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During the last decade, the research objectives of 
most surface chemists have turned from an interest in 
macroscopic aspects of interfacial chemical reactions to 
the development of atomic descriptions of the surface 
chemical bond. This more advanced understanding 
now seems feasible, since many spectroscopic methods 
have entered the scene that can provide the same type 
of information which has been available on bulk phase 
systems since the 1930s. Most of the present effort is 
directed at  determining either atomic positions of atoms 
or small molecules adsorbed on metal single-crystal 
surfaces or the detailed nature of the molecular orbitals 
which participate in the bond. 

The question of atomic structure seems most crucial 
since correct nuclear coordinates facilitate electronic 
structure calculations. The battery of techniques 
presently available may well be adequate to solve the 
structure problem, although uncertainties in how to 
interpret the spectroscopic results have restricted most 
work to fairly simple, model-type systems. For example, 
the location of a sulfur atom on a Ni(001) surface has 
just recently been determined to be 1.3 A above the 
surface Ni plane and presumably in a fourfold coordi- 
nation site. The same value has been obtained using 
low-energy electron diffraction (LEED),l photoelectron 
diffraction (PhD) , 2  and other photoemission tech- 
n i q u e ~ . ~  The bond distance is not found to be much 
different than that obtained for bulk NiS. A few other 
isolated surface bond distances have been determined 
using a surface EXAFS method4” and an ion back- 
scattering technique.4b As far as we know, however, the 
NiS case is the only example where the same result has 
been obtained by three different methods. And, al- 
though many LEED structure determinations have 
been published: in the absence of supporting data from 
other methods the reliability of the results is still usually 
open to discussion. 
Ion Bombardment Methods 

Here we wish to focus on the question of the atomic 
structure of surfaces utilizing ion beams of sufficient 
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energy to induce nuclear rearrangements which are 
controlled by the original configuration of atoms. With 
this approach, the incident ion, usually an inert gas such 
as Het, Ne+, or Ar+, is accelerated to a kinetic energy 
of 200-5000 eV and focused onto the sample surface. 
The momentum exchange between the primary ion and 
the atoms of the lattice is sufficient to initiate some 
atomic motion which has a component of momentum 
moving out into the vacuum. If this component is 
sufficient to overcome the surface binding forces, then 
some secondary particles may be found to eject from 
the A fraction of these particles are ionized as 
they leave the surface and can, therefore, be detected 
directly with a mass spectrometer (i.e., as in secondary 
ion mass spectrometry or SIMS). The SIMS technique 
has been of considerable recent interest to the surface 
analyst, since for elements with low ionization potentials 
or high electron affinities (e.g., H’, Na+, K+, O-., C1-, Br-, 
F-) the limit of detection can approach g.7 Fur- 
thermore, the primary ion can be focused to a diameter 
of 100 nm, allowing high spatial resolution. The ion 
microprobe has found numerous applications in the 
fields of geology, biology, semiconductor technology, 
and metallurgy.8 It is also possible, although generally 
with a large loss in sensitivity, to utilize some sort of 
post-ionization of the neutral  specie^.^ This approach 
eliminates the large variations of the ion yield with the 
surface electronic properties, making the technique 
more quantitative. 

To utilize SIMS for examination of surface structure, 
at  least two major problems have to be solved. First, 
the primary ion beam is known to induce a great deal 
of damage which can alter the chemical nature of the 
sample. In 1970, Benninghoven proposed that if the 
total primary dose (the number of ions/cm2 to strike 
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Figure 1. Schematic representation of the SIMS experiment. 

the sample during the entire measurement) was kept 
at least an order of magnitude below the number of 
surface molecules that these spurious effects could be 
sufficiently minimized.1° In practice, this plan amounts 
to exposing the sample to a 10-9-A beam over a large 
area of -1 cm2 for about 102-103 s. This “static” ap- 
proach is still sensitive enough to detect small fractions 
of a monolayer, and the spectra can then be interpreted 
in terms of the original surface structure. The exper- 
imental configuration for this setup is illustrated in 
Figure 1. Using a similar experimental scheme, several 
research groups have examined a number of model 
systems including CO, 02, and H2 on Ni,11-13 0 2  and CO 
on M0,14J5 and O2 on W,16 to name just a few. The 
resulting ion yields certainly reflect the coverage and 
chemical state of the adsorbate. For example, molec- 
ularly adsorbed CO can be distinguished from disso- 
ciatively adsorbed CO from the NiCO’ cluster ion yield, 
although any kind of “first principles” understanding 
of the spectra is still missing. 

