usually the electrons emit- 
ted over a large solid angle are collected 
so as to increase the signal strength. The 
quantity that is most often studied is the 
energy of various electronic states on 
clean or adsorbate covered surfaces. We 
can, for example, compare the spectrum 
of a molecule in the gas phase with the 
spectrum of the same molecule when it is 
adsorbed on a surface. If the two spectra 
are very different we may be confronted 
with a case where the molecule has lost 
its molecular identity and is dissociated. 

In angular resolved photoelectron 
spectroscopy only those electrons emit- 
ted in a given direction with respect to 
the sample and the direction of the pho- 
ton beam are collected. By varying the 
photon energy and the angles, a set of 
spectra are obtained. This procedure is 
more difficult than the angle integrated 
one since the detector must be movable 
and the signal level is lower. Obviously, 
there is more information contained in a 
set of angular resolved photoemission 
spectra than in a single-angle integrated 
spectrum. This information has been 
used successfully to deduce the sym- 
metry properties of quantum states of 
well-ordered solids (7) as well as ran- 
domly oriented gas phase molecules (8). 
It is clear that, if this technique is of val- 
ue when studying randomly oriented 
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Fig. 2. Model of photoemission from a mole- 
cule of fixed orientation near a surface. 

molecules, it should yield much more 
useful information about the bonding 
symmetry of a molecule whose orienta- 
tion has been fixed when it is bound to a 
surface. 

The problem is that we must have a re- 
alistic model that we can use to theo- 
retically analyze the angular resolved 
photoemission data. At first glance this 
would seem to be even more difficult 
than the LEED problem. We must first 
understand the quantum state of the sur- 
face plus the adsorbed molecule from 
which we will photoeject the electron. 
Next, we must investigate the quantum 
state of the excited electron. Finally, we 
must know the strength of the coupling 
between these two states. However, we 
will show that we can simplify the analy- 
sis by singling out those components of 
the photoemission process that are most 
crucial and treating the others in an ap- 
proximate manner. 

We will begin by considering molecu- 
lar (nondissociative) adsorption, using 
the simple model shown in Fig. 2 to ana- 
lyze the data. In this model we assume 
that the surface plays only two roles. (i) 
It fixes the orientation of the molecule. 
Some of the quantum states of the mole- 
cule will be changed on adsorption, but 
others will not. We have to be able to 
isolate those states that do not take part 
in the bonding. (ii) The surface partially 
reflects the incident light beam, creating 
a standing wave field at the surface. This 
picture of photoemission from an ad- 
sorbed molecule (Fig. 2) places all of the 
emphasis on understanding the photo- 
emissive properties of the isolated mole- 
cule. An advantage is that calculations 
can be checked in detail by comparison 
with gas phase data before they are ap- 
plied to the adsorbed configuration. We 
believe that this model is a reasonable 
starting point because molecules main- 
tain a substantial part of their photoemis- 
sion identity when adsorbed on a sur- 
face. There is growing theoretical and 
experimental evidence that the chem- 
isorption bond at a surface is very local- 
ized (1), which implies that our simple lo- 
calized model could be expanded to in- 
clude a few of the surface atoms in the 
molecule and then possibly yield detailed 
information about the bonding. 

Adsorption of carbon monoxide (CO) 
on transition metal surfaces has been 
used as a test case to evaluate the validi- 
ty of the model shown in Fig. 2. The 
photoionization cross sections from sev- 
eral quantum states of CO have been 
measured (9) and calculated (10) as a 
function of photon energy. It suffices for 
the purpose of this article to say that the 
calculations (9) for randomly oriented 
CO molecules were in remarkable agree- 
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ment with the experimental data for gas 
phase CO. Given the fact that we now 
have some confidence in the theoretical 
procedure, we can, in the calculation, 
freeze out the molecular rotation and cal- 
culate the angular dependent emission 
from a molecule with a fixed orientation. 
It is this angular distribution from a 
molecule of fixed orientation on the sur- 
face that we will use to determine the ori- 
entation of the molecule. Figure 3 shows 
the photoemission pattern for two dif- 
ferent quantum states of the CO mole- 
cule for three different orientations of the 
molecule relative to the direction of the 
exciting electric field. We have chosen 
these two quantum states because they 
are not involved in the bonding of CO to 
the surface. The differential photoioniza- 
tion cross section is just the probability 
that a photon will be absorbed and an 
electron will be emitted in a specific di- 
rection with a kinetic energy appropriate 
for the quantum state being considered. 
Therefore the plots, which we have la- 
beled "the photoemission pattern," il- 
lustrate the relative intensities one would 
measure as the angle of detection is 
changed. 

