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The dependence of secondary ion intensities on azimuthal angle of incidence of the primary ion
beam in SIMS experiments on a stepped Ni{ 79 11} surface with adsorbed CO has been examined
in detail. The surface was examined after various exposures to CO and at temperatures of 231 and
300 K. The angular anisotropies for the Ni*, Ni,*, Ni;*, Ni,CO™, and especially the NiCO™*
species were found to be quite sensitive to surface structure changes suggested using other surface
science techniques. Ion yield ratios as a function of exposure of CO to the surface, however, were
found to be nearly insensitive to these structural changes. Of particular significance was the
presence of a sharp feature in the NiCO™ ion yield at an Ar* ion angle of incidence of ¢ = 110°
with the crystal temperature at 231 K and after a CO exposure adequate to populate the step edge
sites. At higher exposures or temperatures, this feature was washed out when presumably mostly
terrace sites are occupied. Using these ion yield versus azimuthal angle curves, it is also apparent
that the saturation coverage structures at 231 and 300 K are different. By introducing 10~7 Torr
of CO into the chamber at 300 K the ion yield curves are identical to those for the saturation
coverage at 231 K, indicating similar surface structures. Classical dynamics calculations aimed at
modeling the structure corresponding to a CO exposure of 0.6 L at 231 K support the idea that the

CO molecules reside in twofold bridge sites along the bottom of the step edge.

I. INTRODUCTION

The cluster formation and particle ejection process in

secondary ion mass spectrometry (SIMS) has been shown to
be related to the original arrangement of atoms or molecules
on a single crystal surface.’ For clean metals and clean met-
als covered with simple adsorbates, structural effects are
strongly observable in measured azimuthal angle distribu-
tions of the ejected species. The reason for this effect is that
the desorbing particles are directed in space by channels in
the surface layer. Adsorbates may block or enhance the in-
fluence of these channels, an effect which is seen experimen-
tally. Vertical channels created by larger organic molecules
adsorbed perpendicular to the surface have recently been
‘shown to be important in controlling the polar angle distri-
bution of ejected molecular ions.? In all the above cases, clas-
sical dynamics calculations of the ion impact event have
been useful in extracting mechanistic interpretations and in
providing semiquantitative fits to the experimentally mea-
sured angular distributions.

Since both polar and azimuthal angle distributions are
sensitive to subtle differences between surface structures, it
is of interest to examine the role of larger irregularities such
as surface steps on the measured quantities. For example, the
orientation of the primary ion beam in the SIMS experiment
can be fixed at different azimuthal angles with respect to the
step edge. If the ejection process is structure sensitive, then
changes in yields and cluster formation probabilities should
be observed as the ion bombards “up” or “down” the steps.
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In addition, the desorption of chemisorbed molecules should
be influenced by their proximity to the step edge.

Carbon monoxide chemisorption on Ni{7 9 11} repre-
sents a uniquely favorable case with which to check these
concepts since comparable studies have been performed on
Ni{001] *and Ni{ 111},*and since a number of other experi-
mental methods have been applied to this system. Using the
more descriptive nomenclature of Lang, Joyner, and Somor-
jai,> Ni{7 9 11} may also be identified as Ni(S)-
[5{111} X {110}]. In this nomenclature Ni(S) indicates that
this is a stepped nickel surface. The ordered step array is
completely described by the width and orientation of the
terraces and the height and orientation of the steps. Ni{7 9
11} has terraces of {111} orientation five atomic rows in
width and steps of { 110} orientation one atomic layer high
as indicated by nomenclature [S{111} X {110}]. A hard
sphere model of this surface is shown in Fig. 1(a). Erley,
Wagner, Ibach, and Lehwald have investigated the chemi-
sorption of carbon monoxide on Ni{79 11} using low energy
electron diffraction {LEED), thermal desorption, auger elec-
tron spectroscopy (AES), and electron energy loss spectros-
copy (EELS).*” They conclude that the step edges lower the
activation energy for CO decomposition. Work function
measurements have shown that electrostatic dipole mo-
ments are associated with step edges.® The dipole is oriented
such that the upper edge atom has a net positive charge and
the lower terrace region has a net negative charge. There-
fore, the CO molecules which adsorb on the lower terrace
adjacent to the step edge acquire more negative charge into
the antibonding 7* orbital’ weakening the C-O bond. The
electron energy loss studies were peformed mainly at 150 K
and concentrated on the CO bonding geometries seen at low
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FIG. 1. Ni(7 9 11) surface. {a) Hard sphere model of the Ni{ 79 11} surface.
(b} Hard sphere modei of the Ni{7 9 11} surface showing three possible CO
bonding sites. See the text for an explanation. (c) Definition of the polar (8)
and azimuthal (¢ ) angles of incidence of the primary ion beam relative to the
Ni{79 11} surface.