Classical Dynamics Calculations 
This interpretation problem brings us to the second 

major stumbling block in applying SIMS to the char- 
acterization of surface structure, which is that no 
atomistic description of the ion bombardment process 
presently exists. To provide some insight into solving 
this problem, we have been utilizing a classical dynam- 
ics procedure to compute the positions and momenta 
of all the relevant particles as a function of time after 
impact of the primary ion. This approach has, of 
course, been very successful in examining trajectories 
in atom-diatom scattering,17 properties of liqUids,18 and 
even the solvation of large molecules like dipeptides.lg 
For our case, the infinite solid can be approximated by 
a microcrystallite which is, generally, four atomic layers 
deep containing about 60 atoms/layer.20 From the 
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Figure 2. Positions of the atoms. (a) Before the primary ion 
(the lone sphere above the solid) has struck. (b) Consequences 
of a single ion impact. The two atoms ejecting to the left form 
a dimer. For graphical clarity, only a selected group of atoms is 
shown, and their size is arbitrarily drawn for best graphical clarity. 

results of the calculations for a Ni(001) crystal, it is clear 
that the consequences of a single ion impact are quite 
dramatic, as illustrated in Figure 2. Nearly all of the 
atoms are observed to be perturbed from their initial 
positions. Some of the atoms found above the surface 
will indeed eject into the vacuum. Other slow-moving 
particles can be pulled back to the solid by attractive 
interactions. 

In practice, somewhere between 100 and 1000 tra- 
jectories are computed at impact points over an irre- 
ducible surface symmetry zone to obtain the macro- 
scopic yield of particles and other observables. The 
calculation during a single ion trajectory is stopped after 
it is energetically impossible for the fastest moving atom 
to eject. The size of the model microcrystallite is ideally 
selected such that further size increases do not change 
the observable of interest. The model is quite general 
in that different crystal structures or faces can be set 
up. Chemisorbed atoms or molecules can be placed in 
arbitrary locations and coverages on the microcrystallite 
surface. The details of the procedure can be found in 
several of our early papers.20-22 

Although the classical dynamics procedure is an ex- 
tremely powerful one which is ideally suited to de- 
scribing such a complex process, there are two diffi- 
culties that prevent a complete solution to the problem. 
First, in order to calculate the forces between atoms, 
one generally must know the interaction potential 
surface for all the atoms in the microcrystallite. There 
has been a lot of effort expended to attempt to find the 

(20) D. E. Harrison, Jr., P. W. Kelly, B. J. Garrison, and N. Winograd, 

(21) B. J. Garrison, N. Winograd, and D. E. Harrison, Jr., Phys. Rev. 
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(001) (110) 

Figure 3. Ejection of atoms from the bombardment of copper 
by 600-eV Ar+ ions at  normal incidence. (a) Cu(Ool), (b) Cu(ll0). 
The numbers refer to the percentage of ion impacts in which the 
particular atom was ejected. The shaded atoms are the ones 
ejected most frequently. The symmetry zone for the ion impacts 
is shown on each face. 

correct potentials, and although certain forms have 
gained popularity, it is not clear that any are indeed 
accurate. Our approach has been to construct a pair- 
wise additive function from an exponential repulsion 
at  small internuclear separations and a long-range 
Morse attractive part.21p23 We then restrict our calcu- 
lations to circumstances which are not strongly de- 
pendent on the uncertain potential parameters. The 
relative yields of atoms ejected from different crystal 
faces of the same metal represent such an example.24 
The second difficulty is that the ionization probability 
of a given particle is not considered in the calculation, 
whereas SIMS experiments detect only the ions. It is 
our hypothesis that the trajectories of the ions are quite 
similar to those of the neutrals, especially a t  higher 
kinetic energies. This is borne out in part by noting 
that similar angular distributions and energy distribu- 
tions are measured for both Cu+ and Cuo ejected from 
metallic copper.26>26 We further note that certain ion 
yield ratios compare well with the same calculated yield 
ratio for the neutral species.27 Despite these difficul- 
ties, we believe that this classical dynamics approach 
has provided the necessary base from which the ap- 
plications of the ion bombardment techniques can ex- 
pand. 

