Energy and angle resolved SIMS studies of CO on N|(001)
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Energy and angle resolved secondary ion mass spectra (SIMS) for CO chemisorbed on Ni{001} have been
examined in detail. This system has been chosen as a model since it provides intense secondary ion yields and
since the original surface geometry of the adsorbed CO is known by other techniques. Theoretical curves for
the ¢jected atomic and molecular species have been generated using a classical dynamics procedure for
computing the momentum dissipation of the 1000 ¢V incident Ar* ion. We found that for Ni* ion ejection
the results agreed well with calculated spectra of the neutral particles where the CO is placed in a linear
bonded site, if the neutral atom trajectories were modified by inclusion of an image force. The agreement was
excellent for polar angle, azimuthal angle, and secondary particle kinetic energy distributions. Similar

agreement was found for Nij and NiCO* species although the statistical reliability of the calculated curves
was not as high as for the Ni* species. The results provide convincing evidence that the classical dynamics
model can provide a semiquantitative insight into the SIMS process. In addition, the presence of a relatively
strong image force indicates that the ion must be formed very close to the surface. Finally, since agreement
between theory and experiment was found over a wide range of conditions, the results suggest that the
ionization probability of the ejecting particle is isotropic and only weakly dependent on particle velocity.

These criteria impose a number of constraints on possible theories of ionization mechanisms.

. INTRODUCTION

Recently there has been considerable interest in utiliz-
ing kilovolt ion beams to characterize the chemistry of
simple gas molecules bonded to well-defined metal sur-
faces.!™ This characterization is possible since vari-
ous types of atomic and molecular ions are observed to
eject from an ion bombarded solid, and it is believed
that the nature of these species reflects in a systematic
way the original surface environment. The physical
basis of the process is that momentum exchange be-
tween the primary ion and the atoms in the lattice initi-
ates a tremendous amount of atomic motion. Some of
the moving atoms obtain a sufficient component of mo-
mentum oriented into the vacuum that they are able to
overcome the surface binding forces and eject from the
solid. A fraction of these particles are ionized as they
leave the surface and can, therefore, be detected direct-
ly with a mass spectrometer (i.e., as in secondary ion
mass spectrometry of SIMS). A number of important
aspects have been gleaned from existing experimental
studies. For CO adsorbed on Ni, for example, the
presence of ejected NiCO* with only minor NiC* and
NiO" ions is indicative of molecular, rather than dis-
sociative adsorption.'™ Other workers also have pro-
posed that the ejected Ni,CO" ion is indicative of a
bridge bonded CO structure while the NiCO* species
originates from a linear bonded species, * although this
interpretation has been questioned, 24

The high sensitivity of SIMS to the top layer of a solid
and the large amount of data present in the spectra
make SIMS a potentially powerful tool for surface studies.
The lack of a cohesive theory to quantitatively describe
the secondary ion emission process, however, has been
a major factor in slowing attempts to effectively utilize
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the spectral information. It appears there are two ma-
jor stumbling blocks which need to be removed before
such a theory can be developed. First, the nuclear
motion of the lattice atoms induced by the primary ion
must be determined as momentum is dissipated by the
sample. Second, the mechanism and probability of the
ionization of the ejecting particles must be somehow
incorporated into the dynamics process.

It now appears feasible to solve the first part of the
problem using a classical dynamics procedure that has
been under development for several years.”™® With this
model, the ejection of neutral atoms (sputtering) has
been successfully predicted and compared with experi-
mental results for a number of gituations. These in-
clude relative yields as a function of single crystal face,’
secondary particle kinetic energy,'® adsorbate exposure, ®
and azimuthal ejection angle.'® The formation of clusters
is also an integral part of the model.'* Of particular
interest here is the proposal that the ejection direction
of either the monomers or clusters reflects the original
bonding geometry of the surface species.'®* The prob-
lem of ionization is more complex although a new micro-
scopic quantum mechanical scheme which incorporates
the electronic structure of the substrate is currently
under development.!® The approach is readily cast into
the framework of the classical dynamies model, At this
point, however, sufficiently well-defined experimental
measurements are not available to directly compare to
theoretical yields.

In this work we report the results of a detailed study
of the angle, energy, and mass dependence of secondary
ion emission for a Ni(001)c(2x2)-CO surface. The ob-
jective of this study is to provide sufficiently well-re-
solved data such that direct comparisons between the
calculated neutral atom trajectories and the measured
ion trajectories can be made. To carry out this goal,
we have constructed a SIMS spectrometer that incor-
porates an electrostatic sector and quadrupole mass
filter for energy and mass analysis. In addition, this
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detector can be rotated under ultrahigh vacuum con-
ditions, allowing variations of the polar collection angle
of secondary ions. The crystal can also be rotated for
measurement of ion intensities as a function of azimu-
thal angle. As a model we have chosen the Ni(001)c(2

X 2)-CO system since it provides very intense secondary
ion signals and its bonding geometry and electronic

structure have been examined by a wide range of methods -

including a detailed LEED analysis. Further, the
classical dynamics procedure for calculating trajec-
tories on this system have been recently developed. 18