exposures. These investigators®’ suggested that initial ad-
sorption occurs in threefold and twofold bridge sites along
the step edge as shown in Fig. 1(b). Beyond this point the CO
molecules begin to occupy terrace sites, mainly the threefold
bridge sites on the terrace [Fig. 1(b)]. Thus, the low tempera-
ture adsorption of CO on Ni{7 9 11] presents a realm of
interesting structural phases which should be sensitive to the
azimuthal angle of incidence of the primary ion beam. Room
temperature adsorption of CO on Ni[7 9 11} has not been as
well characterized, but it appears that the higher tempera-
tures cause occupation of atop sites at the expense of the
bridge step sites.” There is some evidence that the atop sites
close to the step edge are occupied first.

In this study we examine the effect of changing the an-
gle of incidence in SIMS experiments on the yields of ions
ejected from a CO covered Nif 79 11} surface. The ion yields
are measured as a function of CO exposure and at two sur-
face temperatures 231 and 300 K. For virtually all the ions
detected, both atomic and cluster species, bombardment
down the step [¢ = 0° azimuth of Figure 1(c}] causes fewer
particles to be ejected than bombardment up the step
(¢ = 180° azimuth) where the ion can effectively peel off the

step atoms. Surprisingly, however, the most intense yields
occur at about ¢ = 60° or 120° azimuths which correspond to
bombardment along the close packed rows of the {111} ter-
race. The ion yield vs azimuthal angle of incidence curves are
dependent on the coverage of CO as well as on the surface
temperature indicating that the ejection process is sensitive
to atomic structure changes.

We also present a classical dynamics study aimed to-
ward understanding the mechanisms of cluster formation on
this system. Reasonable agreement with the experimental
NiCO™ ion yields is obtained if the CO molecules are placed
in the proposed twofold bridge sites. The results from calcu-
lations with the carbon monoxide molecules in other adsorp-
tion sites do not agree as well with the experimental results.
There is however only qualitative agreement between theory
and experiment for the Ni* and Ni,* ion yields.

The remainder of this paper is organized as follows:
Section II gives the experimental details and Sec. III the
calculational details. The results from the experiments and
calculations are given in Secs. IV and V, respectively. The
conclusions are presented in the final section.

Il. EXPERIMENTAL

The SIMS experiments were performed on an instru-
ment described previously* which is schematically shown in
Fig. 2. The sample was mounted such that the polar angle of
incidence @ of the 1 keV Ar™ primary ion was fixed at 45°,
but the azimuthal angle of incidence ¢ was continuously
variable from 0° to 180°. These angles are defined relative to
the structure of the surface shown in Fig. 1(c). The sample
was cut from an MRC Ni{ 111} single crystal 9 mm in diam-
eter. The crystal was oriented by Laue diffraction to expose
the {111} face and a vicinal surface with an inclination of
10.3° was cut in the (110) direction. The surface of the disc
was mechanically polished, hot acid etched, and oriented by
Laue diffraction to an accuracy of better than 1°. The crystal
was then spot welded to the sample holder. The angular ori-
entation was aligned with the manipulator markings by eye
and is, therefore, only accurate to + 10°. The crystal clean-
ing procedure consists of cycles of Ar™ ion bombardment
followed by annealing to 1200 K. Trace carbon impurities