The lrr molecular orbital of neutral CO 
contains four electrons and is partially 
responsible for the bonding between the 
carbon and the oxygen atoms in CO. 
Row 3 of Fig. 3 shows the angular distri- 
butions for removing one of these four 
electrons from the 17r state of CO using 
21-ev photons. The minimum energy re- 
quired to remove an electron from this 
state is approximately 17 ev; therefore in 
this case, the outgoing electron has ap- 
proximately 4 ev of kinetic energy. The 
photoemission pattern for the randomly 
oriented gas phase molecule is shown in 
column a. It is nearly isotropic with a 
slight elongation in the y direction, that 
is, along the electric field direction. 
When the orientation of the molecule is 
fixed, the photoemission patterns be- 
come quite anisotropic and very depen- 
dent on the orientation of the molecule 
with respect to the direction of the excit- 
ing electric field. For the lrr state of CO 
at a photon energy of 21 ev, the largest 
signal would be measured when the ex- 
citing electric field is perpendicular to 
the axis of the molecule and the elec- 
trons are being collected in the same di- 
rection. The cross section in this geome- 
try of collection is approximately 3.5 
times larger than for the corresponding 
case of a randomly oriented molecule. 
On the other hand, when the molecule is 
rotated so that the electric field is parallel 
to the molecular axis (column c) the 
probability for exciting an electron from 
the lrT state is diminished considerably. 
Symmetry arguments show that for this 
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geometry the emission is identically zero 
along the molecular axis. 

The emission patterns for another 
quantum state of CO are shown in row 4 
of Fig. 3. This molecular orbital of CO is 
called the 4o- state. The electrons in this 
state are mainly centered on the oxygen 
end of the molecule. A minimum energy 
of approximately 20 ev is required to re- 
move one of the two electrons from this 
state. The emission patterns shown in 
Fig. 3 are for photoexcitation of an elec- 
tron using 41-ev photons, so these elec- 
trons leave the molecule with a kinetic 
energy of - 21 ev. There is a striking dif- 
ference between the emission patterns 
for this a- state compared to the rr state. 
The (angle averaged) gas phase cross 
section for the a- state is approximately 
five times smaller than the equivalent 
cross section for the rr state and is slight- 
ly more anisotropic. Yet, even with the 
large overall decrease in average cross 
section the emission for one specific ge- 
ometry can be as large as any from the 
lr- state. For a o- state, in contrast to a Tr 
state, this maximum emission occurs 
when the exciting electric field is parallel 
to the axis of the molecule (column c). 
One remarkable property of this state is 
that the emission is not equally shared 
between both ends of the molecule. Five 
times more emission originates from the 
oxygen end than from the carbon end. 

One final feature of the emission from a 
o- state of a diatomic molecule should be 
pointed out here, since it will prove use- 
ful in determining the orientation of a CO 
molecule bound to a surface. Simple 
symmetry arguments show that, when 
the exciting electric field is perpendicular 
to the axis of the diatomic molecule, 
there can be no emission in the plane 
perpendicular to the electric field (11). 
Column b for the 40- state illustrates this 
effect. 

In Fig. 3 we have illustrated two im- 
portant effects: the angular dependent 
emission depends (i) on the symmetry of 
the initial quantum state of the electron 
(o- as compared to 7T) and (ii) on the ori- 
entation of the electric field. A third fac- 
tor is described more fully below: when 
we change the photon energy, we also 
change the kinetic energy of the outgoing 
electron. This can have extremely dra- 
matic effects on the angular patterns. 