We find that for Ni* ion ejection the results agree well
with calculated spectra for the neutral particles for CO
placed in a linear bonded site, if the neutral atom tra-
jectories are modified by inclusion of an image force.
The agreement is excellent for polar angle, azimuthal
angle, and secondary particle kinetic energy distributions.
The global correlation between experiment and theory
suggests that a straightforward relationship exists be-
tween neutral and ion trajectories. Another conse-
quence is that the ionization probability is at most only
weakly dependent on particle velocity and ejection direc-
tion. These aspects of the surface ionization process
place severe constraints on any proposed theoretical
models. Further, the results are reasonably sensitive
to the bonding geometry chosen for the chemisorbed CO.
For example, calculations using a twofold bridge bond-
ing site yield poor agreement with the measured azimu-
thal plots. Other experiments with Ni; and NiCO* species
show only qualitative agreement with theory, probably
due to the limited statistical reliability of the calculated
cluster yields. In general, we feel the results provide
a good basis to describe the particle ejection process for
metals reacted with simple molecules. The sensitivity
of the results to bonding geometry indicates that this
approach may become a valuable surface structural
probe,

fl. EXPERIMENTAL ASPECTS

The angle resolved SIMS measurements are performed
using a specially designed UHV chamber such that the
quadrupole mass filter (Riber AQX156) can be rotated
with respect to the primary ion beam. This feature is
achieved using a set of three 56 em differentially pumped
Teflon seals.!” A manipulator for the crystal then pro-
vides azimuthal rotation, heating to 1300 K, cooling to
175 K, and vertical translation to a LEED apparatus
located on a different level in the chamber. The second-
ary ions are then angle and energy selected using a 90°
spherical electric sector in front of the mass analyzer.
The calculated polar angle resolution, based on the
size of the apertures and the field-free distance from the
sample to the lens, is estimated to be'+7°. The
azimuthal angle resolution A¢ can be approximated
from the polar angle 8, since A9~ Af/sinfd. Using a

' zoom lens arrangement, the bandpass of the analyzer
can be varied from approximately 2 eV for recording
energy spectra to nearly 15 eV for obtaining maximum
sensitivity. Details of the apparatus are available elge-
where, 18

The Ni(001) crystal was cleaned and annealed in ac-
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- FIG. 1. Model surface structures used in the classical dy-

namics computations. The left side of the figure depicts the
Ni(001) surface with Ni atoms represented by the large circles
and the CO molecules adsorbed in atop sites represented by the
smaller circles. The right side of the figure depicts the Ni(601)
surface with CO adsorbed in twofold bridge sites. The azimu-
thal directions used in this paper are defined in the inset.

cord with a standard surface preparation procedure.!
The SIMS analysis taken at a beam current of 1x 10~
amps/cm® showed no 0%, Of, C*, or C", and only small
amounts of O° and NiOH* as expected from earlier
studies.! The annealed crystal exhibited sharp LEED
spots indicative of the ordered (001) orientation. Upon
exposure of the crystal to 2L CO, the Ni* peak reached
a reproducible plateau, corresponding to the ¢(2x2)
coverage, %20 Base pressure in the experimental
chamber was 1x10™° Torr, but due to leaking of Ar
from the ion gun, the chamber pressure rose to ~1x 10
Torr during SIMS experiments, The total primary ion
dose during the experiments was kept below 10" ions/
em® to minimize surface damage, consistent with a
NiCO* peak intensity decrease of less than 10%. The
primary ion beam was fixed at normal incidence relative
to the sample, All experiments were performed at a
sample temperature of 295+ 2 K.

In all of these experiments, the angle 9 is measured
with respect to the surface normal, with the angle ¢
=0° defined along the (100) directions as shown in Fig. 1.
Azimuthal spectra are obtained by rotating the single
crystal over 200° about the primary beam axis, and the
data are normalized to the maximum peak intensity and
properly symmetrized. No other smoothing or back-
ground subtraction techniques are employed. Energy
spectra are not corrected for contact potential differences
between the sample and the analyzer. For the com-
parisons with theory, the calculated and experimental
peak maxima are matched, which amounts to shifting the
experimental spectra by ~3 eV to lower kinetic energy.

HI. THE CALCULATION

The angular distributions of particles that eject due
to the ion bombardment process are predicted by a clas-
sical dynamics model. First, a microcrystallite is con~
structed with the metal and adsorbate atoms in their
initial geometries. The motion of all these particles
plus the bombarding ion is developed in time by integrat-
ing Hamilton’s equations of motion. From the final mo-
menta of the ejected particles, the energy and angles of
ejection can be determined,

The systems of interest in this study are Ni(001) and
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Ni(001) with a ¢(2x 2) overlayer of CO. From LEED
studies?!*2? the CO is thought to bond in atop or linearly
bonded sites with the carbon atom 1.76 A above the
nickel atom as shown in Fig. 1. We have chosen to
model both this configuration and one where the CO
molecule is situated in a twofold bridge site. We have
limited these studies to the case were the Ar* ion bom-
bard the crystal at normal incidence with 1000 eV of
energy. A complete description of the dynamics proce-
dure has been published elsewhere12:18:2% with the de-
tails relevant to the CO-Ni system given in Ref. 16.

The calculated ejection energies and angles of the
atoms will be compared to the experimental data. In-
stead of plotting histograms we have chosen to approxi-
mately convolute the experimental resolution into the
calculated results. For example, for azimuthal data the
points are spaced quite closely in ¢ with the intensity at
each point representing the number of particles with an
azimuthal angle in the range ¢+ A¢/2. In many of our
previous theoretical studies, the calculation of 50-200
Ar* ion impacts at various points on the surface was
sufficient to predict statistically reliable observables.
For the comparisions to the angular distributions pre-
sented in this study, many more ion impacts are needed.
Given in Table I is a summary of the results of the cal-
culations. Even though 1255 Ar® ion impacts result in
almost 6000 atoms that eject from the clean nickel sur-
face, in some cases the number of atoms that are travel-
ing in a specific direction within a given energy range
may be too small to make statistically meaningful com-
parisons to experiment.