k QaMs
Ni* '\.\CH
NicO* ¢
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FIG. 2. Schematic diagram of the sample-detector configuration. The dot-
ted lines indicate the approximate angle of acceptance of the quadrupole
mass spectrometer {QMS}.
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were removed by heating to 900 K in 5 10~ 8 Torr O,, sput-
tering, and then heating to 900 K in 5X 10~% Torr H,.
Cleaning was continued until the Ni™* yield was extremely
low (~25 cps) and the impurity K+ was barely discernible
above baseline. Bombardment of the crystal at an azimuthal
angle of 90° gave much more efficient sputter cleaning than
bombardment at angles of 0° or 180°. Sulfur was best re-
moved by ion bombardment with a surface temperature of
500 K rather than at room temperature. The crystal could be
resistively heated to 1200 K and cooled by liquid nitrogen to
230 K. The cooling was less efficient here than in the
Nif 111} study because the azimuthal rotation required that
the crystal be connected to a larger support whichactedasa
teat sink. The CO used in these experiments was 99.99%
research grade purity from Matheson Gas Products.

1Il. DESCRIPTION OF THE CALCULATION

The basic scheme for computing the dynamics of the
bombarding ion, the metal substrate, and the adsorbates has
been described in detail elsewhere.>'® One step of the Ni{ 79
11} surface used in the calculations is shown in Fig. 3. For
this model crystallite the Ar™ ion must representatively
sample an irreducible symmetry zone which extends over
the whole width of a step terrace. However, if the Ar* ion
strikes the crystal near the edge of the microcrystallite, the
resulting trajectories are influenced by edge effects. To avoid
this problem the calculation is performed by keeping the
impact zone in the center of the crystallite and moving the
step edge position so that the entire impact zone of Fig. 3 is
sampled. This scheme is graphically displayed in Fig. 4. In
each frame the central rectangular region represents the im-
pact zone. The calculation of Ar™ ion collisions within the
impact zone for each of the five positions of the step edge,
described as the 2X, 3X, 4X, 5X, and 6X positions, is equiva-
lent to the calculations of the true Ni{ 79 11} surface without
the computational difficuity of edge effects. At each position
of the step edge, 104 impact points are run, summing to a
total of 520 points for the complete Ni{79 11} surface. The
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FIG. 3. A representation of the Ni{7 9 11} surface. The outlined rectangle
represents the irreducible symmetry zone for this surface. The circles repre-
sent Ni atoms. The azimuthal angles of incidence are indicated.
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FIG. 4. The five different microcrystallites used in these calculations. The
sum of these surfaces is equivalent to the Ni{ 79 11} surface shown in Fig. 3.
The outlined regions are the impact zones.

results from any one position of the step edge are, of course,
physically unrealistic. Only the sum of the results from all
five step positions are comparable to the experimental re-
sults. The 1LY and 7.X positions are omitted since they repre-
sent a physically inaccurate Ni{79 11} surface in which the
terraces are six, instead of five, atomic rows wide.

Based on previous EELS studies,*’ the CO molecules
are placed in either the twofold or threefold bridge sites
along the step edge as shown in Fig. 3. A configuration
where the CO molecules are placed in twofold bridge sites on
a flat Ni{ 111} surface was also examined to determine the
effect of the step edge on the CO ejection process. The bind-
ing energies and Ni-CO distances are estimated from avail-
able data for CO adsorbed on ftat Ni surfaces. For CO ad-
sorption on Ni{111}, the binding energy in the coverage
regime of interest is 1.15 eV.'>?® Crystal structure data has
shown that a typical Ni-C distance for bridge bonds in met-
al-carbonyl complexes is 1.82 A" This value is used for the
Ni-C distance in the calculations for two- and threefold
bridge bonded CO. The bulk potential parameters given in
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FIG. 5. Placements of the CO molecules. The shaded circles represent Ni
atoms and the open circles are CO molecules.