Structure-Sensitive Factors 
Probably the most striking feature to come out of our 

early analyses of the detailed particle motion was that 
the ejection mechanisms and yields were critically de- 
pendent on the crystal orientation.20 In Figure 3, for 
example, note that from a Cu(OO1) face the target atom 
is rarely observed to be emitted since it is generally 
driven down into the bulk of the crystal. On a (110) 
face, however, the target atom can reflect from the 
second layer and easily find an ejection pathway. In 

(23) Our procedures essentially follow the pioneering work of D. E. 
Harrison, Jr., in setting up the basic computational scheme as from D. 
E. Harrison, Jr., W. L. Moore, Jr., and H. T. Holcombe, Radiat. Eff., 17, 
167 (1973). 
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78, 767 (1978). 

(25) V. E. Yurasova, A. A. Sysoev, G. A. Samsonov, V. M. Bukhanov, 
L. N. Nevzorova, and L. B. Shelyakin, Radiat. Efj., 20, 89 (1973). 

(26) S. P. Holland, B. J. Garrison, and N. Winograd, Phys. Reu. Lett., 
43, 220 (1979). 

(27) H. Oechsner and W. Gerhard, Surf. Sci., 44, 480 (1974). 

Figure 4. Angular distribution of particles ejected due to  Ar+ 
ion bombardment at normal incidence of an (001) face of an fccub 
metal. (a) Experimental result taken for 4-keV Ar+ ions bom- 
barding Cu (A. L. Southern, W. R. Willis, and M. T. Robinson, 
J. Appl.  Phys., 34, 153 (1963)). (b) Calculated result for 1-keV 
Ar+ ions bombarding Ni (particles of all kinetic energies are 
shown). (c) Only those particles whose kinetic energy is less than 
10 eV are shown. (d) Only those particles whose kinetic energy 
is greater than 10 eV are shown. 

fact, it is this particle which ejects most frequently. 
A second aspect of this concept comes from an 

analysis of the angular distributions of the secondary 
particles. In the late 1960s, Wehner noted that by 
placing a flat plate collector an arbitrary distance above 
the crystal the Cu atoms formed a pattern which re- 
flected the symmetry of the crystal surface.28 Many 
other laboratories investigated this phenomenon, re- 
sulting in over 100 publications. Interest in the area 
waned in the early 1970s, however, since vacuum con- 
ditions were less than ideal and no theory evolved which 
quantitatively explained the results. The experiment 
was further clouded by the use of very high primary ion 
doses where the surface crystal structure could clearly 
be perturbed. 

Two questions come out of the early realizations that 
the crystal structure dominates the mechanism of 
particle ejection. First, why should it be so at all? From 
Figure 2, it is clear that the crystal order is grossly 
altered during a trajectory, converted into nearly a 
liquid-like state. Should not the preferred ejection 
channels in the crystal be destroyed by the ion beam 
itself? Secondly, if the crystal effects are observed, can 
they be extended to include adsorbate atoms where the 
angular distributions of those species would reflect their 
location on the surface? 

The genesis of Wehner's spots and the question about 
the adsorbate geometry can be readily probed with the 
classical dynamics calculations and the results can be 
used to predict some fascinating new experiments. As 
can be seen in Figure 4a,b, the features of the calcula- 
tions are quite close to the early measured spot pat- 

(28) For a good review of this topic, see G. Carter and J. s. Colligan, 
"Ion Bombardment of Solids", American Eleevier, New York, 1968. 
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Figure 5. Calculated angular distributions of oxygen atoms ejected due to Art ion bombardment a t  600 eV. The oxygen originated 
in a c(2 x 2) coverage on Cu(OO1) in various site symmetries and heights above the surface, h. The numbers refer to the polar deflection 
angle. (a) A-top or linearly bonded site, h = 1.9 A. (b) Fourfold bridge site, h = 1.2 A. (c) Fourfold bridge site, h = 0.9 A. 