IV. RESULTS AND DISCUSSION

Static SIMS spectra resulting from 1000 eV Ar* ion
bombardment of the Ni(001)c(2x2)-CO surface are shown
in Fig. 2. The spectrum obtained from secondary ions
of 3+2 eV exhibits small impurity peaks at m/e 39 (K*)
and 75-77 (NiOH") in addition to the expected Ni*, NiCO*,
Ni}, and Ni,CO* peaks. Notice, however, thatthe NiCO"/
Ni* ratio is ~1.4, in contrast to previously reported
values of 0,22! and 0.6.2* We ascribe these apparent
discrepancies to differences in the secondary ion energy
acceptance range, resulting in differing collected per-
centages of the integrated secondary ion energy dis-

TABLE I. Number of particles ejected due to 1000 eV Ar* ion
bombardment of Ni(001) and Ni(001)c(2x 2)~CO at normal inci-
dence.

Ni(001)e(2x 2)=CO

Ni (001) Atop site Twofold bridge
site
Ar' ion impacts 1255 1450 841
Ni ejected 5842 (4,650 3803 (2,62) 2922 (3.47)
CO ejected o 4314 (2.98) 3504 (4.17)
Ni, ejected 216 (0.17) 60 (0, 041) 67 (0. 080)
NiCO ejected see 353 (0,24) 273 (6. 32)

“The number in parentheses is the average yield per incident
ion.
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FIG. 2. Secondary ion mass spectra of Ni(001)e(2x 2)-CO.
Spectrum (a) was recorded at § =60°, ¢=0 with a secondary
ion kinetic energy of 3+2 eV. Spectrum (b) was recorded un-
der the same conditions except that only ions of 13+ 2 eV kinetic
energy were detected. The Ar* ion was directed to the sample
at normal incidence with 1000 eV kinetic energy.

tribution.? The data shown in Fig. 2(b), taken with a
secondary ion kinetic energy of 13+2 eV, demonstrate
this point. The K*, NiCO*, and Ni,CO* species, which
have a very narrow energy distribution that peaks at low
kinetic energies, are completely absent, and the NiOH’
and Nij peaks have been substantially attenuated. The
Ni* ion, on the other hand, actually shows increased
intensity in the higher secondary ion kinetic energy range
spectrum, As will be discussed later, this result is a
manifestation of the higher peak energy and breadth of
the Ni* secondary ion energy distribution at this polar
angle.

In the remainder of this section, we will present de-
tailed measurements of the secondary ion intensity vs
primary (Subsec. A) and secondary ion energy (Subsec.
B), polar angle ¢ and azimuthal angle ¢ (Subsec. E). In
addition, we will comment on the relationship between
neutral and ion trajectories (Subsecs. C and D) and will
present preliminary results for the clean Ni(001) sur-
face (Subsec. E) and for the ejected clusters from
Ni(001)e(2x 2)-CO (Subsec. F). Finally, we will indicate
the sensitivity of the results to the assumed bonding
geometry of the adsorbed CO. The focus of the analysis
of these results will be on the comparison between ob-
served energy and angular distributions and the pre-
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FIG. 3. Uncorrected secondary ion kinetic energy distribu-
tions for Ni* ion ejected from Ni(001)c{2x 2)—CO. The distribu-
tions were recorded at 8 =45° and ¢=0° using an energy band-
width of ~4 eV FWHM. The curves were produced by bom-
barding the solid with Ar* ions at normal incidence with kinetic
energies of 1500 eV ( ), 1000 eV (— - —-), and 300 eV

dictions of the molecular dynamics calculation, with the
hope of gaining information about both the structural sen-
sitivity of the technique and the fundamental ionization
processes operative in secondary ion emission,

A. Effect of primary ion energy

Although it has long been appreciated that secondary
ion yields are a function of primary ion energy, there
have been few experiments specifically designed to
achieve a fundamental understanding of the observed
effects, particularly in the low energy (<2000 eV) re-
gime. Wittmaack?* noted a strong energy dependence
of secondary ion yields for primary ions in the 2-15
keV range which could not be completely ascribed to
either variation in the calculated sputtering yield or dif-
ferences in secondary ion energy distributions, Other
workers have noted variation in secondary ion yield
ratios?”?® and in secondary ion energy distributions?5—2®
as a function of primary ion energy within the low energy
range.

In the context of the present experiment, the effect of
primary ion energy is noted primarily in the energy
spectra of secondary ions and to a lesser extent in the
azimuthal spectra. In Fig. 3, we show Ni* secondary
ion energy spectra obtained from Ar* bombardment of
Ni(001)e(2x 2)-CO at 300, 1000, and 1500 eV for 6 =45°
and ¢ =0°. The 1000 and 1500 eV curves are essentially
identical and dre in qualitative agreement with the en-
ergy distribution observed by Sroubek for Ni* ions ejected
from clean polycrystalline nickel bombarded by 2.5 keV
Ar* ions.®* However, decrease of the primary ion
energy to 300 eV shifts the maximum from ~15 to 6 eV
with concurrent peak narrowing, again in accord with
previous results.?® Secondary ion energy spectra ob-
tained at ejection angles of 6=30°, 60°, and 75° (all at

. various polar angles.
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¢ =0°) show similar trends as the primary ion energy is
reduced, although the observed change at § =75° is not
as dramatic since the energy distributions are initially
much narrower than the 6 =45° curve. The interpreta-
tion of these results is that lower kinetic energy pri-
mary ions do not have sufficient momentum to com-
pletely initiate the collision cascade of atoms within

the solid. The secondary ion kinetic energy distribution
is therefore strongly peaked at low energies and does not
possess a high energy tail. Once the cascade is fully
developed, however, the process becomes nearly inde-
pendent of the source of the energy deposition®® and the
intensity dies off rather slowly at high kinetic energies.
As we shall see in subsequent sections, this trend is
nicely predicted by the classical dynamics calculations.