The identification of the quantum 
states of CO adsorbed on a surface as 
well as the determination of the bonding 
geometry would seem to be straight- 
forward when angle resolved photoemis- 
sion data and the calculations shown in 
Fig. 3 are used. For example, we could 
conceive of fixing the collection angle at 
90? with respect to the exciting electric 
field (polarized light) and moving the sur- 
face with respect to the collector, look- 
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Fig. 3. Differential photoenlission cross sections for excitation from two different quantum 
states of the CO molecule for various orientations with respect to the exciting electric field. Row 
1 shows the field direction, row 2 the orientation of the molecule, while rows 3 and 4 are the 
resulting "photoemission patterns" for the lIT and 4o- quantum states, respectively. 
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ing at the 4cr level, until we find the null 
predicted when the electric field is per- 
pendicular to the molecular axis. Alter- 
natively, we could fix the detector paral- 
lel to the electric field and again move 
the surface orientation until one sees a 
maximum in the signal. This would cor- 
respond to having the electric field paral- 
lel to the axis of the molecule, with the 
oxygen end pointing at the detector (Fig. 
3, row 4, column c). 

Some caution should be exercised. 
There are many reasons why such a 
simple procedure is unsuitable and may 
even lead to erroneous results. One such 
reason is shown schematically in Fig. 2. 
The surface reflects and transmits the in- 
cident light, creating a standing wave 
field at the surface. The direction and 
magnitude of the field at the surface is 
given by the optical properties of the ma- 
terial in combination with the direction 
and magnitude of the incident electric 
field. This means that the experimenter 
does not have full control over the direc- 
tion and the intensity of the exciting 
electric field. Another complication 
arises from the neglect in the calcula- 
tions of another role that the surface 
plays. While some electrons from the 
molecule will go directly toward the de- 
tector, others will first be heading away 
from the detector into the surface. Here 
they may be back-reflected. This back- 
scattered beam may interfere with the di- 
rect beam. While, as mentioned above, 
the agreement between theory and ex- 
perimental result is considered good for 
the angle-averaged gas phase cross sec- 
tions, it is hardly perfect. This means 
that one cannot put too much credence 
on small features in the angular cross 
sections. 

What we should be looking for is, 
then, some particular feature in the angu- 
lar distribution from a molecule which is 
so strong that it can be safely assumed to 
relegate these complications to second- 
order effects, which are interesting but 
not crucial to a determination of the ge- 
ometry. Such strong features can arise as 
a result of what are commonly referred 
to as shape resonances. The cross sec- 
tion is a strong function of the kinetic en- 
ergy of the electron. The most drastic ef- 
fects occur when the kinetic energy of 
the emitted electron coincides with the 
energy of a scattering resonance in the 
molecule. This occurs when the excited 
electron has the correct energy to be 
temporarily trapped in a virtual bound 
state of the molecule. These virtual 
bound states in the continuum have a 
specific symmetry, and thus there are se- 
lection rules that dictate which initial 
quantum states of the molecule can be 
excited by a photon into them. 
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Fig. 4. Comparison of the photon energy de- 
pendence of the emission from the 4-c quan- 
tum state of CO adsorbed on Ni (100) (13) 
with calculations of molecules with different 
orientations (10). The data are for normal 
emission. 

For CO, these resonance effects are 
dramatic and specific to the alignment of 
the molecule with respect to the surface. 
Such a resonance occurs in CO at - 15- 
ev kinetic energy (10, 12). It is a shape 
resonance, meaning that it is a virtual 
bound state in an angular momentum 
barrier. This virtual state has a- sym- 
metry (12). Therefore, the 4o- state can 
be excited to the resonant state only by 
an exciting electric field parallel to the 
molecular axis. This means that the ef- 
fects of the resonance will only be seen 
in the photoemission pattern with the 
molecular orientation shown in Fig. 3, 
row 4, column c. The calculation for the 
resonance shows that the increased 
emission is strongly axial in nature, fo- 
cused out of the oxygen end of the mole- 
cule (10). This beam of extra intensity 
hence acts almost like a searchlight. 

In Fig. 4 the measured intensity from 
the 4o- level of CO adsorbed on a nickel 
(100) surface with the detector normal to 
the surface is plotted as a function of 
photon energy (13). The resonance state 
produces a four- to fivefold increase in 
the photocurrent for photon energies 
near 36 ev. The three solid curves are the 
calculated cross sections for this detec- 
tion geometry assuming the CO molecule 
is (i) standing straight up, with the car- 
bon end down, (ii) lying flat on the sur- 
face, and (iii) standing straight up, with 
the oxygen end down. The comparison 
of these calculated cross sections with 
the experimental data determines the 
bonding configuration as carbon end 
down. Figure 4 shows how easy it is to 
determine that the oxygen end of the 
molecule is sticking out from the surface. 
The argument that the resonance only 
occurs when the exciting field is parallel 
to the molecular axis can be used as an- 
other check to prove that the molecule is 
standing straight up. If the exciting elec- 
tric field is in the plane of the surface, the 

resonant emission from the 4-c level 
should vanish for all collection angles. 
Therefore, if any sign of the resonance is 
seen with this orientation of the field, the 
molecule is bent with respect to the sur- 
face normal (14, 14a). 