terns,29 giving us considerable confidence in applying 
the model to some untried experimental conditions. To 
discern the exact cause of the strong anisotropy, we 
must turn to a consideration of the energy distribution 
of the secondary particles. Although these curves have 
been discussed in detail,30 here we emphasize only that 
the distribution begins a t  zero at 0.0 eV, rises to a 
maximum at an energy between 1 and 5 eV, and falls 
off as There is a significant fraction of particles 
which leave the solid with a kinetic energy greater than 
10 eV, perhaps 20-40%. Since these particles eject 
early in the collision sequence before a great deal of the 
crystallography is interrupted, we believed that these 
higher energy particles might be responsible for the 
observed strong anisotropy. In Figure 4d, then, we 
display these patterns for the (001) surface after re- 
moving all particles whose kinetic energy is less than 
10 eV. Note that the rather diffuse background clearly 
evident in Figure 4b,c has been fiitered out, leaving only 
the strongly directed particles. As it turns out, this 
energy selection process also simplified dramatically the 
number of operative ejection mechanisms, as the spot 
is composed nearly entirely from the atoms near the 
target atom which eject frequently (labeled 38, 41, 52, 
and 37 (2) in Figure 3a). Since these particles are found 
to originate near the target atom, long-range surface 
order should not be required to produce the spot. A 
further consequence of examining only the higher en- 
ergy particles is that the trajectory can be stopped after 
a shorter number of time steps and accurate trajectories 
can be obtained by using much smaller microcrystal- 
lites. 

The answer to the first question is then clear. The 
spots are produced by the fast-moving particles since 
they can be channeled by a small part of the surface 
while it is still intact. To examine the second question, 
we derived a computational scheme to place a model 
adsorbate atom with the mass of oxygen on the Cu(OO1) 
surface.21 We estimated the interaction potential be- 
tween oxygen and the copper by scaling the Cu-Cu 
interaction and by selecting other parameters appro- 
priate for the CuO molecule. The geometry and cov- 
erage of the adsorbate could be varied over a wide range 
to test how these quantities influenced the angular 
distributions. The result was quite spectacular, espe- 
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cially for the higher energy oxygen atoms. In Figure 
5a,b, for example, we show the relevant distributions 
for oxygen placed in an A-top adsorption site and in a 
fourfold bridged coordination site.29 Note that the 
distributions of the substrate copper atoms maintain 
their basic symmetry, although the shape of the spot 
is altered slightly. For the adsorbate, the A-top con- 
figuration exhibits ejection angles with mainly the same 
symmetry as the substrate. For the bridged configu- 
ration, however, the pattern is rotated by 45O with re- 
spect to the substrate and is easily distinguishable from 
the other geometry, 

The scattering mechanisms that give rise to these 
patterns can be discerned on an atomic level from an 
analysis of the trajectories. It is sufficient to note here 
that the ejecting substrate atoms most strongly influ- 
ence the directions of the ejecting adsorbate atoms and 
that multiple scattering in the overlayer is of secondary 
importance. This result portends that the angular 
distributions of the oxygen atom might even be sensitive 
to its height above the surface when placed in a given 
geometry. This hypothesis is borne out in Fi ure 5c 
where the oxygen height is reduced from 1.2 1 to 0.9 
A above the Cu plane. The theory suggests that with 
sufficiently accurate measurements atomic positions 
should be determinable to better than hO.1 A. 

Experimental verification of these predictions has 
been carried out to a limited extent.26 To measure the 
angular distributions of ejected oxygen and copper at- 
oms, a cylindrical shield was placed above the crystal 
surface as shown in Figure 1. The polar angle, 8, for 
ejected species was fixed at 45' with two appropriately 
placed apertures while the azimuthal angle, 4, could be 
varied over 360' by rotation of the crystal. When the 
45" electrostatic sector in front of the mass spectrom- 
eter was utilized, the kinetic energies of the ejected 
particles could be roughly selected while a large enough 
bandpass necessary to maintain sensitivity was still 
kept. This experimental configuration will produce 
results equivalent to making a circular cut of the spot 
pattern at  a radius corresponding to the 45O polar de- 
flection but does not allow the entire pattern to be 
reproduced. It is possible to prepare a 4 2  X 2) over- 
layer of oxygen on Cu(OO1) by exposure of the crystal 
to 1200 L (1 L = lo* torr s) of O2 at  25 "C. 