Table I have been adjusted so that a Ni—C distance of 1.82 A
yields a binding energy of 1.15 eV between the CO molecule
and the Ni{79 11} surface.

Three different potentials were employed to represent
the Ar* —Ni, — C and — O interactions. The first is a
Born—-Mayer or exponential repulsion which has been used
extensively in previous calculations.” The second is a Mo-
liere interaction with a 1.0 scaling factor for the screening
length.*?? The final potential is also of the Moliere form but
with a scaling factor of 0.75. This latter interaction is closer
to the R potential that has been found to work well for the
interaction of Ar* ions bombarding copper sufaces.'” For an
initial kinetic energy of the Ar* ion of 1000 eV the Born—
Mayer potential corresponds to the largest atom sizes and
the Moliere with a scaling factor of 0.75 to the smallest. The
Ni-Ni interaction is given in Ref. 9.

In an effort to reproduce the experimental data we have
investigated the effect of both the CO adsorption site and the
Ar* ion interaction potentials on the ejection yields as a
function of the azimuthal angle of incidence of the primary
jon. Similar calculations were also performed for the clean
surface. In all cases the Ar* ion has 1000 eV of kinetic ener-
gy and is oriented at an angle of 45° with respect to the ter-
race normal. Note that to examine the effect of an adsorption
site or potential yields that calculations for at least four to
five azimuthal angles must be completed. Although not all
the results will be presented in Sec. VI, a total of 62 different
sets of calculations, each consisting of 520 Ar™ ion impacts,
have been performed. The total computational effort on a
Floating Point System 120B array processor was approxi-
mately four months.

TABLE I. Potential parameters.

D, (eV) BIATY R.(A)
Ni-O* 0.04 2.15 2.753

0.04 2.15 2.666
Ni-C* 0.3374 2.59 1.82

0.2533 2.59 1.82

* The top set of values applies to CO in a twofold bridged site and the bottom
set to CO in a threefold bridged site.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The positive ion SIMS spectrum from the Ni{7 9 11}
surface saturated with CO at room temperature is character-
ized by a series of molecular cluster ions including NiCO*,
Ni;", and Ni,CO™*. The form of the spectrum is virtually
identical to that reported for Ni{ 100} and Nif111},>* illus-
trating that the presence of these peaks does not reflect dif-
ferences in surface structure. Of more interest, however, is
the behavior of the Ni,CO™*/NiCO* X Ni*/Ni," ratioasa
function of CO exposure. This ratio product has been pro-
posed to be sensitive to the relative amount of CO in bridge
and atop bonding geometries. In Fig. 6(a), we show the varia-
tions of this ratio with CO exposure for Ni{ 79 11} at 231 and
300 K while bombarding along ¢ = 180°. The results are
almost indistinguishable from those found on Ni{ 111} indi-
cating that this data representation is insensitive to the pres-
ence of the atomic step. Other ion yield ratios have also been
examined for Nif{7 9 11} and in each case, the results are
nearly the same at 300 and at 231 K and are similar to those
reported for Ni[ 111}. None of these ion yield ratios exhibit a
simple correlation to the CO bonding geometry changes
which have been proposed to occur using other surface tech-
niques. The value of the azimuthal angle of incidence of the
primary ion beam (with 8 = 45°) slightly influences the ion
yield ratio curves. At ¢ = 110°, particularly at 231 K as
shown in Fig. 6(b}, the Ni,CO*/NiCO* X Ni*/Ni;" ratio
product exhibits a definite minimum at 0.6 L exposure. This
exposure is nearly the same exposure where EELS measure-
ments suggest that all the bridge sites next to the step edge
are occupied.