Interpretation of the results for the azimuthal spectra
is not so straightforward. The anisotropy observed in
Ni* azimuthal spectra from Ni(001)c(2x2)~CO is slightly
greater for 300 eV Ar* bombardment than for 1500 eV
bombardment at all polar angles studied. Apparently,
at lower primary ion energies, there are fewer ejec-
tion mechanisms that contribute to the total yield and the
results are therefore more sensitive to the arrangement
of surface atoms, It should be noted that for azimuthal
spectra obtained at primary ion energies between 1 and
5 keV that the anisotropies in the azimuthal plots are
virtually identical. Although a more thorough study is
needed to substantiate this conclusion, it is in accord
with previous experiments®® and preliminary results of
a detailed molecular dynamics calculation of primary
ion energy effects on the Ni-CO system.?®

B. Effect of secondary ion energy

The magnitude of the secondary ion kinetic energy is
a critical parameter which strongly influences the an-
gular spectra of secondary ions. In Fig. 4 we show the
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FIG. 4. Dependence of Ni* ion yield on azimuthal angle at

The curves were obtained by bombard-~

ing with 1000 eV Ar® ions at normal incidence. The solid lines

( )} represent data recorded by selecting secondary ions

with 343 eV kinetic energy while the dashed lines (- - --- )

represent data recorded at 16 + 4 eV kinetic energy.
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azimuthal angular dependence of Ni* ion intensity for
secondary ions ejected from Ni(001)c(2x2)-CO at
6=22°, 30°, 45°, and 60° by 300 eV Ar* ions. The
upper (solid) curve in each panel corresponds to second-
ary ions of 3+ 3 eV, the lower (dashed) curve to second-
ary ions of 164 eV. In each case the minimum inten-
sity (¢ =+45°) is considerably less on the normalized
scale for the high kinetic energy secondary ions, a trend
that is found to be true regardless of primary ion en-
ergy, secondary ion species, or polar angle. This re-
sult is in qualitative agreement with the results of the
molecular dynamics calculations, 1° which indicate that
low energy particles tend to eject after much of the mo-
mentum of the primary ion has dissipated within the
crystal and destroyed much of the initial surface order.
High kinetic energy particles, on the other hand, leave
the crystal after only a few collisions have occurred,
and thus more accurately reflect the symmetry of the
surface. The maximum intensity at ¢ =0° is due to

the relative lack of obstruction encountered by a par-
ticle ejecting in the (100) directions, corresponding to
the fourfold “holes” between nearest-neighbor nickel
atoms on the (001) face. Particles initially directed
along the (110 directions (¢ =45°), however, tend to

be scattered by these nearest-neighbor atoms. The
effect becomes more pronounced at high polar angles,
leading to the increased anisotropy as the polar angle is
increased from 22° to 60°. Since the trend is a manifes-
tation of the underlying surface structure, it is predicted
to be general for all (001) face centered cubic metals.
The effect has been previously observed to be true for
metal ions ejected at 8 =45° from clean Ni(001)%® and
Cu(001)c(2x2)-0." Similar influences of surface
structure have been noted in polar spectra, to be dis-
cussed in the following sections. ‘

C. Effect of ionization on secondary particle trajectories

One of the main goals of the energy and angle resolved
SIMS experiments is to gain a fundamental understanding
of the physical processes which ultimately lead to the
detection of a secondary ion. We begin with the assump-
tion that the energy and angular distributions of neutral
particies ejected from the sample are accurately de-
scribed by the dynamics procedure within the limits
imposed by imperfect knowledge of the relevant interac-
tion potentials. Any differences between the observed
secondary ion and predicted neutral particle behavior
must therefore be either a manifestation of the ioniza-
tion process itself or indicative of secondary ion tra-
jectory modification due to ion-surface interactions.

We have investigated two explicit functional forms
of the energy and angular dependence of the ionization
probability R* by comparing our measured results for
ions to the calculated neutral atom yields. Here, R’ is
defined as the ratio of the number of ejected ions to the
number of ejected neutral atoms., The first form is a
result of early theoretical studies of secondary ioniza-
tion which assumes that particles leave the surface in the
form of ions.3** Some of these ions are subsequently
neutralized by either Auger processes or resonant
tunneling.*® The ionization probability R* is a function
of ion velocity as*

Gibbs et al.: CO on Ni{001)

R aexp(-A/ay), (1)

where A is the Auger transition rate at the surface, a

is acritical distance, and v, is the perpendicular velocity
component of the ejecting ion. Values of A/a from 2.5
x10° to 2x10° em/s have been reported.*® The un-
realistically high velocity dependence of R* predicted

by this model*® as well as the physically unsatisfactory
application of bulk band structure approximations at

the ejection site’” have been pointed ocut by other workers.
In addition, we find that energy and polar angle spectra
ohserved in this study cannot be reconciled with the
predicted neutral particle distributions using the cor-
rection from Eq. 1 alone, regardless of the assumed
value of A/a,

In the second case, we assume that R’ is independent
of both secondary particle energy and ejection angle.
This assumption is consistent with a recent theoretical
study*® which is in general agreement with the observed
energy and ionization potential dependence of R*, and
which predicts only slight changes in R* over the secon-
dary ion energy range studied in this work. However,
if R* is energy and angle independent, then neutral and
ionized particles should exhibit identical energy and
angular distributions, which we find not to be the case.