The observed azimuthal plots for Cu+ and 0- ejection 
from these samples are shown in Figure 6a. The 
fourfold symmetry of the (001) orientation is clearly 
evident for both species, although their maxima in in- 
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Figure 6. Azimuthal angular distributions. (a) The Cu' and 0- 
azimuthal plots recorded from the spectrometer. The primary 
ion is 1500-eV Art at  a total dose of 1013 ions/cm2. (b) A fourfold 
average of the data in (a) with the minimum intensity subtracted 
from each curve. The dashed lines represent the calculated curve 
for 0 placed in a fourfold bridge site 1.2 A above the Cu plane. 
The circles represent the Cu+ intensities and the squares the 0- 
intensity. 

tensity are out of phase by 45'. This result is only 
consistent with the calculated results if the oxygen has 
adsorbed in the fourfold bridge site. The detailed 
comparison taken using a fourfold averaging and 
background subtraction procedure is shown in Figure 
6b, assuming the oxygen is 1.2 A above the surface. If 
the calculation had been performed for oxygen placed 
only 0.9 A above the surface, the predicted curve would 
be considerably different.26 

Cluster Formation Processes 
By taking advantage of the ejection directions of 

atoms from chemically reacted surfaces, it seems fea- 
sible, then, to obtain adsorption-site information quite 
simply. A second aspect of the ion bombardment 
process involves the fact that molecular cluster species 
are often observed to be ejected from the surface. For 
adsorbates on clean metals, these vary from pure metal 
clusters M, where n can be as large as 12 or more31 to 
metal atoms attached to adsorbed species, e.g., NiO or 
NiC0,13t32 to large organic molecules that were originally 
adsorbed on the surface of the solid which eject re- 
taining their molecular f ~ r m u l a . ~ ~ , ~ ~  Some examples 

(31) G. Staudenmaier, Radiat. Ejj., 13, 87 (1972). 
(32) T. Fleisch, W. N. Delgass, and N. Winograd, Surf. Sci., 78, 141 

(33) H. Grade, R. G. Cooks, and N. Winograd, J. Am. Chem. SOC., 99, 
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(1978). 
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Figure 7. Experimental SIMS spectra. (a) Positive ion spectrum 
for Ni(001) exposed to 30 L of oxygen. (b) Positive ion spectrum 
for Ni(001) exposed to 2 L of CO. (c) Positive ion spectrum for 
p-aminobenzoic acid adsorbed on polycrystalline Ag. 

of these spectra are shown in Figure 7. 
It has been intriguing to speculate about the origin 

of these clusters. If they arise from contiguous surface 
atoms, then their presence could provide key informa- 
tion regarding the local atomic structure of complex 
surfaces such as alloys and supported metal catalysts. 
They may also yield information regarding surface 
bonding geometries. The Ni,CO+ cluster, for example, 
has been proposed to originate from a bridge-bonded 
CO complex on Ni, while the NiCO+ cluster has been 
associated with a singly or linearly bonded Ni-CO 
complex.12 

From the classical dynamics treatment, it is possible 
to examine the cluster formation mechanism in detail 
and to provide semiquantitative information about 
cluster yields. In general, these calculations tell us that 
there are three basic mechanisms of cluster formation.% 
First, for clean metals or metals covered with atomic 
adsorbates, the ejected atoms can interact with each 