Having established that the molecule 
is bound with the carbon end down, we 
then try to determine more accurately 
the angle between the molecular axis and 
the surface normal. In Fig. 5 we show 
the measured intensity from the 4o- level 
as a function of the angle of collection 
with respect to the surface normal. The 
incident light is 45? from the surface nor- 
mal and the electric field is in the yz 
plane (the plane of incidence) in Fig. 2. 
The plane of the measurement is care- 
fully chosen to be the plane per- 
pendicular to the plane of incidence. The 
calculation shows that this plane is very 
sensitive to the detailed alignment of the 
CO molecule. In Fig. 5 the data (13) are 
compared with the calculation (10) for a 
CO molecule with various angles of bend 
(a) with respect to the surface normal. 
Since there is no reason to believe that 
the molecule should prefer to be tilted in 
a specific direction, the theoretical 
curves were obtained by averaging over 
all molecular orientations on a cone of 
angle a. For this collection geometry, 
the cross sections will be symmetric 
about the normal to the surface. It is im- 
mediately obvious from Fig. 5 that the 
predicted angular profile for a molecule 
with a 40? bend is qualitatively different 
from the data. Conversely, the predic- 
tions for a molecule with no bend at all 
are in excellent agreement with the data. 
It seems clear that the molecule is bound 
with its axis along the surface normal. 
The uncertainty in the determination can 
be estimated by comparing the full width 
at half maximum (FWHM) of the experi- 
mental curve with the calculated ones. 
The measured FWHM is 45? + 2?, while 
the corresponding theoretical numbers 
are 44.5? for a = 0?, 46.4? for c = 10?, 
53? for a = 20?, and 73? for a = 30?. 
With the present data we can say that the 
molecule is within 10? of the normal. 
This result is quite reasonable on chem- 
ical grounds. Indeed, by applying simple 
chemical reasoning it has for a long time 
been assumed that this is the bonding ge- 
ometry of CO on transition metals. The 
data discussed above provide direct 
physical evidence for these plausibility 
arguments. 

The adsorption of CO on a nickel sur- 
face has been used as a test case for this 
localized approach to photoemission 
from a surface molecule. It is not surpris- 
ing that we concluded that the geometry 
was what chemical intuition would have 
suggested. The adsorption of nitric oxide 
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Fig 5 (left). Com- 
parison of the mea- 
sured angular depen- 
dent emission from 
the 4ro quantum state 
of CO adsorbed on Ni 
(100) with calcula- 
tions for various ori- 
entations. The angle 
is measured from the 
surface normal in a 
plane perpendicular 
to the incident light 
direction. Fig. 6 
(right). Model of a 
multimetal carbonyl 
complex, Ir4(CO)12. 
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(NO) on a nickel surface is quite a dif- 
ferent case. The NO bonds to metal 
atoms in organometallic complexes in a 

variety of ways. In the cases where NO 
is terminally bonded, the angle of the NO 
axis with respect to the nitrogen metal 
bond axis ranges from 0? to 60?. There- 
fore, this is an example where "chemical 
intuition" does not give the answer prior 
to the measurements. Nitric oxide is sim- 
ilar to CO in that the initial states have 
the same symmetry notation and approx- 
imately the same excitation energies. 
Experimental data and theoretical calcu- 
lations show that a final state scattering 
resonance of -c symmetry exists in NO, 
just as it did in CO (15). 

The determination of the bonding ori- 
entation of NO adsorbed below -100?C 
on Ni (100) followed the same procedure 
as outlined above for CO adsorbed on a 
nickel surface (15). The first measure- 
ment was the photon sweep with the 
exiting electric field parallel to the sur- 
face. If the molecule is standing straight 
up with respect to the surface, symmetry 
arguments prohibit the excitation of a 4-c 
electron into the (c symmetry final state 
resonance, and consequently no reso- 
nance should be observed. Experimen- 
tally a strong resonant peak in the cross 
section for the 4o- state of NO is ob- 
served near 35-ev photon energy. Con- 
sequently, we can conclude immediately 
that the molecular axis of NO is bent 
with respect to the surface normal. We 
are still comparing theoretical predic- 
tions with data for this system, but the 
present determination is that the angle is 
approximately 30?. 