The secondary ion intensities of the molecular cluster
jons turn out to be very sensitive both to ¢ of the primary

1 1 1

i
0.0 1.0 20 30 40
Exposure, L

FIG. 6. Dependence of the ratio product Ni,CO*/NiCO* X Ni*/Ni," on
CO exposure for Nif79 11} at 300 K(—) and 231 K(---} with the 1000 eV
Ar* bombarding at (a) § = 45°, # = 180" and (b) § = 45°, ¢ = 110°. The ra-
tio values are not corrected for isotope distributions.
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Ar™ ion and to the surface structure itself. Before actually
performing experiments to test this concept, we had expect-
ed to find marked differences between the yields obtained
due to bombardment at ¢ = 0° and at ¢ = 180°, with mono-
tonic variation at intermediate angles. The experimental re-
sults for the Ni*, Ni;t, and Ni;" ion signals as a function at
the azimuthal angle of incidence of the primary ion from
clean Ni{79 11} areshown in Fig. 7. As seen in this and later
figures, the ion intensities are usually higher at ¢ = 180°than
at ¢ = 0° since at ¢ = 180°, the Ar* ion effectively pene-
trates under the step edge, shearing away many surface
atoms. The most interesting structure in these curves, how-
ever, appears at azimuthal angles of incidence between 0°
and 180°, From the clean surface the Ni*, Ni;", and Ni;" ion
intensities all exhibit broad peaks for azimuthal angles of
incidence between 110° and 140°. The Ni;" and Ni;* ion
signals also show broad, smaller peaks between 60° and 90°.
Since the ion yields from the clean surface are very low, these
data are rather noisy, but the broad peaks are definitely
above the noise level. The presence of these peaks can only be

Normalized Intensity

¢ in degrees

FIG. 7. Normalized Ni*, Ni,* and Ni;" ion intensities from clean Ni{7 9
11} as afunction of azimuthal angle of incidence with @ = 45°and a 1000 eV
Ar™ ion beam.

explained by assuming that they arise from ejection and clus-
ter formation mechanisms which are favored at specific an-
gles of incidence of the primary ion beam.

These azimuthal plots exhibit even more striking fea-
tures as the Ni{ 79 11} surface is exposed to varying amounts
of CO at 231 K, as illustrated in Fig. 8(a). The cluster ion
yields are again higher at ¢ = 180° than at ¢ = 0°, with the
most significant variations occurring at intermediate angles.
At0.2 L exposure, the NiCO™* ion signal shows a broad peak
which appears at ¢ = 115°. This peak shifts slightly to 105°
and sharpens somewhat at an exposure of 0.4 L. By 0.6 L
exposure the peak has become very intense and is only 10°
wide, centered at ¢ = 110°. As the CO coverage increases
this peak becomes very broad. At the saturation exposure of
2.8 L the NiCO™ ion intensity displays a broad maximum
between ¢ = 40° and ¢ = 160°. An exposure of 0.6 L corre-
sponds almost exactly to the exposure at which the EELS
results indicated that all the CO molecules are bound to ad-
sorption sites near the step edge and that all the edge sites are
occupied.®’ Apparently, the specific bonding site of the CO
next to the step edge is responsible for the sharp peak in the
NiCO™ ion signal at ¢ = 110°. At saturation, the peak loses
this definition completely presumably since the CO mole-
cules occupy several sites.

At CO exposures performed at room temperature the
azimuthal plots do not exhibit such sharp features, as illus-
trated in Fig. 8(b). At exposures below 0.6 L, the NiCO™* ion

231K 300K
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FIG. 8. Normalized NiCO™ ion intensity versus azimuthal angle # and asa
function of CO exposure.
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signal peaks at ¢ = 110°, but the peak never becomes as
sharp as during adsorption at 231 K. At saturation expo-
sures, the peak in the NiCO™ ion signal at ¢ = 110° has de-
creased and two broad peaks have appeared which are cen-
tered at ¢ = 50° and ¢ = 150°. Note also that the shapes of
the azimuthal plots are quite different for adsorption at 231
and at 300K as indicated by comparing Figs. 8{a) and 8(b). It
is reasonable to conclude that these changes are induced by
differences in the CO bonding geometry, especially since the
EELS results show that CO adsorbs on Ni{7 9 11} with less
bonding specificity at room temperature than at 150 K.%’