(35) B. J. Garrison, N. Winograd, and D. E. Harrison, Jr., J. Vac. Sci. 
Technol., 16, 789 (1974). 
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other in the near surface region above the crystal to 
form a cluster via a recombination type of process.21122124 
This description would apply to clusters of metal atoms 
and of metal-oxygen clusters of the type M,O, ob- 
served in many types of SIMS experiments and illus- 
trated in Figure 7a. For this case the atoms in the 
cluster do not need to arise from contiguous sites on the 
surface, although we do find that in the absence of 
long-range ionic forces most of them originate from a 
circular region of radius -5  A. This rearrangement, 
however, complicates any straightforward deduction of 
the surface structure from the composition of the ob- 
served clusters. A second type of cluster emission in- 
volves molecular adsorbates like CO adsorbed onto Ni 
as shown in Figure 7b. Here, the CO bond strength is 
-11 eV, but the interaction with the surface is only 
about 1.3 eV. Our calculations tell us% that this energy 
difference is sufficient to allow CO to eject molecularly, 
although we do find that -15% of them can be disso- 
ciated by the ion beam or by energetic metal atoms. 
Clearly, for the case of these molecular systems, it is 
easy to infer the original atomic configurations of the 
molecule and to determine the surface chemical state. 
If CO were dissociated into oxygen and carbon atoms, 
for example, our calculations suggest that the amount 
of CO observed should drop dramatically. This type 
of process undoubtedly applies to the adsorption of 
organic molecules on surfaces, since the strong carbon 
framework can soak up excess energy from violent 
 collision^.^^ The final mechanism for cluster ejection 
is essentially a hybrid mechanism between the first two. 
For the case of CO on Ni again, we find that the ob- 
served NiCO and Ni2C0 clusters form by a recombi- 
nation of ejecting Ni atoms with ejecting CO molecules. 
There is apparently no direct relationship between 
these moieties and linear and bridge-bond surface 
states. A similar mechanism ought to apply to the 
formation of cationized organic species shown in Figure 
7c. The organic molecule ejects intact, but interacts 
with an ejecting metal ion to form a new cluster spec- 
i e ~ . ~ ~  

The fact that the composition of the ejected clusters 
may vary from the original arrangement of surface at- 
oms is somewhat discouraging. As it turns out, however, 
there are possible situations where the precise nature 
of the rearrangement can be predicted theoretically. 
One example involves the measured 02-/0- ratio as a 
function of oxygen coverage on Ni(001). This ratio is 
four times higher for the 50% oxygen coverage [c(2 X 
2 ) ]  than for the 25% oxygen coverage [p(2 X 2)], a 
change which is also calculated with the model.% The 
reason for this effect is that there are no closely 
neighboring oxygen atoms on the p ( 2  X 2) surface, and 
the O2 formation probability is much lower. Employing 
concepts of this sort may be useful in testing for is- 
land-growth mechanisms and distinguishing them from 
those which proceed through several distinct phases. 

Another important concept relative to the rear- 
rangement problem involves the selection of the angle 
of incidence of the primary particle as well as the energy 
and angle of the ejected species in order to tune in to 

(36) B. J. Garrison, N. Winograd, and D. E. Harrison, Jr., J. Chem. 
Phys., in press. 

(37) B. J. Garrison, J. Am. Chem. SOC., in press. 
(38) N. Winograd, B. J. Garrison, T. Fleisch, W. N. Delgass, and D. 

E. Harrison, Jr., J. VUC. Sci. Technol., 16, 629 (1979). 
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Figure 8. Mechanism of formation of the Ni, dimer which 
preferentially ejects in the (100) directions, contributing the 
majority of intensity to  the peak in the angular distribution. (a) 
Ni(001) showing the surface arrangemenb of atoms. The numbers 
are labels while the X denotes the Ar+ ion impact point for the 
mechanism shown in Figure 8b. Atoms 1 and 3 eject as indicated 
by the arrows forming a dimer, which is preferentially moving 
in a (100) direction. (b) Three-dimensional representation of a 
Nip dimer formation process. The thin grid lines are drawn 
between the nearest-neighbor Ni atoms in a given layer. For 
graphical clarity, only the atoms directly involved in the mech- 
anism are shown. 

specific ejection pathways. On Ni(001), for example, 
there is considerable azimuthal anisotropy of the dimer 
Ni2+ as well as the monomer Ni+. For the higher energy 
dimers, the calculations predict that at 4 = 0" nearly 
all are formed from the specific mechanism illustrated 
in Figure 8. With this process, then, the observed 
dimers should originate from next-nearest neighbors 
along the close-packed In a similar vein, calcu- 
lations examining oblique angles of incidence of the 
primary Ar+ ion have shown that other mechanisms of 
dimer formation and, hence, other originating sites can 
be preferentially enhanced.40 
Prospects 