So far very little consideration has 
been given to the technical aspects of 
these experiments. The orientation of 
the sample should be adjustable relative 
to the direction of the light beam. It is 
clear that a movable photoelectron de- 
tector of great flexibility is necessary. 
Since only a small fraction of all photo- 
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electrons are emitted into the angle of 
observation, a source of ultraviolet light 
of high intensity is also required. This 

wavelength range is beyond the reach of 
lasers. The most common light source is 
instead resonance radiation from noble 

gas discharge lamps. But only a few 
strong lines are available in the photon 
energy range between 20 and 100 ev. The 
last few years have, however, seen a 

very large surge in the utilization of syn- 
chrotron radiation for various spectro- 
scopic experiments (16). This is the radi- 
ation emitted from relativistic electrons 
when they are accelerated. For our pur- 
pose this light source is almost ideal; not 

only is it intense, it is also continuous in 

wavelength and, if the accelerating de- 
vice is an electron storage ring, very 
stable. In addition, this radiation is po- 
larized, providing great advantage in 
these studies (Fig. 3). Its disadvantage is 
that a storage ring, which is obviously 
costly, and a monochromator are 
needed. The experimental flexibility pro- 
vided by the continuous and polarized 
light source more than offsets these 
drawbacks; for example, the resonance 
shown in Fig. 4 could not have been de- 
tected with conventional sources. In our 

opinion, synchrotron radiation is indis- 

pensable for these types of measurements. 
There are three remaining questions 

about the applicability of angle resolved 
photoelectron spectroscopy for deter- 
mining the geometrical structure of ad- 
sorbed species: (i) How general is the ap- 
proach for determining the orientation of 
other and bigger molecules? (ii) Can this 
approach be applied to determining the 
geometrical arrangement of the adsorbed 
species with respect to the substrate 
atoms? (iii) Will the analysis of angular 
resolved photoelectron spectra become 
so straightforward that the technique can 
be applied routinely? 

The answer to the first question is that 
this approach seems applicable to any 

molecule. The limitation is that we must 
understand the photoemission properties 
of the isolated molecule, and this may 
become more difficult for larger mole- 
cules. Angular resolved spectra from CO 
adsorbed on several transition metal sur- 
faces have been reported (13, 14a, 17, 
18), and these data have been interpreted 
in terms of a localized molecular model. 
We have already discussed the case of 
NO adsorption, and presumably the mo- 
lecular orientation of molecules like HO2 
and CO2 can and will be determined. 

We cannot at this time give a definitive 
answer to the second question con- 

cerning the determination of the bonding 
geometry of the adsorbed species with 
respect to the substrate. Yet the prelimi- 
nary prognosis would appear to be quite 
optimistic as discussed below. 

If angular resolved photoemission is to 
be used to determine the site geometry of 
an atom or molecule with respect to the 
surface atoms, we must look at those 

quantum states of the system that de- 
pend on the geometrical arrangement. In 
the photoemission process, this could 
arise either from the involvement of the 
initial state in the bonding or from the 
fact that the excited electron is scattered 
from-the substrate atoms before reaching 
the detector. Let us consider first the 
case of the bonding orbitals of an ad- 
sorbed atom or molecule. In our local- 
ized picture of photoemission, it is nec- 
essary to ascertain whether a molecule 
containing only a few of the substrate 
atoms with the foreign atom or molecule 
bound to them will be an appropriate 
model for the semi-infinite solid. This 
question is amenable to experimental 
resolution, especially for CO adsorption. 
Various multimetal transition metal com- 
plexes are available, and their geome- 
tries are known from x-ray diffraction 
studies (19). One such multimetal car- 
bonyl, namely Ir4(CO)12, is shown in 
Fig. 6. The metal-metal and metal-CO 
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bonds in these complexes are believed to 
be very similar to the bonds that are en- 
countered when CO is adsorbed on a 
corresponding metal surface (14a, 17). 