Although the variations in the NiCO™ ion intensity
with azimuthal angle of incidence are particularly unusual,
there are also strong variations in the intensities of the other
detectable ions. The magnitudes of the Ni*, Ni;*, Ni,CO™,
and Ni," ion signals as a function of azimuthal angle of inci-
dence for CO adsorption at 231 K are shown in Fig. 9. At0.2
L exposure the ion intensity curves are very similar to those
from the clean surface. The Ni,CO™* ion signal exhibits very
broad peaks at 80° and 120°, unlike the NiCO™ signal. Even
at 0.6 L exposure the Ni*, Ni;*, and Ni;* ion intensity
curves are similar to those from the clean surface. At 0.6 L
the Ni,CO™ signal displays a broad, poorly defined peak
centered at an azimuthal angle of ~ 100°. An examination of
these curves and their subtle changes with exposure indi-
cates that the NiCO™ ion intensity curve reflects most
strongly the structural changes. At saturation the Ni™,
Ni;", Ni,CO™, and Ni;" intensity vs azimuthal angle of inci-
dence curves do show significant differences from the 0.2 L
exposure curves indicating some sensitivity to the changes in
the CO overlayer. At this time, however, it is difficult to
determine the actual structure of the overlayer by interpret-
ing these curves or even to speculate as to why they have the
shapes that they do.

It is apparent that the ion intensity vs azimuthal angle

S+ .t
Niy Ni,CO
LB LI Ll L L T ¥ Ll L] ¥ L

2.8L

Q6L

Intensity

a2L

L 1 4 I A 't L 'l i i L L. i Il 1 L
o 160,0 180,0 10,0 160
@ in degrees

FIG. 9. Normalized Ni*, Ni;", Ni,CO™ and Ni;* ion intensities from sev-
eral CO exposures of Ni{ 79 11} at 231 K as a function of azimuthal angle of
incidence.
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FIG. 10. Normalized Ni*, Ni;*, Ni,CO*, and Ni;" ion intensities from the
following CO overlayers on Ni{7 9 11} as a function of azimuthal angle of
incidence: CO saturated at 231 K, data taken at ambient presssure; CO satu-
rated at 300 K, data taken at 1 X 10~ 7 Torr background pressure; CO satu-
rated at 300 K, data taken at ambient pressure.

of incidence curves produce a myriad of patterns which are
dependent upon conditions of the CO exposure to Ni{7 9
11}. Although it is not always possible to fully interpret the
curves, the results may provide important *“fingerprint” in-
formation. This point is illustrated in Fig. 10 where different
ion signal variations are displayed for three different CO
overlayer preparations on Ni{7 9 11]. In the first case, the
sample was exposed at 231 K to enough CO to saturate the
edge and terrace adsorption sites. Next, the same procedure
was performed at 300 K to yield the curves shown in the
bottom set of panels in Fig. 10. Although the variations in
the Ni* ion signals are very similar, the other cluster ion
yields exhibit large differences, strongly implying that there
has been a marked change in the preferred CO bonding sites.
In the middle example shown in Fig. 10, the spectra were
recorded at 300 K with the crystal exposed to a 110~
Torr CO background pressure. This condition resuited in
another set of curves which are almost identical to the curves
obtained at 231 K with no background pressure of CO. Ap-
parently, then, it is possible in this case to obtain similar
surface structures by either fowering the crystal temperature
or by raising the overpressure of CO.