The combinations of the ion bombardment experi- 
ments on well-defined single crystals and the results of 
theoretical classical dynamics calculations have pro- 
vided a sound basis from which to proceed with the goal 
of characterizing surface structure. The analysis of the 
angular distributions of both the ejected atoms and 
clusters indicates that unique geometrical information 
about the configuration of surface atoms can be ob- 
tained. The approach should prove to  be an excellent 
complement to LEED-a tool which is very sensitive 
to the choice of scattering potential and very insensitive 
to the adsorbate registry-and to angle-resolved pho- 
toemission which has proved useful in elucidating mo- 
lecular geometries on surfaces.2 On the other hand, the 
computation of accurate absolute yields must await the 
availability of better interaction potential functions. 
The model also provides a good starting point in which 
to interpret SIMS spectra. Currently, the ionization 
phenomena is the lacking piece of the theory, but by 
taking ratios of ion yields, semiquantitative comparisons 

(39) S. P. Holland, B. J. Garrison, annd N. Winograd, Phys. Rev. Lett., 
44. 1.56 (1980). , \ - - - - , -  ~~ 

(40) K. E. Foley and B. J. Garrison, J. Chem. Phys., 72, 1018 (1980). 
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can be made. In addition, the fact that atomic trajec- 
tories can be followed on a microscopic level is an ad- 
vantageous feature in coupling ionization theories which 
will necessarily include the kinetic energy of the particle 
and its temporal local atomic environment. 
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Extended X-ray absorption fine structure (EXAFS) 
refers to the sinusoidal variation of the X-ray absorption 
as a function of photon energy beyond an absorption 
edge. The absorption, expressed in terms of absorption 
coefficient (p), can be measured by a monitoring of the 
attenuation of X-rays upon their passage through a 
material. When the photon energy (E)  is tuned to the 
binding energy of some core level of an atom in the 
material, an abrupt increase in 1.1, known as the ab- 
sorption edge, occurs. For isolated atoms, p decreases 
monotonically as a function of E beyond the edge. For 
atoms either in a molecule or embedded in solid, liquid, 
or matrix, the variation of p at  energies above the edge 
displays a fine structure (EXAFS) caused by back- 
scattering of the ejected photoelectron from neighboring 
atoms. 

Although the extended fine structure has been known 
for a long time,l its structural content was not fully 
recognized until the recent work of Stern, Lytle, and 
Sayerse2 In addition, the recent availability of syn- 
chrotron radiation has resulted in establishment of 
EXAFS as a practical structural This technique 
is especially valuable for structural analyses of chemical 
or biological systems where conventional diffraction 
methods are not appl i~able .~  

Qualitatively, the probability that an X-ray photon 
will be absorbed by a core electron depends on both 
initial and final states of the electron. The initial state 
is the localized core level corresponding to the absorp- 
tion edge. The final state is that of the ejected pho- 
toelectron which can be represented as an outgoing 
spherical wave originating from the X-ray absorbing 
atom (absorber). If the absorbing atom is surrounded 
by a neighboring atom, the outgoing photoelectron wave 
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from the Chinese University of Hong Kong and his Ph.D. from the University 
of Wisconsin at Madison. He then joined Bell Laboratories at Murray Hill in 1973. 
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structural investigation of metal tetrathioiene complexes and polymers, inorganic 
liquid crystals and dyes, and anticancer platinum drugs. 

will be backscattered by the neighboring atom, thereby 
producing an incoming electron wave. The final state 
is then the sum of the outgoing and all the incoming 
waves, one per each neighboring atom (scatterer). It 
is the interference between the outgoing and the in- 
coming waves that gives rise to the sinusoidal variation 
of p vs. E known as EXAFS (cf. Figure 1). 

The frequency of each EXAFS wave depends on the 
distance between the absorbing atom and the neigh- 
boring atom since the photoelectron wave must travel 
from the absorber to the scatterer and back. On the 
other hand, the amplitude depends upon the number 
and the backscattering power of the neighboring atom 
as well as on its bonding to and distance from the ab- 
sorber (vide infra). From an analysis of the frequency 
and amplitude of each wave, one can determine the 
distance and the number of each type of atoms sur- 
rounding the absorber, respectively. 

Structural determinations via EXAFS depend on the 
feasibility of resolving the data into individual waves 
corresponding to the different types of neighbors of the 
absorbing atom. This can be accomplished by either 
curve-fitting or Fourier transform techniques. Curve 
fitting involves a best fitting of the data with a sum of 
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