Since the predicted neutral distributions cannot be
made to fit the ion distributions with either of the as-
sumed functional forms of R* alone, we next consider
the effect on the secondary ion trajectories due to in-
teraction between the leaving ion and the crystal sur-
face. It has been suggested that the interaction between
a metallie surface and a relatively slowly moving ion
can be approximated using the classical method of
images. * To our knowledge, however, the image force
correction has never been explicitly included in com-
parison of neutral and ionic particle trajectories and has
only occasionally been discussed in relation to ioniza-
tion theories.®® We find that modification of the neutral

‘particle trajectories due to the image force experienced

by the leaving ion results in excellent agreement with the
energy and angle resolved SIMS experiments if R" is
assumed to be isotropic and energy independent. The
image force is a consequence of the attraction between
the leaving ion and an equal charge of opposite sign
created in the polarizable electron distribution of the
metal which acts to reduce the perpendicular velocity
component of the leaving ion. The magnitude of the
image force is related to the distance of the leaving
particle from the image plane as it acquires net charge
in the ionization process. Since neither the timescale of
ionization relative to the motion of the secondary particle
nor the exact nature of the image plane during the ejec-
tion process is known, the image force is treated as an
adjustable parameter for a given substrate-ejected par-
ticle combination. If 6, is the polar angle of the atom’s
velocity vector at the instant of ionization, the ion
emerges with a final direction given by

Eo Sinz 9,,

12
=tan! —t
91 an [EO cos 97! ‘Eimaso] ’

(2)

where 6, is the corrected polar ejection angle of the
leaving ion, E, is the kinetic energy of the neutral par-

J. Chem. Phys., Vol. 76, No. 1, 1 January 1982
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FIG. 5. Uncorrected secondary ion kinetic energy distribu-
tions of Ni* ions ejected at various polar angles from
Ni(001)e(2x 2)~CO by 1000 eV Ar* ions,

ticle ejected at polar angle 6,, and Ej,,,, is the per-
pendicular energy correction resulting from the work
needed to overcome the image force. For simplicity,

if weassume that the leaving particle instantaneously
acquires a unit charge in the process of ionization, then
E\inaee ay be expressed as

Einun=6"/42=3.6eV/aq , (3)

where 4 is the height in angstroms of the particle above
the image plane at the instant of ionization and is a con-
venient measure of the magnitude of the image force.
We find that values of 1.0 A (Ejp.e =3.6 eV) for Ni*
ejected from Ni(001)e(2X 2)-CO and 1.5 A (Eymage = 2.4
eV) for Ni* ejected from clean Ni(001) yield the best
agreement between experiment and theory.

The expression given in Eq. (2) is only valid when the
denominator of the argument is positive, If Einae i8
greater than the perpendicular component of the particle
energy, the leaving ion will not escape the image po-
tential field. Thus, the effect of the image force is to
create an energy and angle dependent potential barrier
which must be surmounted as the ion leaves the sur-
face. It is implicitly assumed in Eq. (2) that E . is

constant with respect to E, and 6,. We also note that
for the relatively high values of Eimage found in this in-
vestigation, the van der Waals interaction between the
leaving neutral molecule and the surface before ioniza-
tion may be justifiably neglected. Although the interac-
tion energy of the ion and image charge reaches some
saturation value at low 4, values, ** we have neglected
explicit treatment of this problem since the electron
density distribution at the ejection site is unknown.

D. Comparison of calculated and observed energy
distributions

The energy distributions of secondary ions are strongly
perturbed by the image force since it affects slow moving
particles much more strongly than fast moving particles.
In Fig. 5 we show the observed energy distributions of
Ni(001)c(2x2)-CO bombarded by 1000 eV Ar* ions mea-
sured at 6=30°, 45°, 60°, and 75° at $=0°. The po-
lar angular resolution is estimated to be ~14° FWHM
with the azimuthal angular resolution given by

Ad=A8/sing . . (4)

Each spectrum was obtained with a primary ion dose of
10" ions/em?, resulting in an acceptable signal -to-
noise ratio at the ~4 eV FWHM energy bandwidth setting.

In Fig. 6 we compare each of the Ni* ion energy dis-
tributions obtained at various polar angles to the cal-
culated spectra and to the calculated spectra corrected
for the presence of the image force. It is initially ap-
parent that the calculated energy spectra for the neutral
particles are more concentrated at lower kinetic en-
ergies than are the measured Ni* ion distributions. This
difference has been noted previously in many studies.
For example, for 1 keV Ar* on Cu, the ion energy dis-
tribution peaks at 4 eV and tails off as E™%5 while the
neutral distribution peaks at 3 eV and tails off ag roughly
E*.% When the Ni atom distributions are corrected by

o

Normalized Yield

TR L

(@]
(6]

ey

Energy, eV

FIG. 6. Energy distributions for Ni ejected from
Ni(001)e(2 % 2)~CO due to bombardment by 1000 eV Ar* ions at
normal incidence. The three curves in each panel are identified
as follows: (—) calculated Ni distribution, (~---- ) calculated
Ni distribution with inclusion of the image correction and

{** <} experimental points for Ni*. In each case, ¢=0°,
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FIG. 7. Polar angle distributions for Ni ejected from

Ni{001)e(2x2)~CO. Experimental conditions and codings are
the same as for Fig. 6. The curves are recorded by selecting
only those particles with 7+ 2 eV kinetic energy.

an Eypneg =3.6 €V, however, the calculated and experi-
mental spectra are in excellent agreement with each
other. The neutral distributions are considerably
broadened by this correction since many of the ejecting
low energy atoms are pulled back to the solid by the
image force. The higher energy particles, then, make
up a greater percentage of the distribution. In addi-
tion, the shapes of the ion distributions are a sensitive
function of the polar collection angle, both in terms of
the peak energy and the magnitude and shape of the high
energy tails. Of particular interest is the 9 =75° spec~
trum which exhibits the narrowest distribution. Exami-
nation of many individual trajectories from the calcula-
tion indicates that the reason for this shape is that
ejecting Ni atoms with high polar angles are blocked in
the {100) directions by next-nearest neighbor surface
Ni atoms. The effect of the blocking is to produce a
polar angle distribution (see Fig, 7) which essentially
drops to zero with §>685°. Therefore, the low energy
particles at §=175° were originally ejected at smaller
polar angles, but were bent into the detector by the
image force. The effect of E\mag On the higher kinetic
energy particles will be much smaller and hence the
#="175° spectrum exhibits no high energy tail in its dis-
tribution.