V. COMPARISON OF EXPERIMENTAL RESULTS TO
CLASSICAL DYNAMICS CALCULATIONS

By comparison to classical dynamics calculations, it is
possible to obtain a semiquantitative feeling for the meaning
of the experimental plots shown in Figs. 7-9. Using the pro-
cedure outlined in Sec. III, we have modeled the Ar™ ion
bombardment of the Ni{7 9 11} surface under the following
conditions: (i) clean (i.e., Fig. 3); (ii) with CO adsorbed in
twofold sites along the step edge [Fig. 5(a)); (iii) with CO
adsorbed in threefold sites along the step edge [Fig. 5(b)]; and
{iv) with a line of CO molecules adsorbed in twofold sites on a
Ni{ 111] surface like that shown in Fig. 5 but with the atomic
step missing. It is presumed that a comparison of case (i) to
case (iv) should yield information concerning the influence of
the step itself on the CO ejection pathways. The strongest
feature in the experimental plots is the sharp peak exhibited
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by the NiCO™ ion after exposure of Ni{7 9 11} t0 0.6 L of
CO at 231 K. We have therefore focused our attention on the
calculated NiCO yield as a function of the azimuthal angle of
the incident ion. The Ni and Ni, yields for both the clean
surface and the CO covered surface are also discussed brief-
ly.

A number of correction factors must be applied to the
calculated results before they can be compared directly with
the experiment. First, the energy bandpass of the prefilter on
the mass spectrometer is fairly wide, but is not known accur-
ately. From measured secondary ion energy distributions,
we estimate that ions between 0 and 30 eV are being collected
and have used this cutoff to select the number of calculated
ejected species. This correction induces small changes in the
calculated Ni distributions, but does not influence the yields
of Ni, or NiCO species since they tend to have low kinetic
energies. The second correction involves the acceptance an-
gle of the energy prefilter. Since an extraction voltage was
applied to the front lens element shown in Fig. 2, we assume
that this acceptance angle is quite large. Our best estimate
from geometrical considerations is that the polar angle reso-
lution is + 30° at normal emission. The calculated yields, as
we shall demonstrate, are not very sensitive to the value se-
lected for this parameter. Finally, a correction is necessary to
account for the image force which will be exerted on the
ejecting ion, but which is not included in the calculated tra-
jectories of the neutrals. Previous studies of CO on Ni{ 100}
have shown that good agreement between measured and cal-
culated distributions are obtained when an image energy is
subtracted from the perpendicular component of the kinetic
energy of the ejecting species. 18 Since there is no way to cal-
culate the magnitude of the image energy directly, we have
used its value as a fitting parameter to maximize agreement
between experiment and calculation as suggested previously.

The best fit to the experimental results arises from the
calculations using a Moliere potential with a scaling factor of
1.0 and with the CO placed in a twofold bridge site. The
polar angle resolution is + 30° from the normal and the im-
age energy correction is 2.4 eV. These results as well as those
from using slightly different polar resolutions and image en-
ergies are shown in Fig. 11(a). Using these same parameters
the predicted curves for other CO adsorption sites and Ar*
interaction potentials are shown in Fig. 11(b). Attempts to fit
the threefold bridge site case (iii) or the line of CO molecules
on the step terrace, case (iv), to the experimental results were
not as successful as attempts to fit the data shown in Fig.
11{a). It is interesting that CO adsorbed in a threefold bridge
edge site did not contribute to the peak at ¢ = 110°-120°.
This observation is in disagreement with the EELS study
where the presence of an anomalously low CO stretching
frequency of 1520 cm ™' was assigned to the presence of this
species, in concentrations equal to that of the twofold bridge
species. It is not yet clear as to whether this disagreement
arises from a misinterpretation of the 1520 cm ™' peak or toa
deficiency in the SIMS calculations, perhaps one related to
the neglect of the ionization phenomena.

The molecular dynamics scheme allows the evolution
of the collision cascade to be monitored on an atomic level so
that the mechanisms that give rise to particle ejection may be
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FIG. 11. Calculated NiCO yields versus azimuthal angle $. In both frames
the solid lines are the experimental results. (a) The CO s in a twofold bridge
site and the Moliere potential with a scaling factor of 1.0 is used. O—polar
angle resolution is + 30" and the image correction energy is 2.4 eV; X—
El;ar angle resolution is + 30° and the image correction energy is 1.8 eV;

polar angle resolution is + 40" and the image correction energy is 2.4
eV. (b) The polar angle resolution is + 30°and the image correction energy
is2.4eV. O in a threefold bridge site using the Moliere potential with
a scaling factor of 1.0; O—CO in a twofold bridge site on a flat surface using
the Moliere potential with a scaling factor of 1.0.