A comparison of both the ultraviolet 
and x-ray induced photoelectron spectra 
obtained from a large variety of transi- 
tion metal carbonyl complexes with the 
spectra obtained from CO adsorbed on a 
transition metal surface supports the lo- 
calized picture of the bonding (20). The 
photoelectron spectrum of a three- or 
four-metal atom complex is almost iden- 
tical to the spectrum of CO adsorbed on 
a surface. This statement applies both to 
the quantum states of CO that are in- 
volved in the bonding to the metal, as 
well as to those states like the 4o- state, 
that are not involved in the bonding. 
These findings are very encouraging and 
indicate that, if we can theoretically un- 
derstand the photoemission from these 
complexes, we can use this information 
to determine how and where a molecule 
is bound to the transition metal surface. 
The major reservation about the implica- 
tion of the carbonyl results is that, even 
though the energy of each quantum state 
is the same for a multimetal carbonyl 
complex as for CO adsorbed on a sur- 
face, the details of the angular dependent 
emission may not be the same. The scat- 
tering effects on the photoexcited elec- 
tron may not be so localized. Since the 
escape depth of this excited electron is 
only - 10 A, there is good reason to be- 
lieve that the localized model may work. 

The best evidence available that illus- 
trates the capabilities of determining the 
bonding configuration of atoms adsorbed 
on a surface is for the adsorption of sul- 
fur on the (100) face of a nickel crystal. 
This system has been extensively inves- 
tigated by means of low-energy electron 
diffraction (21) so that the geometry is 
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Fig. 7. Calculated and 
-IELD DIRECTION measured photocur- 

rent from the sulfur- 
derived p, orbital as a 
function of the polar 
collection angle for 

y sulfur adsorbed on Ni 
(100) in a c(2 x 2) 
configuration. The ex- 
citing photon energy 

l| ~ ~ is 21 ev and the elec- 
tric field is in the y di- 

X rection. The inset 
shows the known 
bonding configuration 
for sulfur on Ni (100). 
The solid theoretical 
curve is for the cor- 

x rect geometry while 
the dashed curve is for 
a sulfur atom bound 

~~80 ~ directly above the 
substrate Ni atom. 

now known. Sulfur is bound in the four- 
fold site shown by the inset in Fig. 7. 

Therefore, we view this system as a test 
case for angular resolved photoelectron 
spectroscopy. The measured intensity 
from the p, derived sulfur orbital when 
sulfur is bound to a nickel crystal (22) is 
shown in Fig. 7. Two theoretical curves 
are also shown in Fig. 7 (23). The solid 
curve is for the known geometry, and the 
dashed curve is for a geometry where the 
sulfur atoms are bound directly on top of 
the nickel surface atoms. The solid curve 
is compared to our measurements as a 
function of the collection angle with re- 

spect to the surface normal in the yz 
plane. The incident light is 21 ev and po- 
larized in the y direction. The initial state 
was calculated from a localized cluster of 
five nickel atoms and one sulfur atom, 
while the final state was calculated by 
use of the formalism developed for cal- 
culations of dynamical low-energy elec- 
tron diffraction. The agreement between 
the calculation and data for the proper 
geometry is excellent, and the calcula- 
tion for the incorrect geometry clearly il- 
lustrates the sensitivity of this technique 
to the site geometry. Still unresolved is 
the question of whether a localized final 
state (excited electron) would produce 
such good agreement between theory 
and experiment. 

We now address the third question 
concerning the routine applicability of 
this technique. On the basis of the expe- 
rience we already have it seems safe to 
assume the next few years will be very 
exciting. We undoubtedly will learn 

many new details about the bonding of 
foreign atoms and molecules to a sur- 
face. The problem is that at present each 
adsorbed species has to be treated sepa- 
rately; a very close coupling between 

theory and experiment is essential. What 

is needed are generalized rules based on 
the symmetries of the initial state and the 
electric field with respect to the direction 
of detection. We illustrated several of 
these rules for diatomic molecules and 
new rules are emerging for adsorbed 
atoms (24). Once such rules have been 
developed, determination of site geome- 
try should become a nearly routine ex- 
perimental operation, without the need 
for detailed numerical calculations. De- 
termination of bond lengths, however, 
will always rely on comparison to such 
calculations. The ultimate accuracy will 
have to be tested on systems like sulfur 
on Ni (100), where the bonding geometry 
is known. Finally, it should be pointed 
out that, if the essential features of the 
angular resolved photoemission patterns 
are dictated by the local geometry, then 
this technique will not be restricted to 
systems with long-range order. 
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