The apparent signal-to-noise ratio of the calculated
Ni’ ion spectra is much lower than that of the neutral
species. The reason for this decrease is that a large
number of low energy particles cannot overcome the
image potential and are pulled back to the solid drama-
tically reducing the total count, Subsequent normatiza-
tion of the remaining Ni* intensity amplifies the signal
variations in the high energy region where a relatively
low number of particles are found to eject. For ex-
ample, although ~ 1400 impact points were computed for
the Ni(001)c(2x2)-CO system, the peak intensity in the
6=30° spectrum is only 40 counts after applying the
image force correction.

Within the constraints of the statistical reliability of

the data and the calculations, we feel the agreement is
quite satisfactory. Itisof interest that values of K.,
outside the range of 3,6+ 0.3 eV yield very poor agree-
ment with experiment for at least one of the polar
angles. It is also of interest that, although we can fit
our calculated data modified by Eq. (1) to the energy dis-
tribution obtained at 6 =45° using A/a=1.1x10° cm/s,
we cannot find any value of A/a that is consistent with
energy distributions obtained at the other polar angles.
Our conclusion at this stage, then, is that a relatively
strong image force is. influencing ion trajectories, and
that the differences between neutral and ion energy spec-
tra can be rationalized using only Eu,,, and not using
relationships of the form of Eq. (1), If this picture is to
be believed, however, our model must also predict both
polar and azimuthal ion distributions and must also
address the question of cluster formation. It is these
topics to which we move next.

E. Comparison of calculated and observed angular
distributions

As mentioned earlier, both the azimuthal and polar
angle dependence of the Ni* signal was measured for the
Ni(001)c(2x2)-CO surface. Of the two measurements,
polar spectra should be most sensitive to the magnitude
Of E\mage Since the image force acts only on the per-
pendicular velocity component. In Fig. 7 we compare
the observed polar dependence of Ni* ions ejected at
72 eV along the ¢ =0° azimuth to the predicted neutral
and ion (neutral plus image correction) distributions.
The experimental curve reaches maximum intensity at
~52° with a FWHM of 35°, while the predicted neutral
distribution peaks at §=39° with a FWHM of 29°. When
the neutral distribution is corrected for Eimage =3.6 eV,
however, the angle of maximum yield shifts by about
10° to coincide with the experimental results,

Slightly different behavior is exhibited by Ni atoms
with 22+ 2 eV kinetic energy as shown in Fig. 8. The
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FIG. 8. Polar angle distributions for Ni ejected from
Ni(001)e(2x2)—CO, Experimental conditions and codings are
the same as for Fig. 6. The curves are recorded by selecting
only those particles with 22+ 2 eV kinetic energy.
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predicted peak maximum of the neutrals shifts from 8
=39° to 6=47° with a FWHM of 22° when Einage =3.6 eV
is included. Of particular interest is that the FWHM is
considerably smaller at the higher kinetic energies
(22° vs 35°) due to the greater angular anisotropy ob-
served under these conditions, This anisotropy arises
since the higher kinetic energy particles leave the sur-
face early in the collision cascade while the surface
structure is still intact. Their ejection directions are
then more susceptible to channeling by atoms in the top
layer of the solid. The attenuation of Ni* intensity at
high polar angles (>60°) shown in Fig. 8 is due to the
next-nearest neighbor scattering mechanism discussed
in the previous section,

The polar angle distributions for low kinetic energy
ions (7+2 eV) ejected along ¢ =45° are shown in Fig. 9.
The maximum ion intensity for both experimental (36°)
and predicted (38°-44°) ion curves are at lower values
than in the ¢ =0° polar plots. This effect is predicted by
the dynamics calculations which show scattering from
nearest-neighbor atoms in the surface at ¢ =45° to be
predominantly responsible for the observed structure.
This same mechanism gives rise to the ©$ =45° minima
observed in the azimuthal plots for polar angles greater
than about 25°, It should also be noted that at both ¢=0°
and at ¢ =45°, application of Eq. (1) shifts the neutral
curve closer to the normal regardless of the vaiue of
Ala,

Information contained in azimuthal angular spectra
is more sensitive to surface structure than either the
polar or energy distributions. **#! n addition, the
azimuthal spectra obtained at large polar angles should
be strongly influenced by any image force, since the
image force acts to bend particles originally ejected at
smaller polar angles into the detector. In Fig. 10,
the azimuthal angular spectra obtained for 3+ 3 eV Ni*
ions ejected at 6 =30°, 45°, 60°, and 70° from
Ni(001)c(2x 2)-CO are shown. Predicted neutral and
image force corrected distributions are also shown,
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FIG. 9. Polar angle distributions for Ni ejected from
Ni{001)e(2x 2)-CC. Conditions are the same as for Fig. 7 ex-
cept that ¢ =45°,
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FIG. 10. Dependence of Ni* ion yield on azimuthal angle at
various polar angles for Ni(001)c(2x2)—-CO. The curve cod-
ings and experimental conditions are the same as for Fig. 6.
Only those particles with 3+ 3 eV were detected.

again derived assuming the same Einage value of 3.6

eV. The 8=30° experimental spectrum is only slightly
anisotropic due to the relative lack of importance of the
nearest-neighbor scattering mechanism and the fairly
poor azimuthal angular resolution at near normal inci-
dence ejection angles. Detailed comparison with the
dynamics calculations is not possible in this case due to
poor statistics. At #=45°, both theoretical and experi-
mental curves exhibit a higher anisotropy, although the
predicted curve is somewhat more anisotropic than ob-
served. Excellent agreement is seen in the @ =60°
curves, where maximum anisotropy is normally ob-
served. Some splitting of the ¢ =0° peak is predicted in
the 9 =170° spectrum, presumably due to scattering of
the emerging Ni* ions by next-nearest neighbor nickel
atoms or adsorbed CO. However, it is not observed

in the corresponding experimental distribution, which
is sharply peaked at ¢ =0°,