elucidated in detail. We have attempted to utilize this aspect
of the theory to determine why the sharp feature for the
NiCO cluster should appear at ¢ = 110°-120°. In general,
these species are not composed of Ni atoms and CO mole-
cules that were originally bonded together on the surface.
The recombination mechanism of cluster formation'” clear-
ly dominates in producing NiCO molecules. We could not
identify, however, a specific, structure sensitive ejection
mechanism that yields the peak at ¢ = 110°-120°. The only
correlation we could find among the NiCO molecules is that
approximately half of them contain the fifth CO molecule up
from the bottom of Fig. 5(a). These clusters also arise mainly
from bombardment with the step edge in the 2X and 3X
positions.

Assuming that using the Moliere potential with CO
placed in the twofold bridge site is appropriate we employed
the same calculations to examine the Ni and Ni, yields (Fig.
12). Here the polar resolution of + 30°is maintained but the
image energy has been readjusted to maximize agreement
with experiment. This agreement for both the clean and CO
covered surfaces is not outstanding although there is some
hint of a peak at ¢ = 120°. The main failing is that the inten-
sity of ¢ = 0° is too large in all cases. This deficiency is pres-
ent in virtually all the calculation we performed on this
stepped system.

There are many possible reasons why the structural fea-
tures for the Ni and Ni, species are not well reproduced by
the calculations. The ionization process is very sensitive to
the local electronic environment near the ejection point. The
step edge may either enhance or suppress the formation of
jons that eject near it. The same interaction potentials have
been employed for all atoms of the same type with no distinc-
tion made for position in the solid. For example, Ni atoms at
the step edge are given the same pair potential as Ni atoms in
the bulk. Until more is known about the mechanism of the
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FIG. 12. Ni and Ni, yields vs azimuthal angle ¢. The solid lines are the
experimental results and the points are from the calculation using the Mo-
liere potential with a scaling factor of 1.0. In all cases the polar angle resolu-
tion is + 30°and the energy bandpass is 0 to 30 eV. The image correction
energy for the Ni species is 3.6 eV and for the Ni, species is 2.4 eV. (a) Ni
from the clean stepped surface. (b) Ni, from the clean stepped surface. (c} Ni
from stepped surface with CO molecules in a twofold bridge site. (d) Ni,
from the stepped surface with CO molecules in a twofold bridge site.

ionization process and the interaction potential describing
step edges, it will be difficult to extract the reasons for differ-
ences between the calculated and experimental results.

VI. CONCLUSIONS

We have examined the dependence of ion intensity on
azimuthal angle of incidence of the primary ion beam in
SIMS experiments on a stepped Ni[7 9 11} surface with
adsorbed CO. The Ni*, Ni;*, Ni;*, Ni, CO*, and especially
the NiCO™ ion yields exhibit strong angular anisotropies.
For example, the NiCO™ yield is relatively small if the pri-
mary ion beam bombards down the step (¢ = 0°). The yield
sharply peaks at ¢ = 110° and falls off to approximately one
half the peak value for bombardment up the step (¢ = 180°).
This behavior occurs only at 231 K and after CO exposures
sufficient to populate the step edge adsorption sites. These
azimuthal plots lose most of their structure when there is
sufficient CO to populate the terrace sites. The ion yields can
be used to “fingerprint” a particular surface structure. For
example, the ion intensity curves taken at 231 and 300 K are

quite different, but if at 300 K the chamber is filled to 10—
Torr of background CO pressure the ion intensities are the
same as at 231 K indicating that the surface structures in
these two situations are similar. Classical dynamics calcula-
tions have been performed to attempt to understand the
meaning of the anisotropies. Agreement with the NiCO in-
tensity vs azimuthal angle is found if the CO molecules are
situated in twofold bridge sites along the step edge. Only
qualitative agreement of the Ni* and Ni;* yields could be
obtained.
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