In the course of determining an appropriate value of
E\mage for the energy and angle distributions, it was
noted that in some cases changes in this parameter of
as little as 0.2 eV significantly affected the resulting
predicted spectra. The self-consistency of each of the
best fit spectra (Eymage =3.6 eV was assumed in each)
and the multidimensional nature of the data provide
convincing evidence that the image force is playing an
important part in determining ion trajectories. Although
our estimate of the image interaction gives no direct
information about the nature or kinetics of the ioniza-
tion process, it does suggest some spatial limits on
the position of the ejected particle as the secondary ion
is formed. Thus, it may prove valuable as a test of
ionization models which specify these parameters.

It is of interest to compare the azimuthal spectra for
Ni(001)e(2% 2)-CO to that of the clean Ni(001) surface to
specifically measure the effect of the CO molecule on the
ejecting Ni atom, Experimentally, it is very difficult to
record ion signals from the clean metal surface, since
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FIG. 11. Dependence of Ni’ ion yield on azimuthal angle at
various polar angle for clean Ni{001) bombarded by 1500 eV
Ar* ions at normal incidence. The solid curves represent ex-
perimental data while the dashed curves are predicted values
obtained by correcting the calculated yields for 1000 eV Ar*
ion bombardment for the presence of the image force. Only
those particles with a kinetic energy of 4+ 4 eV were detected.

the ion yield approaches zero in the limit of a perfectly
clean surface and is very sensitive to even the smallest
levels of impurities. Nevertheless, we have obtained
azimuthal spectra for a surface estimated to contain less
than 5% of a monolayer of oxygen or carbon containing
impurities. The results are shown in Fig, 11 for §=25°,
30°, 45°, and 60°. A somewhat smaller value of Ej,.,,
=2.4 eV yields the best fit between theory and experi-
ment. In this case, we have compared experiments
using 1500 eV Ar* jons to calculations using 1000 eV Ar*
ions. We believe this comparison is justified due to

the insensitivity of the angle and energy spectra to in-
cident ion energies above values of several hundred

eV, as discussed previously and shown in Fig. 3.

For clean Ni(001), the 6=25° curve is of interest due
to the maximum ion intensities observed at ¢ =+45°,
Two main factors apparently contribute to this behavior:
the nearest-neighbor scattering mechanism which at-
tenuates ¢ =45° ejection at higher polar angles does
not affect these particles, and certain Ar* impact points
lead to efficient momentum transfer along ¢ =45° close
packed rows, followed by glancing collisions which lead
to ejection of low energy Ni* ions earlier in the trajec-
tory sequence. The 6=30°, 45°, and 60° curves are
similar to those obtained from the CO saturated sur-
face.

Azimuthal spectra were also measured for higher
kinetic energy (184 eV) Ni* secondary ions ejected
from both clean and Ni(001)e(2x2)~CO. They exhibit
behavior similar to the corresponding low energy
curves, with slightly greater anisotropy noted at each
polar angle as observed for the CO covered surface.
Comparison to theory is hampered by the low number of
particles and consequent poor statistical significance of
the predicted ion distributions.

Gibbs et al.: CO on Ni(001)
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FIG. 12. Dependence of Ni} ion yield on polar angle for
Ni(001)c(2 x 2)~-CO bombarded by 1000 eV Ar* ions at normal
incidence. The codings are the same as those given in Fig. 6.
Only those particles with a kinetic energy of 313 eV were de-
tected.

F. Angular and energy dependence of multimer ion yields

The spatial and energy distributions of Nij and NiCO*
ions ejected from the Ni(001)c(2x2)-CO surface by 1500
eV Ar* ions were also investigated in an attempt to gain
further information about particle ejection, cluster for-
mation, and secondary ionization processes. Multimer
ions detected by SIMS are predicted to be indirectly re-
lated to the original surface geometry of the constituent
atoms'®* and can give information about the ejection
mechanism of species which cannot be directly measured
by the SIMS technique, For example; recent molecular
dynamiecs calculations indicate that ~85% of the CO par-
ticles ejected from the saturated Ni(001) surface remain
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FIG. 13. Dependence of NiCO* ion yield on polar angle for
Ni(001)c(2 x 2)=~CO bombarded by 1000 eV Ar* ions at normal
incidence. The codings are the same as those given in Fig. 6.
Only those particles with a kinetic energy of 3+3 eV were de-
tected.
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FIG. 14. Uncorrected secondary ion kinetic energy distribu-
tions of Nij {-~--- ) and NiCO* ( } ions ejected from
Ni(001)c(2x2)-CO at ¢ =0°. The analyzer bandwidth was ap-
proximately 4 eV.

intact, and some fraction of these may interact in the
near surface region to form NiCO and other multi-
mers.!® Although CO® ions are not detected in the SIMS
experiment, presumably due to the molecule’s high
ionization potential,® careful evaluation of the NiCO*
data from the SIMS experiment may allow inference of
he CO ejection angles with the aid of the dynamies cal-
ulation.

The measured polar angle distributions of Ni; and
NiCO* are shown in Figs. 12 and 13, respectively. Data
from the two spectra are remarkably similar, showing
broad maxima centered around 51° for Ni; and 47° for
NiCO*. These low kinetic energy (3+3 eV) multimers
also exhibit significant intensity at high polar angles,
similar to that observed for the nickel monomer ion

(Fig. 7). The calculated Nij ion distribution agrees well
with the experimental data using Eyn,. =3.4 eV in spite
of the low number of particles predicted after correction
for the image potential. However, the value of Ejpqe
must be increased to 5.8 eV to achieve a reasonable

fit with the NiCO* data. This seems surprising since the
evidence accumulated thus far suggests that formation of
the NiCO’ ion occurs from the interaction of a Ni* ion
with 2 CO molecule, Thus, we would expect the image
potential for NiCO* to be comparable to that calculated
for Ni* ions, Efforts are currently underway to develop
a more sophisticated treatment of the ionization/cluster
formation processes in the dynamics calculation which
may explain this result and ultimately provide informa-
tion about the mechanism and time sequence of these
processes. At this point, we believe it prudent to not
over-interpret the significance of the actual value of
Eimagn - ’

The energy spectra. of Nij and NiCO* ions measured
at #=30°, 45°, 60°, and 75° at ¢ =0°, are shown in
Fig. 14. As expected, the multimer species exhibit a
much narrower energy distribution than is observed for
Ni* ions. This reflects the low probability for two
relatively fast moving particles produced from a single
Ar* ion impact to have sufficiently low relative kinetic
energies to form multimers. The effeet is most
dramatic in the NiCO* spectra. Apparently, high energy
Ni and CO particles arise from fundamentally different
ejection mechanisms and are almost never ejected in
similar directions. It is somewhat more probable that
two high energy Ni particles may be ejected in spatially
similar trajectories, %% leading to the weak high energy
tail observed in the Ni} spectra at 30° and 45°. Un-
fortunately, a detailed comparison of these spectra to
predicted energy distributions is precluded by the ex-
tremely low number of multimer ions observed in the

trajectory calculations.
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G. Comparison between the predicted angular
distributions for the CO in atop and twofold bridge sites

The calculations have suggested that the angular dis-
tributions of the ejecting particles should reflect the
geometry of the atoms in and on the surface. Of interest
here is how the CO bonding site, either atop or twofold
bridge, influences the ejection directions of the Ni*

-ions. The angular distributions of the ejecting CO mole-
cules would probably exhibit the strongest effect, but
unfortunately they cannot be detected experimentally.
Shown in Fig. 15 are the calculated total angular dis-
tributions of Ni* ions ejected from crystals with CO
molecules in the two different sites. In this representa-
tion each ejecting particle’s ultimate position is repre-
sented by a dot on a flat plate collector a large distance
above the surface. The radial extent of a point is
proportional to the tangent of the polar angle §. The
same data are plotted as azimuthal distributions in
Fig, 16, The kinetic energy range of the secondary ions
is 3+ 3 eV and an image force correction of 3.6 eV has
been included. The azimuthal distribution curves for the
atop site are identical to those in Fig. 10.

Upon examination of either the flat plate collector dis-
plays or the azimuthal distributions, obvious differences
are apparent. For example, at a polar angle of 45° the
atop distribution is quite anisotropic, peaking in the
¢ =0° direction. In contrast, from the twofold bridge
distribution the Ni* ion intensity is virtually isotropic,

As stated above, it would be easier to make definitive
geometry determinations if we could directly detect the
ejected CO intensity. For example, although the cal-
culated Ni* azimuthal distributions are different with the
CO in atop or twofold bridge sites, the distributions from
the atop site (Fig. 10) are similar to those from the
clean metal (Fig. 11),

V. CONCLUSION

We have presented experimental SIMS results for Ni*
ions ejected from a well-defined Ni(001)c(2x2)~-CO
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FIG. 16. Predicted azimuthal dependence of the Ni* ion yield
for Ni(001)c(2x 2)=CO for CO adsorbed in atop (- -~ -- ) and

twofold bridge sites ( }. Only those particles with kinetic
energies of 3+3 eV were counted.
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surface., By constructing an apparatus capable of mea-
suring ion yields at specific angles and energies, we
have been able to make more direct comparisons to pre-
dictions of proposed models of the ion bombardment
process. Clearly, these types of comparisons are
critically needed if the SIMS spectra are ever to be
explained in a quantitative fashion. Of special interest
is that our experimental measurements agree well with
calculated values over a wide range of experimental
conditions, if the calculated results are modified by the
inclusion of a strong image force.

This high level of agreement is somewhat surprising
since the correct form of the appropriate scattering
potentials utilized in the classical dynamics model are
not known. We have completed some testing employing
other forms of the potential than those reported ear-
lier.® For example, using a Moliére potential®® to de-
scribe the Ar-C, Ar-O and Ar-Ni interaction, we ob-
tained nearly identical results, except under conditions
where the statistical reliability was low and at near
normal polar angles (8 <25°). The potential parame-
ters for the atoms in the solid have also been shown to
influence the trajectory. For example, both the loca-
tion of the atoms** and their relative sizes*s are impor-
tant factors in influencing both polar and azimuthal angle
plots. In our case, of course, the initial atomic loca-
tions have been determined using other technigues, and
we must conclude that the model is accurate enough to
provide physically reasonable results,

[

We believe the comparisons presented here provide a
number of severe constraints for proposed ionization
theories. The value of R* should be only weakly depen-
dent on velocity and should be nearly isotropic. We can-
not explain our results using the Auger neutralization
scheme which is valid for incoming ions of fairly low
energy.*

Finally, it is hoped that these studies will provide part
of the basis for employing angle resolved SIMS in the de-
termination of surface structures. We have suggested
previously that large differences exist between adsorbates
bound in atop or fourfold bridge geometries and have
demonstrated this prediction at least qualitatively. In
this paper, we have shown there are major predicted _
differences between the atop bonded CO and the twofold
bridge bonded CO. As more information about the sur-
face ionization process and about the details of the forces
acting between the atoms becomes available, we hope
the applicability of the approach will broaden.
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